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: ABSTRACT
Two complex wastes were considered for biological /)
. . y - . v ' \
T conversion into a marketable product. One waste, peat run-

off water‘(the;waste-waéer that remains after thg mining of
peat), was found, to be unsuitable for biolog;cal conversion
to any product sincé it oohtained an insufficient quantity
of carbon. The otheg.waste, NVR (non-volatile residue, the

a . major waste from the manufacture of n;lon 6’6'), was found
to be a sultable carbon andfenergy source for the produc:ion
of PHB (poly-B-hydroxybutyric acid) by Pseudomonas cepacia

i ATCC 17687. A general’ approaoﬁ to thea development of

o

complex toxic wastes as fermentation substrates was

‘fokmuléted. ’ .
\ .

NVR was found to be toxic to micfoorganisms. Noﬁe grew
in enrichment culture containing 2.0 % NVR. ©P. cepacia was
the most resistant miorqdrganism found. It cou}d grow well
in up to 1.3 % NVR. It also grew on butanoic, pentancic, ‘k\

and hexanoic acid as well as 6-h%xanolactone. These were - )

found to be the major toxic components of NVR. E¢_QﬁEﬁ£i£~//
o was grown in a NVR-limited chemostat with a NVR fee& /
@' ’ concentration &Pll in excess of the to#ib NVR coqcentration.
In 'nitrogeg-limited, \batch ferﬁentation on fructose, P.
cepacia accumulated PHB in excess of 50 % of its dry weight.
A 2-stage chenmostat process for the production of PHB from
\ ' NVR by E. cepacia was ing?stigated with encouraging results.
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7" RESUM=

A

. . ¢ ‘
Deux genres d’effluents polluants furent é&tudiés pour

<

leur conversion -en un produit de mise en marché. Le
premier, l’eau de la récolte de la . tourbe, est
insatisfaisant pour toute conversion biologique‘

1

intéressante, ne contenggi\ pas suffisamment dé matidre

carbonnée. Le second genre, soit les résidus non-volatiles

(NVR) de 1la production du nylon 6'6’, est le polluant'

pripcipal de ce p;océdé. Le NVR est une bonne source du
carbone et d’énergle pour la production de 1’acide poly-B-
hydroxybutyrique (PHB) par la bactérie Eﬁgﬁdgmgnaa cepacia
ATCC 17697. Une approche générale fut élabqrée'pour le
développement de procedés de transformation de - résidus
industriels: to;iques en  produits utilisables ~en

- s ~

fermentation.

Le NVR egt toxique pour les miéroorganismes. Aucun n'a
pu croitre en milieu contenant 2 % de NVR. P. cepacia fut

1’organisme le plus résistant trouvé. ~d1 peut croitre

' jusqu’a une. concentration de 1.3 % de NVR. 11 peut

également croitre, avec comme source de carbone), les acildes

&
butyrique, pentanoiqueﬁ et hexanoique ainsi qué‘ 6-

hexanolactone. Ceux-ci sont les composants toxiques
i ;

principaux du NVR. P. _gepacia fut cultivé dans un chemostat

b3 R

1limité en NVR dont la concentration en NVR dépasse largement
f l '

celle de sa toxicité. Lors d’une fermentation discontinue,

’
/
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', limitée enﬁazotgi cétté bactédrie a accumilé le PHB. jusqu’a ~§

50 % son poids sec. La producéion de PHB par PM.CepaQiﬁ, A - é
partir du NVR évec an procedé & deux chémostats en série, a ‘

produit des résultat's encourageants. °

-

| , S

~>
. e
- 4 v i '
3 . . ] . .
' 9 -~ Pl ¢ \
. . . - . :
1 . ¢ .
& .
N > . . - s
-
. * .
¢ &
‘ ' “' 8 N - [
. - 4 » .
-« - -
. . 'S a -~ [
¢ 2
.
- a
¢
r w
-
q v
¥ o «
¥ e
R ”
.
¢ M K4 .
v .
L ° - - ‘
‘
- ’
t
.
~
,
.
-
L4
.
v i’
h ’ ~ - -
»
@® ) . ‘o
’ -
M 14
“
v ¢ .
l N LN N ’ '
N -
v
t
- -
L « . -
| . A)
' [} »
e ~
. 4
A . ~
-4 4 . . N - i
¢ A
]
4 -
N
A, s
v
¥ I . N
- t
- t
t s £
K
»
.
. ‘«” - .




. ACKNOWLEDGEMENTS .
I would like to thank Professor - D.G. Cooper for his
able supervision and support of this thesis. I also thank
Professors Berk and Neufeld for their generosity in sitting

s
on my thesis cémfiittee. Their comments and criticisms were

most helpful in ‘the preparation of the thesis. My Special
thanks are reserved for my dear wife Juliana who taught me
_most of what I know about GC and HPLC. She was- a éonspant

source of moral support as well as technical informatién and ~

3
assistance.

T
& 1

A I wish to express my gratitude to all of the students,

\

secretariesfm;nd technicians who helped me through this

* difficult period In particular I wish to thank Mr. Dumont,
Mr. Habib and David St. Onge. "I must also thank Mr.- A.B.

Aé%inspn for supplying me with the oppop%/;ities I needed to,
!

~
PR

progress in the. study of science. <L - »
Experiments investigating the effects of NVR and NVR
components on growth and produotion of biosurfactants by
. Corynebacterium  lepus, QernghﬁQ_t&rium midiganm,
Corynebacterium fascians, , Torulopsis bombicola and
Torulopsis petrophilum were conéhcted with great skill by
Mr. G.M. ZnoJj.

<3



The purpose of +this work. was to find a uso for the

major waste of the nylon inanufactuz:ing industry by usifxg it

A as a fermentatidén substrate to produce a product of economic

value. °“A suitable iﬁroduct, microorganism and process were
to be chosen. The possibility. of using another waste (peat

run—off water) as a fermentation subsprate for the

production of xanthan gum was also to be examined. - The\,

methodology ~developed should be of value in ~ the future
\’.
development of other toxic complex wastes as fermentation

o

substrates. ) . " .
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CHAPTER 1

' | /@INTRODUCTION
The treatment of complex and/or toxic wastes from
chemical processes ‘is a large rapidly expanding industry.
Therelare many methods for deal{;lg with waste materials.
Concentrated chemical wastes may be bux:nt‘fog: their heating
value. They n;\a‘y be buried at substantial cost and
ecological risk. Often they are treated as sewage and
biologicaally'converted into harn‘xlvess substances.  Although

it would be preferablle to convert wastes int9 products of

valué, this is ;'arely done.
A

Sometimes +the methane gas' prpduoed during anaerxrobic
) o .

treatment is collected. However, many toxic wastes cannot .

§r

be metabolized anaerobically and methane is a low value

£ .

"product. —Aerébic, fermentation processes are able to utilize

a' wider wvariety of tokic substrates but aerobic sewage
treatment processds utilize complex mixed cultures which

produce no products of wvalue.

’ P}ixed cultures are used in was;te treatment for two
major reasons. The first is that the cost of sterilization
is eliminated. The. other reason 1s that the waste
composition is often unknown and even if ithis, a mixed

culture is usually necessary for the complete utilization of

complex wastes. If the waste stream composition is known

and is relatively constant, it may be possible to make a

e :
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prqfit from the treatment process by using the appropriate

<

microorganism(s) and culture conditions.

Some complex waste materials, such as molasses and-
distillers dried solubles, have become substrates in the
fermentation industry. Thére are undoubtedly many other
wéstes which would have an increased value if a1suitable use

could be found.

< One suéh waste 1is produced by the nylon méhufacturing
industry. Cyclohexane is the only feedstock used in the
production.of nylop 6"6" . During the initial stage of the
production process cyclohexane 1is oxidized to adipic acid.
but undesireable side product§ are also formed Adipic acid
is separated ffom these by a distillation precess. The
resulting waste 1is known as the nonvolatile residue or

simply NVR. It accounts for in excess of 15 % of the

original cyclohexane feedstock.

World-wide, hundreds of millionﬁ of liters of NVR are
produced each year. At present there is no better use for
NVR than burning it for its heating value. However. 1ts
Sompositiongsuggests that NVR coulgxpé used as a feedstock

in the fermentation industry.

NVR is a dark brown liguid. It is slightly denser than
and only partially soluble in water at 25 °C. It is a

variable mixture of monobasic acids, dibasic acids,

aldehydes., esters and other organic compounds. Since 1t is
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an industrial waste, NVR could not be used to produce food
or health related products. . However, 1its use in the
production of biopolymers, biosurfactants and enzymes for
industrial ﬁurposes appears to be more feasible. The

composition of NVR used in this study is given in Table 1.1

The possibility of using peat run-off water or peat
hydrolyzate as a source of carbon and energy for the
production of xanthan was also inves\tigated since previous
work had shown this to be a possibility (104). Peat is
decomposed plant material. It is formed in wetlands under
specific conditions. Eeat contains up to 85 % water and
must be substantially dewatered yp\efore use as a fuel. The
waste-water produced during mechanical pre‘ssing; (pressate)
and during the drainage of peat bogs (;peat run-of f water)

should be purified before 1ts return to the nat.urall

environment. . ‘Biochemical oxygen demand (BOD) should be .

reduced and phenolic materials should be eliminated.

Srar”

One process used to dewater ©peat involves a
pretreatment step Dbefore mechanical ©pressing. The
pretreatment step, called wet carbonization involves the use
high ’temperature and pressure to break down the colloidal
structure of peat allowing water to be réleased more easily.

The subsequent pressate iS very high in organics. Waate-

water from wet carbonized peat may have a BOD of

7000 mg 1-1, a chemical oxygen demand (COD) of "17,000 mg

1-1, a pH of 4 to 5 and may contain 20 mg 1-1 of suspended
\




‘f

\

Component
‘Butaqoic acid
"Pentancic acid
Hexan&lc acid
5-Hydroxﬁpentanoic acidz
6-Hydroxyhexanoic acid?
Succinic acid o0
Glutaric acid .

Adipic acid -
&atér “

Otherss

aTrac§ metals ¢

v
2

Table 1.1 nggqaitign”gibuYRjnanginmLhianqudxi

Concentration (% w/w)
3.9,
13.3 .
3.4

2.3
13.9 .
0.4

N

8.4

21.7

o310
125 PPM

1 Qnalysis supplied by Du Pont Canada Inc.

Q.‘

2 Analyzed by gas chromotography as hydroxymonocarboxylic

acids but probably occur as lactones in NVR.

3 Including cyclohexanediols wh&ch aécount for
approximately 4 to 5 % of NVR..
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' wét—-carb‘m{ization at 200 -°C and .50 atmospheres pressure.

—microorganisms oh peat hydrolyzates. ' Peat hydrpl.vzaté is

of peat hydrolyzate is much higher. Peat hydrolyzates

- contain mainly glucose and xylose With arabinose and:

- E R s NP 39 Yl tnT Tiagy T SV fa gt SIS
- - LT ”m—m:/ L N ST TR LI “»«rd;, ML {Af‘« X TRy Qi&%
. -, v

solids, ‘ The aerobic/anaerobic treatméfx‘é process of Sorigama

" AB of Sweden reduces BOD by 95 %, and COD by 75 % (48):

Sixty per cent of the COD is converted anaerobically. to ja

-

gas composed of 70 % methane' and 30 % carbon dioxide by

1

v

volume. L

In another de-watering process, peat 1is subjected Lo
: |
This resul%s in a waste-water with a COD of 21,000 mg 1-1
(99) and 800\0 ppm of s'olublé organics (140). Of thé solubl\e
organics, 80 % are methanol, acetone and acetic acid (162), S
All of these can be easily metabolized by a wide variety of -
microorganisms. - How,ever’, 218 mg 1-1 of pheno}ics are also iy
produced. " Phenol is veryﬁ toxic and even at sublethal

/ )
concentrations ~ it is 'not easily ©broken- down Dby

microorganisms. - € . L e
. R R N -
"[‘{ . - o " i .
' Successful attempts  have been made to grow
) ’
4 t

similar to waste-water frlam.‘ the wet carbonizatioﬁ px:ocess
- . -~ ° ] - s
except that acid is added to aid .in the hydrolysis of the

. . . . N
hemicellulose found in peat fibers. Thus tﬁe sugar content

¢

galactose in lower concentrations (89). 'The glucose

concentration may be .as high as 7.5 % w/\; (90). = The

‘commercially valuable polysaccharide, pullulan can be

V4

produced by Aurcbasidium pullulans when 'grown on peat

-

8
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hydroiyzates (81). The addition of nitrogen and ph'osphorous
is not necessary for pullulan production, although sodium
chloride and magnesium sulphaii,e must be added to the mediﬁm
(13). A. pullulans has the advantage of the ability to grow

on pentoses (such as xylose) as well as hexoses.

44
In this thesis the possibi;ity of using peat run-off

\
water to produce xanthan gum was considered.” However, the

‘major objective of this work was té develop a process for

the biological conversion of NVR into a product of

commercial value.

r
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CHAPTER 2

THEORY

2.1 Growth on Multiple Substrates

NVR, 1like most wastes, is a complex growth substrate.
The use of complex substrates in industrial_fermentations

often causes difficulties. In convention'al batch "Ezulture

diauxy may result 1if +two sources of the same ohemical'

element are supplied. Diauxy can be defined as two growth
rphases separated by a lag Iphase. It results from the
sequential utilization of two differefit elemental sources
aeparated- by a period of adaptation. On complex carbon
sources this phenomenon becomes even more of a problem for
the fermentattion engineer (ie. multiauxy). For example E.
coll ‘exhibits triauxic growth when grown on a mixture of

8
sorbitol, glucose and glycerol (100).5‘

Diauxic growth is a problem for two reasons. The
additional lag phase results in a longer fermentation which
is more expensive and more susceptible to contamination.
Also, 1f the substrates are very different, their matabo}ism
will result in different prsducts or at least different

<«

production kinetics_.c

Most bacteria utilize glucose first out of a mixture of
carbon sources but this is not always the case. Pssudomonas

aeruginosa uses citrate before glucose (69), and
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Arthrobacter crystallopoietles uses succinate in preference

B

to glucose (87).

In chemostat culture multiple socurces of the same
element are usually used simultaneously at low dilution
.rates but often not at higher dilution rates. Saccharomyces
fragilis utilizes glucose and fructose simultaneously until
a dilution rate of approximately 75 % umax. At higher
dilution rates fructose uptake is inhibited (141). However,
a member of the same genus, Saccharomyces cerevesiae, cannot
use fructose at any dilution rate if glucose is in the
med&um (96). Often the growth of microorganisms in
cﬂemostat culture on two substrates containing the same
elements selects for constitutive mutants which do not grow
diauxically in batch culture. Such is the case with E. ¢oli
B6 grown on ghucose and lactose where mutants constitutive

for B-galactosidase predominate in chemostat culture (139).

One factor that complicates the use of multiple
substrates at high dilution rates is the variation in umax
with substrate. For example Nocardia salmonicgolor has a

umax of .14 h-! when grown on acetate, .06 h-} when grown on
L
glucose and only .03 h-1 when grown on d,l-i1s3o0citrate (128).

»

Unlzss the dilution -rate was kept bhelow 0.3 h-t, d,1-
isocitrate would not be fully utilized and could rise to an

A

inhibitory concentration in the fermentor.

The most important mechanism limiting the simultaneous

use of multipfl sources of a growth-limiting element can be

<

oy
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§
described as follows. The 'production of encymes is often

controlled by the concentration of certain chemicals in the
cell. Often the\cataboliteé of one sugstrate inhibit the
production‘pf enzymes necessary for utilization of another
substrate. This is known as catabolite repression. Figure
2.1 shpws that a growth-limiting substrate will ¢be in a
concentration close to zero at low dilution rates. As a
result the catabolites are also in low concentration.
Héwever, at "high Ailution rates, the concentration of a
growth-limiting nutriént and its catabolites rise. "When
they reach a certain leyél they mayiinhibit the production
of enzymes necessary for the wtilization of another nutrient
containing the same chemical element (ie. carbon). The
result may be oscillatory behavior. This occurs when the
first substrate or its catabolites inhibits use of -the
§econq substrate causing an increased demand for the first
substrate thus reducing its concentration. The subsequent
decrease in the intracellulaf concentration of the first
substrate and its metabofites causes defepression of

production of the enzymes necessary for catabolism of the

second substrate and the cycle continues. Oscillations of

- o

this nature have been cobserved in beer wort (16) and Bakers

¥

veast (109) fermentations

controlled th@f the oscillaticons ars not measuratle.

scillations of " this nature occur in all

)

However, since

living organisms. no biological system -can be s3aid to reach
1
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Figure 2.1.
dilution rate relationship in a well-mixed chemostat

(X) Biomass (mass volume-1).

(S) Limiting substrate concentration (mass volume+l)
(P) Productivity (mass volume-1 timej}).

£

A typicai product (ie. biomass), substrate

and

N
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a true steady state. Steady state, as reported in the

literature and in this thesis, 1s a relative terﬁ.

o4,

2.2 Microbial Competition and Selection

When grown in batch mixed culture, microoréanisms with
the highest 'umax\\(oorresponding to the substrates and
fermentation conditions), proliferate most quickly and
dominate the culture. If one wishes to select‘for organisms
posessing specific properties, conditions can be set whereby
these organisms will be the most suceessful.  This is
called enrichment culture. For example if oge wi;hes ta
obtain Clostridium pastorianum, it is only necessary to add
some fertile soil to a flask containing glucese, calcium

“ A

carbonate, water and a nitrogen atmosphe;e {ie. no oxygen) .
After sejeral days at 25 °C, large numbers of (. pastorianum
will be present. However, there will also be considerable

contamination from other organisms which may not have grown

very much but which were present in the initial inoculum.

An even more powerful tool 1s continuous enrichment

calture. This technique can be used to isolate cultures

relatively free of contamination. Since a steady-state

culture can be easily achieved, continuous enrichment
1 -

culture can "also be used to select for microorganisms which
have very special characteristics At low dilution rates.

organisias with low Ks values for that substrate _will

3

A

proliferzte. Thus organism A in Figure 2 2 would dominate

the culture while organism B would wash out unless low Ks

{
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Figure 2.2. A hypothetical relationship between specific
growth rate and substrate concentration for two’
microorganisms.

e

(A) Microorganism A.

+(B) Microorganism B. . ' :
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would deminate and A would wash out, Only where the lines
of Figure 2.2 intersect would a stable mixed culture result.

Therefore, not only 1is it possible tc  sefedt for

N

[

mlcroorganisms that use certain substrates, one can alss

select for organisms with a’ high mmax or a low Ke for a

. ! . specific substrate. The use of automatically controlled

2 .
. o

ccntinuous culture systemg such as the turbidostat (105),
< . .

pH-stat (107,121), and the viscdstat (138) provide even more

a

PR YR T ea e I
x
-
*

powsr to the selection system.

‘

The' use of selective pressure, especially in the

- \

TR AR e R

presenc= of mutagenic agents, is often a much“more powerful

tool than any genetic engineering technigue. Gane splicing

=R
.

E it i

may be used to incresase the copy number of a gene coding for

T AN AR

an enzyme necessary for the production of a specific
' . .

;4 . . . -
; . hbiochemical However. these creations are often very
_ ‘nnstable and loss of culture potencv may occur even in batch
prcduction 3ystems. Often, the desired goal may be achieved
much more easily through the use of selzctive pressures
Many methods have been déveloped for the application of

i ‘ I3
; aalective prassure (38,123).  One of the cimplest methods s
. ' £y limit the pgrowth of an organism 1u 2 chemostat by

\ ' ’
Iitm:iting the supplv 27T a growth fazter thabt the organiam
( * cannot malke for its=1f." For =2xwmple, a thramine-reguiring
3 ~ b

srganism incr=ased ite productioen of  thiamine phosphats

A

oo
e

2
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phosphorylase by 1500-fold when it was grown in a thiamine-

limited chemostat (81).

¥

A  similar selective pressure' can be applied to
microorganisms that require inducers for enzyme production.
Growth of E.__coli in a chemostat with a low lactose
concentration resulted in the production of mutants that did
not require lactose for B-galactosidase synthesis. The @3-
galactosidase produced accounted for 25 % w/w of the

microorganism’s protein content (69).

8

High production levels can also be achieved by the
selection of mutants resistant to inhibitors or toxic
materials. By growing Rhodopseudomonas spheroides in the

- o7

presence of 0.1 M Hz202, a constitutive mutant was obtained

whose total protein content was 25 % w/w catalase (22).

\

An unusual use of a continuous selection process wa%
the isolation of a yeast-lyzing species of Arthrobacter.
This organism was obtained fronx'a compost inoculum in a
chemostat where the(limiting nutrient (carbon source) was

Saccharomyces fragilis (123). ' ;
j(\'\ R
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2.3 Microbial Growth.on Water-insoluble Substrates

NVR is only sparingly soluble in water. Considerable
research has been reported concerning “the growth of

[N

microorganisms on n-alkanes which are also water-insoluble
liquids (8,49). Apart :t’ronll ‘the generation of large am;unts
of heat and the consumption of large quantities of oxygen
(98) due to théir reduced nature, insolubili;y is the most
important problem involved . in using hydrocarbons ag

fermentation substrates.

} 4 -
Batch growth of microorganisms on n-alKanes 1is

characterized by a short exponential growth phase w%/

followed by a much longer linear growth phase. Most

explanations for this phenomenom relate to hydrocarbon
transport kinetics. There are two major groups of

hydrocarbon transport models (95).

One group of models attributes the 1linear growtﬂ phase
to ‘the saturation of available hydrocarbon - dj:opléts with
cells. These models cite hydrocarbon droplets larger than
ceils as being the most important uptake form and thus
responsible for growth kinetics. Evidence (135) that growth
rate is directly related 1;',0 droplet coalescence frequency
(which increases with increased agitation) supports this’

model type .b

L
-




18

The other group of models cites submicron droplets as
controlling the growth kinetics (2). They describe the
linear growth phase as a constant linear rate of diffusion
of (hydrocarbon droplets through the ,aqueous phase to the
cell surface. Tge findiﬁg that the growth rate of (andida
lipolytica increases with decreased dropiet size (also due

10 increased agitation) supports this model type (103).

S

. 2.4 Bigsurfactants

s

The earliest report of a microbially-produced
sd;factant (bidsurfactant) was in 1947 (171). DResulfovibrio

was shown to cause the release of bitumen frqm Alberta, tar

+ sand. Biosurfactants have certain properties that are

superior to many skgthetic surfactants. Thgse include
biodegradability (94) and great ' variety in ochemical

> -
structure and thus in their “surfactant properties (27).

]

-

Iy

N Biosurfactants have been the subject of several reviews

\

(27,169,170). They have been categorized as amino acid-

containing biosurfactants, phospholipids, fatty acids and

neutral lipids, and glycolipids.

Amiﬁo acid-containing biosurfactants include  the
lipopeptide produced by Corvnebacterxium lepus (30), the
ornithine 1lipids of PEseudomonas rubescens (164) and
Thiobacillus thiocoxidans (84), and subtilysin (surfactin)

which is one of several lipopeptides produced by B._subtilis

(27).




N ‘ o
All microorganisms, contain phospholipids (7) but | few

. * . p H
excrete them in significant quantities (170). \Except.jloﬁs
irfclude Thiobacillus thicoxidans (12), and Corynebacterium
alkapolyticum (83,106).  C.__alkanolyticum must first be

treated with cepha'losporins" and penicillins. C.. lepus also

LY

b
secretes several surfare-active phospholipids (30).

4 o

In addition to lipopeptide and phogpholipid

‘
¢

bidsg@rfactants, GC.._.lepus also produces surface-active
P ¢
corynemycolic acids (30). These and .other hydroxy fatty

acids are more effective surfactants than ordinary fatty

> o

acids (29). The fatty alcohols produced by A.r_thr_ob_ac;g‘be‘r

paraffineus (154)  are . examples( of neutral 1lipid
o

biosurfactants. ! y

- /

1

!

Glycolipid biosurfactantd  containing trehalose (ie.

mycolic acids) are excreted by many actinomycetes when grown
' b

on hydrocarbons (116). Rhamnolipj.é}*sj) are produced by

- o

Pseudomonas  aeruginosa (71) and sophorese - lipids’ by

LS

Torulopsis species (26,28). .

a

Patents have been issned for the x:ecovex“s; of oil using
the t/,rehaloéei biosurfactant of Rhoddcoccus qt-::!.‘3!1;h.’(‘lo"poJl,:1.5
(161) and for the use of "an em(zlsi;f'er produced by an
Arthi‘ogactar species (57._5'8).’6 This emulsifier is a

polysaccharide—-1lipid complex marketed under the name

"emulsin”: It ‘is presently,used to clean the hulls of oil

% -




¥

3

N

tankers (122). Biosurfactants can also be used for the ccld

water extraction of bitumen from Athabaska tar 5ands (168)

-

Many microorganisms that praduce bicsurtfactants, do sa

B

only in the presence of hydrocarbons (27). It mav bes that
- J ¥
hydrocarbons simply are coeonvenient buillding matsrials for

the 1lipid component which invariably ssrves \as the

hydrophobic component of the biosurfactant. There are’other

w

theories which attempt to explain this phenomenon. One

suggests that since hydrocarbons are water-insocluble, the

a

microorganism must produce surfactants in order to
solubilize its carbon source (88,117). Another theory
claims that the hydrocarbon substrate serves as a solvent

for the extraction of biosurfactant from the microbial cell

a

surface (40). .If this theory is correct, then a substrate

(NVR for exaﬁple) need not be metabolized by an organism in

order to stimulate biosurfactant production.

0 P *

2.5 Extracgllular Microbial Polysaccharides

In the ° past almost all econcmically significant

polysaccharides were extracted from higher -plants and alga

T

« -
The most important polysaccharides are still plant-Jerived

starches. and cellulose. Recently., microbially-produc=d
palysaccharides have hegun to replace rlant-derived
pelysatcharides in'certain specialiced areas. Xanthan, for

< °

examplie, Has captured much of the marlket previcusly held by

the tree exudate known as gum tragacanth (183). Itehas alse

bean replacing the synthetic polymer. polyacrylamide, for
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use as a viscosifier in tertiary oil recovery (125).
Deacylated PS~60 polymer, which is produced by a Pseudomonas
species (102), 1is beginning to replace agar as an inert

solid medium on which microorganisms can be grown.

Microbial polysaccharides can be classified as
homopolymers (containing a single stfuctural unit) or as
heteropolysaccharides (containing two or ™more different
monomers). Dextrans and levans are homopoiysaccharides:
They are syntheslized from sucrose by microbially-éroduced

extracellular enzymes. Dextran is a homopolymer of glucose

(101) while levan is composed exclusively of fructose (10).

Dextran is' used as &a blood expander (ie. a plasma’

substitute) and can be cross-linked for use as a
chromatographic gel (ie.(Sephadex, Pharmacia AB, Sweden).
Deitran may also be o} value as a plugging agent,
particularily in tertiary oil recovery“hwhere "viscous
fingering” has occurred during pqumer flooding (72). An
estimated 2000 tons of dextran are produced annually world-

wide (115,151). Levans may be used in phoﬁographic

emulsions to improve the quality of silver‘granularity (10).

Few homopolymers synthesized by cell-boynd enzymes have
received attention for commercial applications (152).
Curdlan 1is a no%-branchedm linear homopolymer of d-

glucopyranosyl units joined by B-d—(l-S);glycosidic 1inkages

3150,80). It is produced by .Alcalisgenes faecalls wvar

myxogenes (5,111). Aqueous curdlan solutions form resilient




gels upon heating té 54 °C. Gel strength increases with
temperature and is constant in a pH range of 2.5 to 12 0O
(22). Scleroglucan, produced by Sclerotium and related
genera (124), and pullulan., produced by Aurobasidium

pullulans (18.19,134), are other, potentially impertant

homopolysaccharides. Pullulan is marketed by “the
Hayashibara 06§;oration of Japan (152). . o

Many microbial heteropolysaccharides are of commercial
interest. Alginic acids contain d-mannurpnic acid and 1-

e k
glucuronic acid in various ratios: Theéy “are generally
! 7

M ‘

extracted from sea weed (Phaeoprhvcease) rut can also be

synthesized by Pseudomonas aeruginesa ((93) and other
\ {

microorganisms (32,68). Calcium and other divaleﬁt cations

s

il .
precipitate alginic acids fom aqueous suldtion. Ca}cium

alginates are used as sizes in the textile and /pape:

'industry. Fifty per cent of all alginic acids produced are

/ /
used in the food industry td stabilize ice cream. instant
, |
desserts, custards, creams and Qther emulsions (152)..
! /’

Xanthan gum is produced by Kelco (U.S.), General Mills

(0.8.), Bhone-Poulenc (France) \and Tate and Lyle/ (0.K.).

. Xanthan has unigue physical properties. It dissolves in hot

or cold water producing high viscosity at low

[¢}]

concentrations. It i highly pseudoplastiz and 1s
)

temperatdre. sal and pH insensitive (31). Alﬂh'ugh not A
ambination

i
gelling agent byl itself, xanthan can be used inj

with locust bean gum t92 produce a gel (110 It has
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applications in textile printing, drilling muds, rust
removal agents, liquid animal feeds and tertiary oil
recovery (163). Other uses are in gelled explosives (ie.

water-proof dynamite), as a paint stabilI?gY~\and as a
flocculating agent for water clarification (80)

Derivatives of xanthan can also be of value.
Hydrox&alkylethers can be used in cosmetic formulations and
dialkylaminoalkoxyethers as sizes (80). Graft copolymers
with acrylamide, acrylic acid and other monomers can be

synthesized.
e
Viscous heteropolysaccharides are produced by the
gliding bacterium Lysobacter gummosus (21), Erwinia tahitica
(Zanflo) (80), and Anthxqbaqgex viscosus (1?.50).1 ‘Other

microbial exopolysaécharides are currently being marketed or

are of potential economic importance (80,151,152).

fhere are many application' for polysaccharides outside
of the food and health industries These include use in
drilling muds, flocculating agents, rust removers, ceramics
(both as a binder and a glaze), inks, paints, dyes,
textiles. enhanced o©il recovery, films, slurry explosives,
pesticide sprays, adhesives, welding rod fluxes., silver

recovery ‘and many other procesées (31,163).

2.6 Catalase

Catalase 1s an enzcyme composed of four tetrahedgally

arranged 60,000 dalton subinits Each subunit is a single

!
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polypeptide chain that associates with a single prosthetic

group. ferriec protoporphyrin IX (131). Catalase can be used

as an antioxidant because it catalyzes the reaction shown

below

2 HzQz &= 2 Hz0 + Q2

. Catalase is used in conjunction with glucose oxidase %o
atabilize food products (1ie Juices, beer, wine, powderead
mlik. mayonaisse) against loss of flavour and colour by

oxidation (52). It is also used in a process called "cold

pasteurization”. Conventional pasteurization 1is used to

‘o

destroy pathogenic microorganisms in milk but the heat
inactivates lipases, proteases, and phosphatases desirable
for cheese-making. Hydrogen peroxide may be used to destroy
microorganisms but later must be removed to allow growth of
the starter culture. Catalase 1is employed to destroy the
hydrogen vperoxide (64). Other processes using catalase
include the bleaching of textiles and hair so that dyes can
be applied and the generation of oxygen from hydrogen
peroxide for the production of foam rubber, plastics, porous

cenent and baked goods (166).

Commercial catalase 1is extracted from beef liver or
produced in microbial fermentations (usually Aspergillus
nigexr or Micr¢coeccus lyscdeakticus). The catalase of A
niger has a much greater pH range and temperature staﬁllity
g%an beer liver catalase It retains 65 % of its activity

in a pH range of 3 0 to 9.0 and can withstand heating at 65
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°C for several minutes '(52). The commercial unit “for

catalase activity is the Baker unit (132).

2.7 POLY-B-HYDROXYBUTYRIC ACID (PHB)

As a survival mechanism, most living organisms produce
an energ? storage material when carbon and energy are freely
available The chief energy storage materials are lipids.
polysaccharides and polyphosphates. Gené;ally these
materials are 1n polymeric form., contain large amounts of
energy per unit volume and contribute very little to
intracellular osmotic pressure.

Poly-B-hydroxybutyric acid is produced only by
microorganisms. Unlike other energy storaéegcomPOunds there
is no direct utilization of ATP involved in PHB generation.
Procaryotic gene£a with members capable of PHB "accumulation
include Actinomyces, Bacillus, Beijerinckia, Chromatium,
Derxia, Byphomigrobium, Lampropaedia, Mi¢rocogeus,
Moroxella, Nocardja; Photomicrobjum. Pseudomonas, Rhizobium,
Rhodopseudomonas, Rhodospirillum, Sphaerotilus., Spirilluam,
Streptomyces, Vibrio, and Zooglea (34,145) The polyester
structure of PBBE is given in Figure 2.3 while its chemical
apd physical properties are listed in Table 2.1.

This short review will concentrate on FHP accumulation
bl Alcaligenes sutrophus and other tascteria that neither ff&
nitrogen nor have photosynthetic capabilities. It should be

noted that until recently A. egtrophus was known ass
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Table 2.1

EMPIRICAL
FORMULA

MELTING
POINT

SPECIFIC
GRAVITY

INTRINGIC
VISCOSITY

MOLECULAR
WEIGHT

SOLUBLE
IN

PARTIALLY

SOLUBLE IN

INSOLUBLE
IN

" 1.23-1.25

28

’ t
Chemical and Physical Properties »f PHB.(34)
(C4Hs02 )n ¢

Range 160-172 °C ) ’
(n

-

0.2 to 1.5 % (w/v) chloroform solutions
measured in an Ubbelhode viscometer.
Hypochlorite isolation 0.04-1.05 dl g=-1
Neutral solvent extraction 2 B0-11.45 dl g-1

Calculated from intrinsic viscosity or by
the sedimentation method of Archibald.

Hypochlorite isoclation 1-22 kg mol-1
Neutral solvent extraction’ 59-256 kg mol-1
Thioglycollate-~chloroform 140-400 kg mel-1

chloroform, trichlorovethylene, dichlorocacetate,
triflourcethanol. dimethylformamide, triolein,
athlyl acetoacetate, glacdial acetic acid,

NaOH (1 M), hyamine hydroxide (1 M),

phenol (1 M agqueous).

dioxane, octanol, toluene, pyridine.

methanol, ethanol, acetone, ether, hexane,
water, dilute mineral acids, alkaline
hypochlorite, ethyl acetate. carbon
tetrachloride.

/
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Hydrogenomonas eutrorha. It is capable of both hydrogen and

~ carbon dioxide fixation but grows Vell heterotroprhically.
A

Since it grows 'well autotrophically on a mixture of
hydrogen, carbon dioxide and oxygen in an inorganic medium,

A. eutrophus has been considered as an inexpensive source of

- protein. Its potential for use as a food in space~trave1

has been investigated (73). One of its major liablities as
a food 1s its’/propensity for the production of PHB which
causesdindigestion in mammals (130). While the nitrogen- i

fixing bacterium Azotobagter beiderinckia has been sho&n to !

. accumulate up to 74 % of its dry weight as PHB?(149), A /

eutrophus has been reported to accumulate up to 86 % PHB !
growing autotrophically (127). Attempts have been made to
select.for strains of A. _eutrophus deficignt"in the ability /
to p;oduce PHB in order’to use them for single cell protein /
production (129). L | r /
It was noticed that PHB has many properties in common
with polypropylene (Table 2.2). It thus has the distinction/

of being the only biologically produced thermoplastic. As a;

pl;stic, PHB takes glass fiber filling very well (82).

ASince it is biologically produced, it has the advantage of

being optically pure. Partially for this reason it has
piezoelectric properties as do a small number of other
polymers such as polyvinylidene fluoride (PVDF) (70). PHB
is also biodegradable and it is posasible ‘o make

biodegradable copolymerlizates with other substances which
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TABLE 2.2 MQMWWM
of PHB with Those of Polypropyvlene (82)

30

PROPERTY ~ PHB POLYPROPYLENE,
CRYSTALLINE MELTING 175 176
POINT (°C) »
CRYSTALLINITY (%) 80 l'70
MOLECULAR WEIGHT (g mole-1) 500,000 200,000
'GLASS TRANSITION , 15 - 10
TEMPERATURE (°C) |
DENSITY (g ml-1) , 1.250 0.905
FLEXURAL MODULUS (GPa) 4.0 1.7
TENSILE STRENGTH (MPa) 40 38
EXTENSION TG BREAK (%) 6 400
UV RESISTANCE p GOOD . POOR
SOLVENT RESISTANCE POOR ~ GOOD
3
) C
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are not in themselves biodegradable (137). PHB 1is also
iﬁmunologically compatible with(human tissue and its film
has gas barrier pr;perties similar to the best coated films
(133). As of April, 1981 Imperial Chemical Industries {(ICI)
was producing PHB on a pilat plant scale of 10 kg oi\bér”//
week. Although glucose was being used. as the carbon and
energy source, ICI was investigating the possiﬁllity of

s

using COz and Hz from coal (82). . L
* . §

One of the organisms most studied with regards to PHB
accumulation 1s Bacillus megaterium. Recently it was
discovered that the B. _megaterium storage polymer is
actually a mixed polymer of @-hydroxy acids (465. Using
capillary ” column chromatography, ten. poly-RB-
hydroxyalkanoates (PHA’s) other than PHB where found in B.

megaterium and in samples of marine sediments. One sediment

examined had PHA containing only 30 % B-hydroxybutyric acid
while—B* megaterium PHA was 95 % B-hydroxybutyrate (46).
Candida rugosa and mutants thereof have been used to produce
B-hydroxypropionic acid from ©propionic acid and B-
hydroxyisobﬁtyrio acid from isobutyric acid whether or not
they could use these substrates as carbon and energy 3source
for growth (62,63). In the latter case an alternate‘carboﬁ

and energy source’)was supplied. Thus depending on the

. organism and the substrate PHB may not .be the only PHA

produged.

\
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Microbia{ PHB is mostly found in granular form. The PHB"
granulef of B. megaterium are spherical and average 0.5 um
in diameter (41). PHB can also _be found in the dinner
membranes of bacteria .where an increase in its level has
been correlated with an increase in susceptibility to DNA
transférmation (.1e competance) (120). PHB can be produced
synthetically. Triethylaluminum with water (1:1) as a co-

catalyst polymerizes d,l-B-butyrolactone into a crystalline

polymer with properties virtually identical to microbial PHB

with theoexcepﬁion of optical purity (1,136).

Due to their refractivity, PHB granules can 53 seen
with elther phase contrast or dark microscopy.l They stain

with Sudan Black when in wvivo but not when isolated. Sudan

-

Black probably stains only the lipid membrane that surrounds
"the granules in vivo. This membrane is prpbably removed
during isolation procedures. Intracellula: PHB cannot- be
attacked by PHB depolymerases uﬁtil'they are.subjected 't:,o\j
treatment such as alkali extraction which removes a
proteinaceoﬁs depolymerase inhibitor as nwell as GPHB
synthetase (34). It is believed that when the physiological
conditions are correct for PHB degradation to be initiated,

an activator is produced that neutralizes the depolymerase

inhibitor. The activator 1is probably a Catt requiring
protqolytic enzyme. Its action 1is mimicred4 by +trypsin

(145). !
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‘ Many procaryotes can produce extracellular PHB

\
depolynerases. These. may not bq specific for PHB and often

release dimers and trimers as well as monomers of D(-)-3-
hydroxybu’cyric acid. All pseudomonads able to use PHB
secrete PHB depolymerases constitu‘bively Since PHB is not
water soluble it 1is assumed that +the soluble éroducts
released by constitutive | enaymes induce, additional

extracellular PHB depolymerase production (35).

'\" There are many methods for thé ex¥raction and
D purification of P@ Centrifugal me‘bhods following lysis by
gonicat.ion have been described (158). Generally, hoyever,
cells are giges’ced in an alkaline hypochlorite solution
g lea*vinﬁ§ ‘PHB granules (153). Imperial Chemical Industries
have develpped an e’laborate proocnss involving proteolytic
enzyme or surfactant solubilizatton of cells, heat
denaturing of nucleic acids, boiling under reflux for 10
minutes, incubation at 55 °C for 1 h, cooling, and
cent;'ifugation (67). A gaé chromatographic method for +the
deter;ninat'ion of intracellular PHB concentx;ation has been
developed. It is highly accurate anda3 sensitive to 10-%

g 1-1 (14). This supercedes the more cumbersome and less

accurate crotonic acid cblourimetric method.

T /’

b

T ™

vA. __eutrophus' has been grown autotrophically to a dry
biomass concentration of 25 g 1-1 in 25§ h with a doubling
( time of 1.5 to 2.0 hours (118). A 1.5 to 2.0 hour doubling

time is the maximum autotrophic growth rate determined by

R
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both batchl and continuous +techniques (11). Using
radioactive tracers it was determined that 2 % of the total
cargon assimilated by A._eutrophus during autotrophic growth
appeared in the supernatant during exponential phase and 5 %
in statfbnary phase. The carbon was|mbstly in the form of
. ¢
amino acids (15). The trace elements required for
autqtfophic growth include cobalt, chromium, and copper.
There may also be a requi;emént for zinc. Foaming
(suppressable by the addition of castor oil) océurs in iron
deficient m;dia. It is associated with the production of a

yvellow-green pigment (119) which is probably an iron

chelator (61). Iron aefipient cultures do not produce PHB

J but PHB synthesis in autotrophically grown cells can be

initiated by nitrogen, phosphate. magnesiums or sulphur

i

limitation (119). i ,

The asporogenous mutant B._megaterium KM in nitxogen,
sulphur, potassium and carbon-limited chemostat culture
accumulates a paximum amount of PHB at a dilution rate of
0.4 h-1, Interestingly, this mi;roorganism‘stores up to 12
% BHB)lunder carbon(yand ‘energy limited conditions and

accumulates glycogen as an alternate storage polymer (165).

[

PHE production by autotrophically growing A. eutrophus
is fully growth associated even when there "is no growth-

limiting nutrient but under these conditions the PHB content

L
18 less than 1 % (127). Sshortly after ammonium-limitation

begins,, in autotrophic batch culture, the specific PHE

Q

v @
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production rate (qp) reaches its maximum and then slowly
decreases to zero during the remainder of the fermentation.
The +transition period 1s 1less +than one generation time
(143). After the onset of nitrogen limitation the protein
content and number of cells of A, eutrophus H16 remain
constant (144). The highest maximum PHB content of
autotrophically grown A. eutrophus H16 was found to be 78 %

(144).

}
Since PHB is a storage polymer, factqrs influencing

endogenous metabolism (suspending medium, pH,” temperature
etc.) probably also influence PHB accumulation (33). Carbon
sources that are metabolically related to acetyl-Co A favour
PHB production (146).  The Aiﬁaliggnga -and Pseudomonas
genera conﬁain many memberg which can both accumulate large
amounts of PHB and gave the ability to grow on a very wide

<
variety of carbon sources. Some A, _eutrophus (75) strains

have been shown to use such recalcitrant carbon sources as

phenol and p-cresol as sole sources of carbon and energy if
supplied in low concentrations (ie 2.5 mM)} Alcaligenes
Eﬁxﬁdgxga (47) and some Ekﬁmmmmgnﬁa species (112) posess
plasmids enabling them to degrade 2,4-dichlorophenoxyac§tic
acid (2,4-D). A continuous enrichment culture using linear
alkyl benzenesulphonates as the limiting carbon source
resulted in a stable mixed culture of many Pseudomonds and
Alcaligenes species. The Alcaligenes species predominated
at low dilution rates while the Pseudomonas species
flourished at higher dilution rates. None of the

-
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microorganisms could grow on linear alkyl benzenesulphonates

in axenic.culture (74).

I
|
I

)

Differential petri plate metbods for the selection of
PHB-producing strainsqsof_‘bacteria, as weli as enrichment
methods us;ng the 32P pbosphate inactivation technique and
sucrose density gradient centrifugation are available (129).
A flow cytometry cell-sorting method has also bgen used to
enrich for wild type PHB-producing cells from a

i

predominantly. PHB-negative population (144).

As early as the late 1950’s, W.R. Gréce and Co. oﬁ the
United Stgtes was producing small quantities of PHB for the
evaluation of its’ economic potential as a themoplastic.
Inadequate production apnd purification processes led to its
abandonment (66). Imperial Chemical Industries (ICI) began
working on the development of PHB n@nufacturing processes
for the bulk and specialty plastics markets in 1976. As of
1984, ICI was interested in PHB production by Agotobacter
sSp grown continuously on glucose under oxygens limitation
but were experiencing difficulties with unwantéd
extraéellular carbohydrate synthesis and strain instability.
Researchers at ICI found that when grown on glucose,
nitrogen-limited A. eutrophus contained less PHBE per cell as
the dilution - rate was increased but that withouti7a
continuous process, production costs would be too high

(133). Therefore a two stage process was being considered

in which the first stage would be for high protein biomass

&

)
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—accumulation.

production and the second stage would

PHB
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ICI alsoc has a methylotroph which produces

N
PHB. Its PHB has a molecular weight of 50,000 and has

different properties from the PHB of either Alcaligenes or

Azctobacter. .

v,
o e,
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CHAPTER 3
MATERIALS AND METHODS

3.1 Nonvolatile Residue (NVR)
NVR was supplied by the Du Pont Canada Inc Research
Center, Kingston. Ontario The same batch was used for all

work in this thesis. ts composition i3 given in Table 1.1.

3.2 Peat and.E@at“Ruﬁ:fo-Water
Peat and peat run-off water were obtained from a bog
in- Barrington, Nova Scotia. The same batch was used for all

work in this thesis.

3.3 Microorganisms

The organisms used in this thesis are listed in Table

3.1. Information about A, __eutrophus , P. _cepacia ATCC

17697, and X._campestris, the most important ofganisms in

this research are 1listed in Tables 3.2, 3.3, and 3.4

respectively.

3.4 Media

The mineral salts medium (MSM) consisted of 0.4 % w/v
(NH4)2504 , 0.2 % KHz2POa, 0.1 % NazHPFO4.-7Hz0, 0.02 %
- Mg8Q04- TH20, 20 mg 1-1 CaClz, 1.6 mg 1-1 (CH3COO)z2Zn- 2H20.
0.3 mg 1-1 FeSOs- 7TH20. 0.6 mg 1-1 (NHi)sMo70z4- 4H20, 0.6 mg
1-1 H3RO3, and 0.01 % yeast extract. Glucose medium (GM)
contained 2 % glucose in MEM. Mineral salts citrate

medium (M3C) contained 2 % sucrose and 0 2 % citric acid in




Table 3.1 Micreoorganisms Used in this Study

Alcaligenes eutrovhus ATCC 176971

" Alcaligenes faecalis subsp. myxogenes ATCC 144341
Arthrobacter viscosus ATCC 195841

Aurobasidium pullulans Pp KM 1495

Azotobacter indicus subsp. myxXogenes ATCC 214231
Bacillus subtiliss

Corynebacterium equi subsp. mucilaginosus ATCC 215211
Corynebacterium fascians ICPB CF152

Corynebacterium insidiosum ICPB CIBA?2
Corvnebawterium lepuss

Escherichia coli4

Isolate 1, and Isclates Pz, P4, and B7

Isolates 551 and 552 (both identified as P, daeruginosa)s
Isolate C128

Lactobacillus brevis ATCC 144341
Leuconostoc megentercoides ATCC 108301
Lysobacter gummosus ATCC 294891
Myvcobacterium rhodochrous ATCC 190671
Pseudomonas acidovorans ATCC 174761
Pseudomonas aeruginosa NRC 27863
Pseudomonas cepacia ATCC 177591 /
Bhodococcus rhedochrous NRC 430023 /////’

S

Saccharomyces cerevesiget
Sclerotium rolfsii ATCC 152021
Staphylococcus epldermidis® -
Torulopsis bombicola ATCC 222141
Torulopsis petrophilum ATCC 20225
Xanthomonas campestris ATCC 13951t
Xanthomonas campestris NRC 21461

Lources
1 American Type Culture Collection(ATCC).
2 International Collection of Phytopathogendc

Bagteria(ICPB).
f’ﬁ?%fgrbq of Bioclogical Sciences, (Mr. R. Latta),
National Research Council of Canada. ’

4 Department of Microbiology, McGill University

5 University of Western Ontaric’s Biochemical Engineering
Culture Collection.

Microbiology Dept., Royal Victoria Hospital, Montreal.
Isolated, from continuous enrichment oulture using NVR as
the sole source of carbon.

Isolated from continuous enrichment culture using’ caproic
aclid as the sole source of carbon.

N R
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TABLE 3.2 Characteristics of Alcaligenes eutrophus_ (886).
Morphology stralight Gram negative rods 0.7 um by 1.2~
1.6um.
Motility motile by 1 to 4 pritrichous flagells. ,
Pigmentation none.
Pathogenicity none known. '
. Growth optimum is about 30 °C. .
temperature .
Metabolism facultatively chemeolithotrophic in an
atmosphere containing Hz, Oz and CO2; . <
strictly aerobic. - -
Growth on glucose (mutant strains; freshly isblated

strains cannot use glucose), fructose,
d-gluconate, acetate, adipate, pimelate,
sebacate, suberate, mesc-tartrate, itconate,
2-ketogluconate, mucate, propionate, butyrate,
. isobutyate, caprecate, succinate, fumarate,
d,l1-lactate, d,l1-B~hydroxybutyrate. glutarate
azelate. glycclate and
most strains use d-malste, l-malate, pyruvate,
Jdevulinate, a-ketoglutarate, aconitate,
citraconate, mesaconate. citrate,
m-hydroxybencoate, p-hydroxybenzcoate and
phenylacetate

o~
4

No growth on all sugars other than fructese and mutant
growth on glucose. glycerol, valerate,
isovalarate, heptanocate, caprylate,
pelargcenate. caprate, malcnate. oxalate,
maleate, d,l-glycerate. d-tartrate,
l-tartrate, o-hydroxybenzcate, d-mandelate,
l1-mandelate, pthalate., gquinate, glycine,
l-serine, threonine, l-lysine, gamma-
aminovalerate, kynurenate, anthranilate,
ethanolamine, benzylamine, putrecine,spermine,
histamine, tryptamine, -butylamine. betazine,
pentylamine, sarcosine, creatine, acetamide,
m-aminobencoate and p-aminobenzoate.
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Table 3.3 Characterdistics of Pseudomonas

Morphology
Motility

e 4
Pigmentation

Pathogenicity

Growth
temperature

Metabolism

Growth

cepacia ATCC 17750 (86,147). -
Gram—-negative rod 0.8-1.0 um by‘1.8-3.2 um.
<?tile by multiple polar flagella.
produces a yellow diffusible pigment.

opportunistic human pathogen. occassionally
found associated with various infections of
nosocomial origin. -

3
+

optimum is 30 to 35 °C: can grow at 41 °C.

strictly a heterotrophic aercbe.

on d-ribose, d-arabinose, l-arabinose, d-
fucose, d-glucose. d-mannose, d-galactose. d-
fructose, sucrose. trehalose, d-xylose, 1-
rhamnose, cellobiose, salicin. gluconate, 2-
ketogluconate, saccharate, mqgafe, acetate,
butyrate, isobutyrate, valerate, isovalerate,
caproate, heptanocate, caprylate, pelargonate,
caprate, malonate, succinate, fumarate,
glutarate, adipate, pimelate. suberate,
azelate, sebacate, d-malate, l-malate, meso-
tartrate, d,l-B-hydroxybutyrate, d, l-lactate,
d,l-glcyerate, hydroxymethylgluterate,
clitrate, a-ketoglutarate, pyruvate.
aconitate, laevulinate, citraconate, mannitol,
sorbitol, meso-inositel, adonitel, glycerol,
2,3-butylene glycol, benzoate. phenylacetate,
o-hydroxybenzoate, m-hydroxybenzoate, p-
hydroxybenzoate, guinate, delta-
aminovalerate, gamma-aminobutyrate, many
aliphatic and ring striicture containing amino
aclids, benzylamine, putrescine, spermine,
sarcosine, hippurate, acetamide, tryptamine,
butylamine, alpha-amylamine, betaine,
sarcosine, =thanol, n-propanol. n-butancl, 1-

. mandelate, benzoylformate, and testosterone.

No growth

cn maltose, iscbutanol, phthalate, phenol, 1-
valine. l-leucine, nicotinate, trigonelline,
n-dodecane., n-—hexadecane, d-arabinose, d-
(-)-tartrate. erythritcl., 1tconate, geraniol.
glycine propyleneglycol, glycine, creatine and
pantothenate.

ML T S S R R - R Lt A I




TABLE 3.4

Morﬁhology

Motility

Pigmentation

AL

-

Characteristics of Xanthomconas campestris (86).

Gram-negative rods 0.4 by 0.7 um, usually
found singly.

motile by polar flagella.

a

produce a cell—-associated yellow
xanthomonadin pigment (a brominated polyene).

Pathogenicity cause a disease in many plant species

Growth
temperature

Metabolism'

Acid

3

No acid

Growth

especially Brassica sp.

25 to 30 °C.

strictly a heterotrophic aerobe.

from glucose, sucrose, arabinose, mannose,
galactose, trehalose, cellobiose, fructose,
and most strains from lactose. maltose,

. Xylose, ribose, melobiose, raffinose,
melozitose, dextrin, ,glycogen and glyoegp&.
from adonitol, mannitol, sorbitol, dulcitol,

. rhamnose, salicin, meso-inositol, inulin and
alpha-methylglucosides

on acetate, citrate, malate, propicnate,
succinate and lactate.

~
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MSM Nutrient broth medium (NB) was 0.8 % nutrient broth

and yeast malt medium (YM) was 2.1 % yeast malt broth.

- o

3.5 Shake-flask Experiments . .
k]

All shake-flask experiments used unbaffled Erlenmyer
flasks, shaken at app;oximately 180 RPM‘ at a specified
temperature. The pH w;s 6.0 unless otherwise stated. "~ For
shake-flask experiments inéorporating different
concentrations of NVR or NVR components, the N%RN\or
appropriate componept was added on a weight basis. The pBH
was adjusted with 20 % NaOH since NVR and its components are
either acidic or. do not effect pH. " Flasks were sterilized
by auteoclaving at 121 °C and 15 psi fo? 20 minutes. Gas
ch}opatographic analysis showed no detectable change i1n the
concentration of volatile carboxylic - acids = after

4

autoclaving.

“

In peat run-off water experiments, peat run—-off water
was added by volume. The approgriate media were made up in
both peat run-off water and,distilled water. The two media

were then mixed to glve the correct peat run-cff water

« concentrations The pH was adjusted and the flasks were

bt

autcclaved as above.

Determination of the Growth Effect, 'I1 and Iz Values

[}
[b)]

The growth effect. I1 and Iz values were determined 1n
order to summarize the =ffeets of NVR on the growth of
microcrganisms in shale-flasks Different amountz of NVR

were added to 500 ml shake-flashs containing 50 ml of ap

’
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appropriate medium. A 5 % v/v inoculum was added and the
flasks were shaken at a specified temperature (usually 26 or
37 °C). Flasks were sampled after a period of +time

sufficient to allow measurable growth but before the maximum

biomass concentration was attained. The I1 wvalue was the.

lowest NVR concentration at which less biomass was produced

than - the control. The I2 wvalue was the lowest NVR

" concentration at which no growth occurred. NVR was said to

have a positive growth effect'iﬁyggme flasks containing ﬁVR
had gieater than 5 % more biomass than the control 1acking
NVR.‘ A negative growth effect was assumed if at 50 % of the
Iz concentration there was greater than 5 % less biomass

than the control.

3.7 B&IQh_C_ulm.\:ﬁ_QLm:nmmm\

All batch fermentations utilized ﬁultigen F-2000 2 1
fermentors (New Brunswick Scientific, Edison, New Jersey?%
The initial working volume was §pproximate1y 1.7 1. The
medium was sterilized in the fermentor vessel 1in an
autoclave at 121 °C and 15 psi for 30 minutes.
Caramelization of sugars and precipitation of salts was
prevented by the addition of 0.7 % concentrated HCl before
steri}i;ation. Agitation was kept at approximately 660
RPM. Sterile air was introduced below the impellors at
approximately 1.7 1 min-i. In non-viscous fermentation
broth the maximum oxygen transfer rate ‘was 22 mM 1-! min-1
at 660 RPM, an air flow rate of 1.1 1 min-!, a temperature

of 30 °C and a liquid veolume of 1.3 1. This was measured
b3



bioleogically in ébemostat culture as shown in Appendix A

(Figure A.1). Foaming was prevented by~the addition of 500
ppm polypropylene glycol 2000 before autoclaving. Forty-
five ml samples were taken from the bulk medium after the
-first 5 ml had been disgzzrded (ie. what remained in the

tubing after the previous sample).

3.8 Batch Enrichment Culture

Batch enrichment culture was performed in 500 ml shake-

flasks containing unsterilized nutrient broth and a
specified amount of NVR. Various inocula (as reported in
the results section) were added in .order to supply the
culture with a diverse selection of seed microorganisms.
After several days growth at 26 °C, 5 ¥ v/v was transferred
to a new flask containing .the same medium. Several

transfers were ﬁerformed. Growth was monitored by measuring

pH and by plating on YM agar.

3.9 anninnguawﬂul&nxﬂ

The Sam&/fermentgrshused in batch culture were set- up
as chemostats. The same sterilization and foam prevention
procedulres were used as in batch culture exceptlthat the
mediﬁm was sterilized for 45 minutes. Volume in the single-
stage chemostat was kept at approximately 1.3 1 by means of
a Y-shaped draw-off tube (85) attatched to silicone tubing
under vacuum supplied by a peristaltic pump. The Y-shaped
draw-off allowed bulk medium rather than foam to be

withdrawn from the fermentor. The same method was used to

ia
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transfer fermentation broth to thefﬁeoopd stage of the 2-
stage chemostat and to maintain the liquid level in e€ach
stage. Minéral salts medium was added Yia a peristaltic
pump from a 10 1 polypropylene resevoir. It was mixea with
a heavy duty magnetic stirrer (Bellco Glass, Inc., Viﬁéland,
New Jersey). The flow rate of medigm‘was determined by
volumetric measurement of the res;voir con£ents after it was
exchanged for another. ©Some carbon sources such as NYR and
many of its components were not water soluble. Since these
were liquids, they were added to the fermentor via a highly
accurate peristaltic pump (UltraMasterflex, Cole-Parmer
Ltd., Chicago, Ill.) with solvent resisﬁant small bore
tubing (Vitoﬂ fluorcelastamer, 1/16 inch inside diameter).
NVR was kept mixed with a magnetic stirrer and a teflon
coated stir bar. The flow raté was measured by frgguent

weighing of the resevoir with a triple beam balance.

3.10 Continuous Enrichment Culture

As an inoculum, an aqueous soil _extract. some\refinery
waste and sludge from the activated sludge tank of ;8 nylon
manufacturing plant (Du Pont Canada, Maitland, Ontaric) was
diluted in 00.05 M K2PO4 buffer adjusted to pH 7.0 with KOH.
Several milliliters of this were added as an inoculum to
1.35 1 of nutrient broth. After 24 h, dilute carbon source
and mineral salts medium as well as more inoculum were added
slowly but continuously to the reactor. Over a period: of
days the dilution rate and the carbon source concentration

&
were gradually increased and eventually no more \inoculum was

SR
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( added-. The fermentation conditi ons _were then kept constant
: " for several days. This resulted in a stable continuous

culture, o

e .

!

3.11-3~reening Mi«*rooraanismsk__f,or their Ability_to Use_Majox

NVR Component as thplr Sole. Source of Carbon _and Energy

The cultures were maintained on agar (Difco, Detroit,

Michigan) containing 0.4 % nutrient broth (Difco) and 0.55 %

el

o

. yeast malt axtract. They were transferred to agar plates
containing mineral salts medium (but lat king yeast extract)

and 0.05 % w/v of the carbon source to be tested. After

F

72 h at 24 °C the cultures were again transferred to agar

plates .containing mineral’ salts medium (lacking yeast

[

- extract) and with 0.05 % of the desired carbon scurce, The

plates wers observed every 24 h for 4 davs' and were

t

L 4

avaluated as follows: * detectable d{ffe rence from the

contrel (-): noticeable growth (+); good growth (++).

o

3.12 Accuracy of Results _ | 3

i {

Batch fermentations .were repeated at least twice except

for rt.he X, campestris fermentaticns at. 0.5 % and 1.0 %

I'4

glucose r‘unr*é-nfratluns whlch fhrmed part of a series As

o

many samples as feasible were analyzéd in all experiments Kn
1

order to obtain , the gx.'eatest possible precision  and

C N ACTUIACY . ) Usuall at least 10 flasks were used for each
. “— ‘:bakw -flask exper nt where the concentration of 'NV'R’ or i’;ne
( of its components was varied. APPI‘--.lln’St'::ly 15 5amp‘1.«‘:s wers
] .taken Aduring <ach Batch fermentation. Binmass, total

——




protein and PHE were always analyzed at least in daplicate.
Internal standards were used in all quantitative gas

chromatographic analyses.

n

°

4

3.13 Biomass Dry_Weight Determination

H

Ten ml of culture broth was centrifuged for 10 minutes

" at 24,000 g (15 minutes at X 36,000 g for samples containing

xanthan) at 4 °C. The resulting pellet was resuspended in
10 ml of distilled water ahd recentrifuiged. The pellet was

then washed out of the centrifuge tube irfto a preweighed

<

'aluminum pan and dried to a constant -mass at 10? °C.

3.14 Cellular Protein_ letermination ®

Ten ml of culture broth was centrifuged, washed and

recentrifuged as above. The resulting pellet was analyzed

L3

for protein content by the Biuret reaction (150). The

.

standaxrd ,curve used to determine the region of linear
response is given in Appendix A (Figure A.2)., Two 1.0 % w/v
bov;ne serum albumin (Sigma Chemical Co., St.Louis, Mo.)
exﬁernél standards were used for, each batch of samples

w

analyzed.

¢ - S -
- . ‘

'3.15 Gas_Analysis

Fermentor exhaust gas was passed through a water-codled

o

condenser and two drying columns. The dried-gas was passed

o

through the oxygen analyzer at a controlled rate of 100 ml

min-1. The exhaust from the oxygen analyzer was %then passed
e

i . N
through the carbon dioxide- analyzer at the same flow rate.

.Oxygen was measured paramagnetically with a Taylor Servomex

70
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2
oxygen analyzer (Crowborough, Sussex, England). Carbon

dioxide was ‘measured using a Lira infrared analyzer model
303 (Mine Safety Appliances, Pittsburgh, USA, 15208).
Ambient air was used to calibrate the oxygen analyzer after
passage ‘through the drying columns and flow rate regulation
to 100 ml min;l. This was done before and after every
fermentor exhaust gas sampling. The followiné equations were

used to determine the oxygen uptake rates.

a

" @ = Q x [(1 mole/22.4 1) x (273 *K/T *K)] (1)

\

where Q¢ = air flow rate (1 1-1 h-1)

A

and T °K fermept!r; temperature (°K).

Oxygen Uptake Rate (OUR) = 02 x Qn x+10 (2)

»

! w}}a're - 02 = Ambient oxygen concentration (¥ v/v) -

[

~

Exhaust gas oxygen concentration (% v/v).

P
Qo, = OUR/X = Specific oxygen uptake rate _(3)

whgt/t?z = Biomass or total protein
concen ration (g 1-1) as specified.
The rate of COz production was not determined. The

relative CO2 uptake rate was monitored in order to determine

&




whether the respiratory quotient (RQ) was constant at a
¢

constant oxygen uptake rate. Both 02z and COz2 were

continuously monitored on a chart recorder.

3.16 Analysis of NVR Components

ﬁVR components were guantified using a Hewlett-Packard
5890 gas chromatograph with a Hewlett-Packard 3382
integrator. The helium flow rate through the DB-wax-60N
0.25 um capillary column was 5 ml min-1. The flame
ionization detector was supplied with 400 ml min-! air,
50 ml min-! hydrogen and 30 ml mip-! of auxillary helium.
An injection split ratio of ;approximately_l'?O:l was used.
The internal standard and the temperature-time profile was
varied according to the component to be analyzed.a - 6-
Hexanolactone and hexanoic 'acid were esterified by divlution
with the appropriate internal standard in 24 % tetramethyl
ammonium hydroxide to yield volatile methyl, esters. The
injection port was maintained at 350 °C to insure complete
conversion of tetram‘e&h\yl ammonium salts to methyl esters.
Pentanoic acid was used as the internal standard for
hexanoic acid and butanoic acid determinations. Hexanoic

acid was the internal standard for pentanoic acid and 6-

hexanolactone determinations. .

o

IR
s
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3.17 Glucose Analysis

Glucose concentration was measured by the glucose

oxidase method (23). The standard curve used to determine
thedyregion of linear response is given in Appendix A
(Figure A.3). A glucose solution was used as an external
standard for each batch of samples analyzed.
3.18 Fructose Apnalvsis
Fructose concentration was determined by high pressure
liquid chromatography using a refractive index detector. An
Animex HPX-87C column was used (Bio-Rad Laboratories Ltd.,
t4140 Universal Drive, Mississauga, Ontario). The column
temperature was isothermal at %0\°C. The carr¥er liquid was
HPLC water (Waters Scientific, 36;8 Nashua Drive,
Mississauga, Ontarig) at a flow rate of 0.5 ml min-1. The
standard‘curve‘shown in Appendix A (Figure A.4) demonstrates
linearity up to at 1least 40 g 1-1 fructose. External
standards (aqueous fgﬁctose solutions) ‘were run after every

fourth sample or mdre frequently if the baseline signal was

varying.

3.19 Total Carbohvdrate Analvsis

Samples were diluted to contain between 10 and 80 ug
ml-1 of carbohydrates. One milliliter of sample was added
to 1 ml of a 5 % aqueous phenol solution and five ml of

concentrated HzS04. The standard curve used to determine the

'linear response zone is given in Appendix A (Figure A.5).
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External standards ~ (aqueouss glucose) were run with each

batch of samplés analyzed. ;

3.20 Polysaccharide Analysis \

Polysaccharides were analyzed gravimetricaliy after
precipitation with methanol or ethanol and‘ washing in
distilled water. For example, during xanthan analysis. 5‘g
of supernatant obtained irom the biomass determination was
vortexed vigorously with 15 ml of methanol and centrifuged
for 15 minutes at 36,000 g. The-pellet was washed in 5 ml
of distilled water and cenﬁrifuged again after precipitation
with 15 ml of methanol. The resulting pellet was washgd
with distilled water into a preweighed aluminum pan which

was dried to a constént weight at! 105 °C.

For shake-flask cultures where the vicosity was

relatively low, a 40 ml sample was placed into a 50 ~ml

beaﬁer  and analyzed using a Brookfield RVT viscometer
(spindle 4 at 100 RPM).' For samples obtained from a
fermentor a Brookfield LVT viscometer (spindle 3 at 30 RPM)
was used. The small spindle alyowed for more accurate

viscosity measurements (ie. no wall effects).

3.21 Catalase

Catalase activity was measured by th@ffiﬁQgium dioxide
colourimetric methed (159). Washed\cells from a 10 ml
sample were lyzed by sonication at 4,/°C for 20 minutes.

S
Lysis was monitored by following optical density at 410 nm

LS

s B -"«%
o7
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versus time. The change in optical density versus tithe of

sonication is depicted in Appendix A (Figure A.8).

3.22 Biokutfactants . :

The ;presence of biosurfactants was monitor;d by
measurement of whole broﬁh surface tension with a Fisher
“Autotensiomat. The autot%nsiomat is a modified duNouy
surface tensiometer equipped with aﬁmotorized sample stage

with a sensitive strain gauge attatched to a platinum ring

(51). ¢

3.23 Poly-8-hydroxybutyric acid

Intracellular polyLB-hydrdxybutyrié acid‘was measured
by the gas chromatographic method (14) using benzoic acid as
the internai standard. Samples were prepared as follows.
Ten ml of whole broth was centrifuged, washed with 10 ml of
distillgd water and recentrifuged.- The cells were washed

(- into screw—capéed tubes with 2 ﬁl of methanol containing 0.1
% Dbenzoic acid as an internal standard and 3 % v/v

concentrated Hz SO0s4. The calibration standard was 2 ml of

0.1 % PB-hydroxybutyric acid and 0.1 % Dbenzoic acid 1in
acidified (3 % v/v concentrated HzS504) methaqol. A

calibration table was determined ap the start of each batch

N . N $
of analyses This information was entered into the
\ \\‘
| integrator for the antomatic calculatien of PHB
|

i £y

' concentrations.” One microliter samples were injected. The

a
( standard curve used to determine the area of linear response

is given in Appendix A (Figure A.7) alcong with a figure
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showing the wvariation of benzoic acid and B-hydroxybutyric
acid with time of h&ating in the sample preparation process

(Figuré A.8). The gas chromatograph, integrator, column

~type. gas flow rates and the split ratio were .the same as

for measurement of NVR and its components. The temperature
profile was 90 °C for one minuﬁe, increasing at a rate of 8
°C per minute until 150 °C where the temperature was held

L]

constant for 5 minutes.
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concentration tended to decreaze as the concentration of
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. CHAPTER 4

RESULTS

»

4.1 Peat Run-off Water as. a_ Fermentation Substrate
for X, campestris

4.1.1 The Effect of Peat Run-off Water on Xanthan Gum
Production and Growth of X. _campestris .

In order to detef&ine the effect of peat run~off Qater
on xanthan production, X.. campestris NRC 2146 (ATCC 2146)
was érown on 0.8 % nutrient broth made up with different
concentrations of unfiliéred peat run-off water. As shown
in Figure 4.1, the control flask biomass data iﬁdicated that
the solids content of unfiltered peat run-off water was

approximately 0.35 g 1-1. Since the pH had been adjusted to

7.0 before autoclaving, the control flasks also showed that

3
Y

' )
khe auto?laving of peat run-off water resulted in a pH

decrease.

i After grgwth at 24 °C for 3 days, the pH in all flasks
was approximately 8.9. This was probably an inhibitory
level. Since flasks containing peat run-off water had a
lower initial pH, one would expect these flasks to have
produced more bicomass but such was not the <case, ‘ Bvan
wikhout subtracting the peat solids., the biomass

peat run-off water increased. No xzanthan was produced and

the final viscosity was 1dentical to that of water.

®
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Figure 4.1. X, campestris ATCC 2146 grown on nutrient bnrot,h

medium with different concentrations of peat run-off water.

The culture was grown at 26 °C for 72 h.

() Final biomass dry weight.
(O) Control biomass dry weight.
(@) Final pH.

(O) Control pH.
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To facilitate more accurate biomass determinatigps the
peat run-off water was filtered before use in all other
experiments. Since no xanthan had been produced even in the
control flask, it was decided to change both the medium and
the strain of microorganism. Thus X. campestris ATCC 13951
(NRRL B-1459) was grown in shake-flasks of yeast malt me@ium
made up with various concentrations of peat run-off water
and distilled water. X.campestris ATCC 13851 1is a
production ’strain developed by the Northern Regional
Research Laboratory, Peoria, Illinols. Yeast malt medium is

excellent®for high yield xanthan production.

In this experiment, a large increase in xanthan

Al

concentration and medium wvisdéosity occurred when the peat

run-off water concentration exceeded 60 % (Fig. 4.2). In

the absence of peat run-off water, the biomass was 0.62'

g 1-1. As the co;xgentration of peat run-off water was
increased to 70 9?, t\m{ ~devel of biomass decreased but
increased again at highex: concentrations of peat run-off
water. The final pH reached a mjaximum at a 60 % peat run-
off water concentration. These data indicated that either
the xanthan yield or the rate of production was greater when

reat run—-off water was present.

In order to ascertain whether the presence of peat run-
off water resulted in increased xanthan production by X.
campestris ATCC 13951 and to aid in the determination of the

cause of this effect, pH-controlled b@tch fermentations were
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Figure 4.2. X, campestris ATCC 13951 grown on yeast malt
medium with different concentrations of peat run-off water.

The culture was grown at 26 °C for 60 h with an initial pH
(before autoclaving) of 7.0,

) Biomass dry weight.?
) Final pH.

(.
(®

. (@) Xanthan concéntration.
(O

) Viscosity.
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to make the medium. Mineral salts medium was used and
_glucose was the eole source of carbon and energy ' (except for
| that contained in 'peat run- off water). Taple \\\4 1 shows that
when peat run-off water was used in place of distila\led
water, more biomass but less xanthan was produced,. The

maximum visoosity/maximum xanthan value indicated that the

oxygen uptake rate was higher when peat run-off water was
present. In all fermentations, glucose had been t,otally
‘ ) consumed well Dbefore monitoring of the fermentation had
ceased. . Therefore all yields were based on total glucose
consumption. The fermen_j;étions were run until oxygen uptake
had almost ceased, *indicating exhanstion of the carbon
source. ';’hus .any usable carbon contained in “the peat run-

off water should have contributed to the yield values

As’ shown in Figure 4.3 and Table 4.1, fermentatio'ns

were ‘run in which the initial glucose concentration was

%aried in mineral salts media made up with peat run-off

‘ water. In Figure 4.3 the data have been interpolated
' . 8
‘ - *towards the zero point on the x-axis. This was done to
assess the effects of using no glucose, If an' actual
ol A .

fermentation had not incorporated glucose, the data wvalues

would have - been too . small to have been accurately

S

C ) 6 determined. Figure 4.3 indicates that if the medium had not
been supplemented with glucose, no biomass would have been

produced, that the final medium viscosity would be close to

performed using either distilled water or peat run-off water

—
gum that was produced was of simil’ér viscosity. The maximum
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- The Effect of Reat jfater on Xanthan Production in Fermentations using Mineral b

Table 4.1
Salts Medium .
Peat Water Glucose Max imum’ Maximm Y X/8 Y P/S Y P/X Max. Max. ) liaf: Oxy.
Present Initial Biamass Xanthan Visc. Visc./Max.  Uptake .
Concen- g kg1 g kg! WM WA WA cP Xanthan Rate
tration . RV cP/g~lkg=!  gML-ln-}
g kg™?
yes 5 0.98 0.318 0,162 76 48 5.4
;res 10° 1.63 0.503 3.09 13 29 13.6
. . .
. yes 20 ° 2.24 0.565  5.04 75 67 11.1
3
yes 20 1.79 0.552  5.03 66 63 17.05
no 20 1.08 13.3-  0.054 0.663 12.3 114 86 5.8
no . 20 1.15, 13.5 0.057 0.665 11.5 78 58 6.1
® e . -
[+
» N
! “
R —; — /\\I/ - :féﬁ
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Figure 4.3. The effeét of the increasing initial glucose
concentration on xanthan production in MSM medium made up
with peat run-off water.

P

(O) Maximum biomass dry weight.
(J) Maximum viscosity.
(A) Maximum xanthan concentration.
pH = 7.0 : ;Ta= 30 °C Agitation = 660 RPM
Air flow raté = approximately 1.2 1 min-1. '
Medium: MSM (glucose with 0.4 (NH4)2504 in 0

peat run-off water).
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ty

that of uninoculated medium and that the addition of 0.25 %

glucose would he required to produce any xanthan.

°

These results conflicted with the results of the shake-

flask experaiment in which the concentration of peat run-off

water was -“raried in yeast malt medium Therefore, this
shake~flask experiment was repeated with one change. The

initial pH (befor=_a tmclav;ng) was lowered frem 7.0 to 6.25

?
to allow for more growth.' The results (after 3 .lays, of
growth) are shown 1in Figures 4.4 and 4.5 They showed that

np to a concentration of 70 % peat run-oftf water. the

biomass concentration increased from 0.55 g 1-1 to 1 %5

g 1-t. The final xanthan c¢oncentration was dirdctly
dependant on the peat run-off water concentration and e
final viscosity was significantly higher in flasks
~ontaining peat run-off water. Probablyt beca sé of the

di1fference in initial pH, there were differences |{between-the

results of this experiment and the first Straka-flask

4 . .

experiment that used both this medium strain of
~

microorganism. However., in both =expe the final

wanthan <oncentration and viscosity were much great=y when

PN
t

p=at run-off water was used in place of dastilled warer

The veast malt broth experiments had been conducted in

zhalie-Tlasls while the wmineral salts. madium expesrim:asuts
ntiliced well-mixe=d =z2nd asrated fermentor: In -rd=py o

roemove this variable the shaks-tlash expe

with mineral s3lt:s madium rather than
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A

~

production in yeast malt medium %n shake-flasks.

of 6.25.

(O) Biomass dry weight. , '
‘() Xanthan concentration. ‘

)
o Y

culture was grown at 26 °C for 65 h with an initial pH

Y

Figure 4.4. The effect of peat run-off water on kanthan

he
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Fiéure 4.5. The effect of peat run-off water on xanthan
production in yeast malt medium in shake-flasks. The data
are from the same experiment as described in Figure 4.4..

(Q) pH. ,
(O) Viscosity (Brookfield RVT 4, 100 RPM for 1 min).
() Viscosity (Brookfield LVT 3, 30 RPM for 1 min).

-
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resuits (Fig. 4.6) showed that peat run-off water had little
effect on biomang or xanthan production in this msg;um
although the final viscosity was slightly improved: The
results were taﬁen é%ter 3 days growth at 24 °C Glucose
analysis showed that less than 25 % of the glucose had been
used ‘although all other medium components were present in
excgss. In order to achieve greater glucose conversion the
experiment was repeated and was not sampled until 11 days
after inoculation. The results were essentially the same as

when sampled only 3 days‘after inoculation.

4.1,%”Inhibition_ofMX+fggmgg§§x;a Growth. by Peat Hydrolyzate

Peat hydrolyzate has a much ‘higher carbon content than
peat run-off water. After finding that peat run-off water
had no detrimental effect on the growth of X._Campeﬁtrla. an
attempt was made to grow the organism on peat hydrolyzate.
The hydrolyzate was made by adding Barrington peat to the
peat run-off water to make a 10 g 1-! concentration The pH
was adyusted to 2.9 with concentrated hydrochloric acid.
This was autoclaved for 15 minutes at 15 psi and 121 °C.

Suspended solids were then removed by filtration. Glucose

(2.0 %), (NH4)2304 (0 4 %) and mineral 5al£5 medium were

added. After sterilization by autcclaving. a pH-contreolled
fermentation was attempted (using this medium). No growth
cccurred. This indicated that this concentration of peat

“hydrolyzate was toxic to X. campestris.

s
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Figure 4.6. The effect of peat run-off water on xanthan
production in MSM medium containing 2.0 ¥ glucose and 0.4 %
(NH4 )2504 . *"The culture was grown for 72 h at 24 °C. T~
(O) Biomass dr¥y weight.
(W) Viscosity.
(A) Xanthan concentration. O
]
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Figure 4.7 shows the results . of a shake-flask
experiment in which P.__cepacia was gf6wn in yeast malt
medium made up with different concentrations of peat run-off

water and distilled water. The presence of peat run-off

~water resulted in increased total protein production but

thére was Qo significant effect on PHB production. There
was a substantial difference' in final pH between flasks
containing peat run-off water and the contrel, which
indicated that peat run-off water had a sigriificant effect

on metabolism. / > : he

'\ When 25 ml of sterile (autoclaved) peat run-off water

was added to a 1.4 1liter, fructose-limited, continuous
!

fermentation of P. cepacia (dilution rate = 0.14 h-1), there

was no change in the oxygen ﬁptake rate of the culture.

A mixed continuous aerobic fermentation was established
using 1 % %@/v NVR in mineral salts at 37 °C and pH 6.0. The
inoculum was a mix\’ture of samples from petroleum refinery
sewage treatment facilities and activated sludge from Du
Pont’s Maitland, Ontario nylon manufacturing pla;lt. It was

found r that the dilution rate could not exceed 0.21 h-1 as

washout would occur. Strains isolated included Pz, P4 and

B.
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(@) Total cellular protein.
() PHB concentration.
() pH after growth.
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- Figure 4.7. The effect of peat run-off water on PHB
accumulation by P, cepacia in yeast malt medium. The
culture was grown at 26 ,°C for 66 h. '
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Anot.her continu\ous fernxentation was begun but at a
temperature of 30 °C. The complex inbculum was added
sev\eral r,imes during the first days o;* the fermentation.
The culture was left unperturb 5 at a dilution rate of 0.21
h<-1 unt.il a steady-state ‘Wwas achieved  as, m{mitored by
dii’ferential viable cell counts on\ nutrient agar. This

M7 |

fermentation was dominated by & single. strain which was
nauxed Isolate 1. Ninety-six % o-f\ t};e viable cells in the
culture were Isolate 1. Isolate 1 formed smooth, opaque,
circular and somewhat ‘volcano-shaped colopies when grown on

nutrient agar. - It was a Gram negat.ive, strictly aerobic,

-
)

catalase—posipive,u motile rod.

As will be discussed later‘,' the monocarboxylic acids

were found to be the most toxic components of I'WR._‘ With

) \ N
this in mind, another continuous enrichment ‘qultu’re vyas

begun usin® caproic aofd as tlrie o‘sole .carbon source. At 30
;’C and a pH of 6.0, the caproic acid concentration w:.;s_
graduaily increased from 0.05 % to 1.0 X%. " The direct
addition of NVR to the 1.0 ¥ caproic acid culture resulted
in a large increase in oxygen uptake by the culture. Only

two colony types were detected. These were designated as

" strains SS1 and SS2. They were strictly aerobic Gram

negative rods producing B-hemolysis on blood agar. In

- liquid culture they both produced a fluorescent, water-

soluble pigment which was red under acid conditions and blue

under neutral conditions. No slime was produced on 10 %
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- 3

— sucrose agar. Both isolates grew on glucose, sucrose and T
s . { * '

‘maltose. They grew slowly on”gglactose and trehalose, and

*

and there was no growth on meso;inogitdi. . Both were D
B ’ \'—°'~ - - ?’L
» identified as isolates tof Pseudomonas aervginosa. This
’ {

identification was confirmed by the microbioldgy departmen@h

of Montreal’s. Royad Victoria Hospital. ‘T ‘ R

A .
Voo

-

I
PV

The ability of various microorganisms to use individual.

NVR components as sole sources of carbon and energy is shown

¥

in Table 4.2% Pseudomonads and ‘corynebacteria were the
prbcanyote genera most papablévof using NVR components. No

micfoorganism dgaid use 1,2 or 1,4-cyclohexanediol " but —r

bacteria. such as P._cepacia, P. aeruginosa and lsolate Ciz ~

>

couid "use all of fhe, other major NVR components as sole S

carbon and energy sources. -.A._eutrophus, C.. lepus and C.
equl could use most of the major NVR components as sole,

carbon ahd energy sources. A. eutrophus is not known to use T

-

.pentanoic acid (86) and did not when it was supplied in

solid agar.. However, when grown using the same mineral ¢

s

salt§ mediuﬁ in a carbon (NVR or ,fructoqe)—limited

- -

" chemostat, ‘ a pulse of «pentanocic acid elicited a ‘sharp-
increase in oxygen uptake by this strain of A, . eutrophus.

This ingicates the ability to, use that component as a carbon™
$ R

source especialiy - since the” shape. of the oxygen uptake
response curve was essentially idéntical to those elicited

by butanocic and hexanoic ‘acids which this organism can use

4

as carbon and;energy sources. )
' v - ! » {

rY
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: TABLE 4.2 mmeoemyammﬁvmrs’wsowsoumw ' .
: CARBON AND ENERGY BY VARIOUS MICROORGANISMS! - .
Monocarboxylic acids Dicarboxylic Acids .
\ Grganisn MR 6-Hexamlactone ¥,  C.  'C. | € C €,
~ -t o = .
A. eutrophus - 4 + + - + + + +
“A._indicus - - 2T e a4 - - - '
A. viscosus - ) - ' - - - PO +
B. swtilis - - ' - - - . . - -
C._equi / + \ + + +, + PO + .
C, fascians - . - - - - + - -
C. lepus - + + + + - + + + " °
‘B, coli - - - e e e e e
/Isolate B - - - - - - - - - T
| Isolate CAP 12 " * ++ + + + + N v ¢
Isolate 11 + - + + + . + +
Isolate P2 - - - %y - - + . P -
) " solate P4 - - VoA . . . .
| L. brevis . -, - - - - - - *.
. h.m - \ - - - - R A .
. L. mesenteroides - -, ’ - - - - - T T -
- M. rhodochrous + - + + - + + '
) P, acidovorans + - + + + + L+ + ’
: / P._aeruginosa + - + ¥ + + + + + .
. ‘ P._seruginosa (SS1) + v+ + “+ + + + ¢ hS
P, aeruginosa (SS2) , + L + +F + + - ’ e '
- . P. ia + - + T T | + +
R. rhodochrous + - % - - - - + .
: } S. cerevesiae - - . f . - -7 - - -
g S. epidermidis - - - - - . ) "\; R
' S. rolfsii - - - - - + - - ' .
- T._bambicola - .- .- - - - - - - ,
Te 1lium + ° - + + + ‘- - - . o
X. E&' gtris - } - . - - - P - . - )
A ! no detectable difference fram the control (~); noticeable growth (+); ' '
' good growth (++). . _ T P
z ! \ " C
¢ R |
‘ . ’ ' ‘ ; ; .
~ . .
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4.3 The Effects. of NVR_on Bicsurfactant. }?rocluctipn & -
. ]
4.3.1 Mir“xocxgamsms_that do not. Requlre_mﬂjdmcanbona icwx
Biosyrfactant Production \}l 1 ; {
In order to determine ~the effects of NVR on .

‘\ biosurfactant production, micrcorganasms known to . produce

bio&urfactants or to utillze NVR components were .grown 1n

shake flasks containing - dlfferent concentratlons of NVR. o

\F

After a perlod of growth, the flask%wwére analyzed.

i

]

« P, _subtilis is an organism that produces a péﬁtide

:biosurfactant (called surfactin) when grown on carbohydrates
3 v

such as g}udose (76,77). It was grown in a medium which

€

contained sucrose ' and citric acid as alternate carbon
sources to NVR. When surfactin is in excess of its critical

micelle concentration (CMC)., the surface tension .shodld be

1 ’ o

approximately 24 mN m-1 (25). ° The results, as shown in_
Figure 4.8, indicate, that in the absehce of NVR, surfactin

was produced in a concentration somewhat lower than its CMC.

i3 4

The addltlon of small quantities of NVR stimulated growth of

.

'Bhusuhillxs but had no significant effcut§pn bicosurfactant

.

productlon. "NVR concentrations of 0.12 % w/v or greater
ﬁnhibited bbth growth and production of bidsurfactant. The
surfaceh tension ~measurements at these inhibitony

'concentrations reflected the bhiosurfactant activiﬁ& of the-

1 o

'inoculum and of NVR. : v .
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4.3.2 Microorganisms that Requlxe Hydrocarbons. for
Biesurfactant. Production. v

C. fascians is lknown tot produce large qgantitiés of
biosurfactant in the presence of hydrocarbons E;Kﬂl as, nr
alkapes (24). As demonstrated by Figurq%4l9, jﬁe presence

'of sublethal quantities of NVR dig not  stimulate
biosurfactant production by Q. fascians. Similar \results
were found wih, Q.,minsidigﬁpm (4), Q-Mmlgpu§ (30), M.
rhqéochrgus (85) and E¢-~é§ru§ind§a (79), .which .also
Hbrmally prqauce biosurfactapts when n-alkanes are present.
4.3.3 Micreoorganisms._ that. Require Both Hydrécarbons_ and
Carbo@fdratesWforﬁﬂigh,Xield,ongqnfa%tantnggdnption )
I&Wbombiggia is unusual in requiring both_%ydrocarbon ,
and carbohydrate in’its medium for gigh.yield biosurfactant
preduction, although it grows on either. (26). Whey grown on
- mineral salts citrate' medium, ’Td_nbpmbispla lowefed the

. surface tension of the medium to 32 mN mi (Figure 4.102.

Addition of NVR had no effect on biosurfactant production.

[

When grown on a mixture of n-alkanes and carbohydrates{
T*_gexrophilum produces the same glycolipid as T.. bombicola—
but_in lower yield (28).; When grown on a Qarbohydra£e such
as glucose in a medium lacking hydrocarbon, T: retrophilum
produces ah extracellular -emulsifier but very - little
" biosurfactant. The addlt on of NVR to MSC medium stimulated

neither biosurfactant nor bioemulsifier production by this

microorganism.
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production from . The culture was grown on MSC
medium at 26 °C.
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- . (@) Biomass dry weight.
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Figure 4.10.‘ The éffect oﬂf NYR on groeath and bdosurfactant

production by T, bombicola. The culture was grown on MSC
medium at 26 °C. '

(M) Biomass dry weight.
(@) Surface tension of the whole broth.
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4.3.4 Organisps that were isolated from Continuous
Enrichment Culture on either NVR of Caproic Acid .

A lowering of the surface tension in the.ngtrient broth
medium of isoclate SSz2 on addition qf NVR ‘was due to the
s°urface‘activitvy of NVR i?self (Fig. 4‘:11). - The surface
activity of NVR can be obser;ed attNVR céncentratiénS“ﬁhere
no growth occurred. _Since no growth occurred the lowerini
of the surface tensioq was solély due to NVR- and any
biosurfactant that may have been present ih the inoculum.
Aithough growth of.SS52 was greatly stimulated at 0.2 and 0.3
%-NVR, the medium surface tension was stii1.46 mN m~1 which
is the same as at higher NVR concenﬁ%ations where there was

no growth.

oo,
Isolate Gs, a Gram negative rod, appeared to raise the

surface tension of the broth (Fig. 4.12). This can be seen

- by comparing) the surface tension at 0.6 % NVR, wherp there

was growth, with that at 0.7 % NVR where there was no
growth. The increase in surface tensioﬁ could be due to
metabolism of the surface active components of NVR by

Isolate Gs.
© Fau|

Addition of NVR to the'mediajgt Isolate 1, or isolates

B and G2 did not stimulate biosuffaotant bf&ducﬁion by these

-~ R

microorganisms.

1
e

» The addition of up to 0.5 ¥ NVR to the minerdl salts
citrate medium of isolate P2 resulted in a decrease of the

surface tension after growth (F{zure 4.13). This indicated
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. Figure 4.11. The effect of NVR on growth and _biosurfactant
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Figux:e 4.12. The effect of NVR on growth and biosurfactant

production by isolate GS.

The culture was grown on MSC
medium at 37 °C for 60 h. )

r

a

() -Total cellular protein. -
(A) Surface tension of the whole broth.
(O) pH after growth.
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Figure 4.13. The effect of NVR on growth and biosurfactant

production by isolate P2. The culture was growm on MSC

4  medium at 26 °C for 60 h.
. _ () Total dellular protein.
(A) Surface tension of the whole broth. o
~(O) pH after growth. . \ ‘
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that NVR stimulated the production of a small amount (in
Pd
terms of effectiveness) of bicsufactant, which could lower
the surface tension of water to 33 mN m-! or lower.
L]
4.4 The Effect c¢f NVR on Production of Extracellular
Polysaccharides by Microorganisms

T

=

e effect of NVR on polysaccharide production by X,
campestris ATCC 13951, L. gummosus, A.. viscosus, L.
mesenteroides, R.maerugiﬁosa NRC 2786 and the isolates was
tested. Genera{ly NVﬁ was inhlb;tor& to exopolysaccharide
production. Growth and \production of xanthan by X

campestris was greatly inhibited, by just 0.05 % NVR (Fig.
4.14). Metabolism. as indicated by the production of acid
or base, was not completely inhibited until a concentration
of 0.30 % NVR. However, at sublethal «concentraticns., HNVR

caused the organism to lower rather than raise the pH duraing

growth indicating a significant effect on meftabolism

.

NVR had a similar effact on L. gummosus.
Folysaccharide production was almest totvally prevented by
the presepnce of just 0.01 % NVE. While the whole broth

viscosity was 70 ¢P in the control flask. it was 1ust 4 cF

"in the flask containing 0 Q01 % NVE. L. gummosus raised the

medium pH in all flasks in which it grew

NVR did not stimulate increased praduction of

b

sxapolysaccharide ¥ 1Y ioroeorganism ested exce one,
spolysaccharide by any micreorganizm tested except n

\’*

.

Isclate P2 produced small gquantities of a non-viscous
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Figure 4.14. The effect of NVR on growth and polysaccharide

production by X. _campestris ATCC 13951. The culture was
grown on yeast malt medium at 26 °C for -92 h.

(M) Total cellular proteln ’

(@) Viscosity of the whole broth. ’
(M) pH after growth.
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k4
extracellular poiysacchariQe when sublethal quantities of

NVR were added to the medium. \

4.5 The Effect of NVR on_the Production of Catalase by P.
aeruginesa :

NVR was found to greatly stimulate the 4growth of

isclate £S2 (identified as P. aeruginpsa) as well as its

o

. i o4
production of the enzyme catalase on glucose mineral salts
medium (Fig. 4.15). The biomass concentration, as reflected
by the total protein concentraticn, was greatly increased as
” :

the concentration of NVR was raised. Since the culture was
sampled 46 hours after inoculation-and the medium originally
Tontained 20 g71-1 glucose, this increase was related to the

microorganism’s rate of growth rather than 1ts yieidd. As

indicated by the specific catalase activity shown in Figure

4.15, the catalase activity was increased to an -even greater

N
[4

> .
=xtent” than was the biomass. concentration. Additional data

from this experiment are given in Figure 4.11.

4.5 The Effect of NVR on the Productipn of. PHB by
Microorganisms

When grown for 28 hours at 26 °C on nutrient broth, A.

. ¢ ; B
eutrophus produced much more PHE as the concentration of NVR
was increased (Fig. 4.16). The same effect was cbserved

when pentanoic acid was added to the NB medium (Fig. 4.17)V.

-,

J ¥ .
In this case A. eutrophus had been grown for 43 hours at o

'S

°C befire sampling. As shown in Figure 4.18, the addition’

of 2-methylbutanoic acid to 1ts NB mediunp ‘stimulated PHB

accumulation by this F. cepgcia (24 h growth at 26 °C) o

&
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Figure 4.15.- The effect of NVR on ¢
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(@) Total cellular protein.
(M) Specific catalase activity.
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Figure 4.16. The effect of NVR on growth and PHB production
by A..eutrophus. The culture was grown on nutrient broth

medium at 26 °C for q28 h, . ‘
() Biomass dry weight. o ] . -
( A) PHB concentration. .
(QO) pH after growth. y
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Figare 4.17. The effect -ofpentanoic acid on growth and PHB

production of W.\Aﬁ Brown on nutrient broth medium at
26 °C for 43 1.

~ (M) Biomass dry weight. . :
(A) PHB concermtration. - ) S
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Figure 4.18. The effect of 2-methylbutancic acid on growth

and PHB production by P, cepacia. The organism was grown on
nutrient broth medium at 26 °C for 24 h.

(@) Total cellular protein.
(O ) PHB concentration.®
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4.7 The Effects of NVR on Growth of Microorganisms

4.7.1 Batch Enrichment Culture with NVR as the Carbon Source
The batch enrichment culture medium consisted of 4.0 %

v/v NVR, 0.4 % w/v yeast extract and 0.4 % w/v nutrient

broth. The inoculum to the 500 ml shake-flask containing 50
!
s o

., ml of medium was 1 ml activated sludge from a petroletlim

refinery sewage treatment plant and 1 g fertile soil (no Du
Pont activated sludge was available at this time). After

]

two weeks at 37 °C 'no growth had occurred. The experiment

was repeated with 8 shake-flasks in which the initial pH was///

varied from 2 to 9 by"t§e addition of KOH. There was no

growth at any pH. N "

The first experiment (ie. initial pH = 7.0) was
repeated again but with only 2.0 ¥ w/v NVR and at 26 °C.

e

Again there was no growth.

4.7.2 The Effects of NYR on Microbial Growth in Shake-flasks

The results of a growth inhibition study are listed in
Table 4.3 where each line refers t§\a separate shaké—flask
experiment. The organisms are listed in decreaéing order of
their I1 value. There wasia wide variation in the effect of
NVR on growth. Just 0.16 % w/v NVR prevented any growth of

B, subtilis, €. fascians and €., lepus while an NVR

concentration of 1.3 % w/v was necessary to totally prgvent

Fd

growth of., P, cepacia. Growth of Lkwgﬁmmgaus wa%Jiﬁ%ibited
by only 0.01 % NVR while growth of P. _cepacia. was not
inhibited until a concentration of 1.2 %. P. cepacia could

\—K
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4.3
ORGANISMS MEDIUM: I12 - I23 GROWTH, -
. (% w/v) (% w/v) EFFECT

P._cepacia - NB 1.2 1.3 ++
P. acidovorans NB 0.9 0.9 ++
I. petrophilum MSC 0.8 1 0.8 +
E. coll NB 0.7 1.5 +
Isolate Gs MSC . 0.7 0.7 ++
Isolate 1 NB 0.6 0.7 ++
P._aseruginosa (8S2) GM - 0.5 0.5 ++
A. _eutrophua NB 0.4 0.4 ++
I. bombicela MSC 0.36 0.6 +
Isolate B MSC 0.3 0.3 +
S. epidermidis NB 0.3 0.3 +
A. _viscosus . ™ 0.3 0.3 *
Isolate Gs MSC 0.2 0.5 -
C._lepus MSC 0.12 0.16 +
C. fascians MSC 0.12 - 0.16 +
B. subtilis MSC 0.12 0.14 +
Isolate P2 MSC 0.1 0.5 .- b
C. insidiosum MSC 0.10 0.18 - .
L. megsenteroides ™ 0.05 0.5 -
X. _campestris ™ 0.05 0.3 -
L. _gummosus NB 0.01 0.5 -

I
\

1 NB Nutrient broth
MSC Mineral salts citrate broth /
GM Glucose mineral salts broth
YM .. Yeast malt broth

-

2 Lowest concentration of NVR that was inhibitory to

growth.
3 Lowest concentration of NVR that totally prevented
' growth. ‘
T4 :+ Great stimulation of growth below the I2
concentration. ,
+ Some stimulation of growth below the 12 .
concentration. ,
+ No effec'{on growth below the 12 concentratdon.
- Inhibitidn of growth at 50 % of the Iz - }

concentration.
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grow at a higher  concentration of NVR than any other
Ve

<
L
Rt .

organism tested.

There were three distinct ways in which microorganisms
reacted to increasing concentrations of NVR (Fig. 4.19).

Some, such as T. bombicola, were stimulated in growth by low

NVR concentrations (ie. pos%tive growth effect). Some, as

in the case of I. petrophilum, were not affected by NVR

35 s it Ty Ky i o S P

until the Iz concentration was "approached (ie. no growth

LR

effect). Others, such as Isolate G3, were inhibited at NVR

£y

. - -

concentrations much lower than Iz (le. negative growth
1

e, e T s

effect). The growth effects of NVR on various
i microorganisms are summarized in Table 4.3. Generally,
§ (;r_ organisms that could grow at relatively high NVR

_concentrations  were stimulated in growth by  low

concentrations of NVR.

AR -

4.8 The Effects of NYR Components on Microbial Growth
2 4.8.1 Identification of the Major Toxic NYR Components
0f the major NVR xfcomponent.‘ex (listed in Table 1.1y,

% only the monocarboxylic acids and 6-hexanolactone were found

é to inhibit +the &growth of microorganisms, This was
determined by exposing the microorganisms to relatively

larke concentrations of individual NVR components. The

A0t - S RTEY A

results of one such experiment are listed in Table 4.4. In
: c ’ this experiment, dicarboxylic acids stimulated growth of
\ Isolate 1 while 1,2-cyclohexanediol and the trace metals

found in NVR had no effect. Monocarboxylic acids and 6 -
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Figure 4.19. The effects of NVR on the growth of
microorganisms. .
( A) Stimulatory effect (T. bombicola).
(@) No effect (T._ petrophilum). } '
() Inhibitory effect ( Isolate G3). } . o
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TABLE 4.4

THE EFFECT OF THE MAJOR NVR COMPONENTS
» *  ON THE GROWTH OF ISOLATE 1 ‘

" BIOMASS

. CONCENTRATION DRY WT. GROWTH

NVR_COMPONENTS (%__u/v) _(gl-1) FINAL pH °  EFEECT
v / \
CONTROL 0 1.96~ 7.6 -
1,2 CYCLOHEXANEDIOL 0.6 ) 1.95 7.9 NONE
(cIs + TRANS ) £

TRACE METAL 1 - 1.68 7.5 NONE
TRACE METAL 2 ~ - 1.85. 7.6 »  NONE
6-HEXANOLACTONE 0.6 . 0.11 6.5 INHIBITORY
BUTANOIC ACID 0.6 010 6.4  INHIBITORY
PENTANOIC ACID 0.6 0.02 6.4 INBIBITORY
"HEXANOIC ACID 0.6 0.15 6.4 INHIBITORY
SUCCINIC ACID 0.6 3.56 9.5 STIMULATORY
GLUTARIC ACID , 0.8 3.81 9.5 STIMULATORY
ADIPIC ACID 0.6 5.48 , 9.2 STIMULATORY

bEE




hexanolactone greatly inhibited érowth of Isolate 1. These
<results were also‘foupd with T. petrophilum (Table 4.5), B.
subtilis (Table 4.6, and x.._gammmj.m}x'rcc 13951 (Table
4:7) with several exceptioné. The growth of T. petrophilum
and B, subtilis waé not é%}ally‘prevented by 0.6 % w/v 6-
hexanolactone. Growth of I. petrophilum was only. slightly
stimulated by dicarboxylic aoiés while B. subtilis and X. '
campestris were not stimulated at all byddibagkoxylic acids

in a 0.6 %ﬁw/v concentration.

All NVR components appeared to inhibit emulsifier

production by I*__gggxgphillgm. Trace metal #1 and 1,2-

cyclohexanediol were the least ,inhibitory to emulsifier

- s
. Al
(; .

production.

-

Where growth occurred, the only NVR components that had

. \ ‘
an effect on biosurfactant production by B. subtilis were
the +trace metals. Trace metal #1 appeared to inhibit-

biosurfactant production while, trace metél #2 was

stimulatory.

4.8.2 The Effects of the Maior Toxic NVR Components on_ the
Growth of Microorganisms ‘
Figure 4.20 shows the effects of NVR and pentanoic acia

on the growth of 3 microoéganisms. Pentanoic acid was toxic
'at a lower concentration than was NVR. Fore§ach organismﬁ
the pentanocic acid Iz concentrai}on was at least. 50 % less
" than Ebe correspoﬁding NVR Iz concentration. The I{

concentration for Isolate 1 was much less than that of P.




TABLE 4.5 THE EFFECT OF MAJOR NVUR COMPONENTS ON GROWTH AND
BICEMULSIFIER PRODUCTION BY 1. PEYROPHIL IUM

< ‘o

. TOTAL
. CONCENTRATION BIOMASS PROTEIN GROWTH
 HUP COMPOMENT , (% wiy) (gl-'> (gl=1> EINAL _pH  EEFECY X ENULSION
controL 1® - 0.39 0.15 5.7 - 0
controL 2° o= 1.37 0.49 5.0 - 41
: ..
I

L]

1,2 CYCLOHEXANEDIOL 0.6 1.01 0.30 5.2 .. NONE 28
(CIS +TRANS)Y -« ' °
. . ;
' s
TRACE METAL 1 - 1.41 0.59 s.0f NONE s
TRACE METAL 2 - 1.57 0.60 < 5.1 NONE 33
G-HEXANOLACTONE . 0.6 0.98 0.39 4.5 INHIBITORY 3
o N 1
—_

BUTANOIC ACID ‘0.8 0.35 0.12 $.9 INHIBITORY )
GLUTNRIC ACID 0.6 1.91 0.67 6.0 STIMULATORY )
ADIPIC ACID 0.6 1.55 0.52 5.7 NONE 4

@ :ANALYSED AFTER INOCULATION BUT BEFORE GROWTH TOOGK PLACE
O :ANALYSED AFTER GROWTH TOOK PLACE

v




TABLE 4.6

) TOTAL
. CONCENTRATION BIOMASS PROTEIN
MUR COMPONENT (L wsv) ¢tal-1) tal-1» EINBL pH
. = :
contTroL 19 . - 0.09 0.03 6.0
|
CONTROL 20 - 0.73 0.29 6.8
1,2 CYCLOHEXANEDIOL 0.6 ¢ 0.52 0.3% 7.1
(C1S *TQHN?)

TRACE HETAL 1 - 0.73 0.36 6.8
| TRACE METAL 2 - - 0.62 0.41 7.0
:
“ . 6-HEXANDBLACTONE 0.6 + + 0.23 0.17 5.4
; - BUTANOIC ACID . 0.6 otos 0.05 6.0
L .

ADIPIC ACID ) 0.6 0.53 0.34 1 6.9

4 -ANALYSED AFTER INOCULATION BUT BEFORE GROWTH TOOK PLACE
O :ANALYSED AFTER GROHWTH TOOK PLACE

o

THE EFFECT OF MAJOR NVUR gGHbONENTS ON GROKTH AND

BIOSURFACTANT PROCUCTION BY B, SUBTILLS .,

\ ,

-

SURFACE g
GRONTH TENSION
EFFECT _CaNa-1)
-
- 43 .
- 37
‘NONE 40
NONE 42
\. .
NONE 33 ’
INHIBITORY 46 ‘
+ INHIBITORY 43 .
NONE 39

A - ’




&

2

NVR _COMPO ug T
" CONTROL 1’
CONTROL 2 ¥
i,2 CYCLOHEXANEDIOi
(CIS + TRANS)
TRACE METAL 1
TRACE METAL 2
6-HEXANOLACTONE
BUTANOIC ACID
PENTANOIC ACID
HEXANOIC ACID

+ ADIPIC ACID

S

GROWTH OF X. CAMPESTRIS ATCC 13951

~

TABLE 4.7 THE EFFECT OF MAJOR; NVR COMPONENTS ON

>

CONCENTRATION
(% _w/v)

0.6
0.8

0.8
0.6

0.6

TOTAL

.PROTEIN

_(gl-1) FEINAL pH

0.04 5.5
0.56 4.1

- 0.58 4.9
0.55 4.1
1.05 3.0
0.08 4.9
0.07 5.9
0.10 6.0
0.07 5.9
0

.49 . 4.8

GROWTH

NONE
STIMULATORY
NEGATIVE
NEGATIVE
NEGATIVE
NEGATIVE

NEGATIVE

¢ :ANALYSED AFTER INOCULATION BUT BEFORE GROWTH TOOK PLACE
¢ :ANALYSED AFTER GROWTH TOOK PLACE
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Figure 4.20. A comparison of the effect of NVR with.that of
pentapoic.acid on the grow¥h of microorganisms..
solate 1. - . -
(M) E._cepacia.” - _ ‘
A,_enﬁmphua"wés grown on nutrient broth medium at 26 °C. for
“ 28 h wheh grown with NVR and 43 h when grown with pentanocic
acid. . .
. . . . -

i Isolate 1 was grown on nutrient broth medium at 37 °C for 60
h when grown with NVR and 48 h when grown with pentanoic
acid. f . " ‘ ' ’

) . P._cepacia was grown on nutrient broth medium at 26 °C for
14 h when grown with NVR and 12 h when grown with pentancic
acid. : -8 b LJ) ’
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cepacia for NVR but almost equal for penﬁanoic acid. These
results indicatec; that a component other than the
monocarboxylic acids was responsible for dinhibition of
‘growth (if it occured) well below the toxic NVR
concentratfon. Figures 4.21 and 4.22 indicate that tl:xié
component was 6-hexanolactone. This component had a
negative effect on the groyth of both Isolate 1 and P.
cepacia well below its lethal (Iz) concentratign. This.

effect was more pronounced with E, Qgpagié.
\

\ Figure 4.21 also shows that a higher concentration
(w/v) of hexanoic acid than butanoic acid was needeci to
prevent the growth of Isclate 1. Even less pentanoic acid
was required. ~Similar amounts (in terms of both weight and
molar concentrations) of all three monocarboxylic acids were

reéuired to prevent the growt< of P._ cepacia.

4.8.3 w@mmm.mmwm
and their Effects on its Growth

As shown in Figure 4.23, NVR stimulated the growth of

P. _cepacia until close to the lethal concentration. .

Although many NVR components are acidic and there was
increased growth, the medium pH was raised to d lesser

extent when NVR had been added”to the medium.

Q , N
Sublethal concentrations of 6-hexanolactone, above 0.2

%, inhibited the growth of P.cepacia (Fig. 4.24). The pH
did not rise to as great an extent as the control when 6-

hexanolactone was in the medium. Although Table 4.2 shows

RS ARE T L g
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\ Figure 4.21. "Effects of the major toxic NVR components on
- the growth of isolate 1. '

3J) Growth with NVR for 60 h. -

A) Growth with butanoic acid for 24 h.

® ) Growth with pentanoic acid for 48 h. o
Q©O) Growth with hexanoic acid for 18 h. .

A) Growth with 6-hexanolactone for 24 h. i

All experiments were conducted with nutrient broth medium at )
37 °C. ~

<
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Figure 4.22. Effects of the major toxic NVR components on
the growth of P._cepgeia. )

(@®)_NVR.

( ©O) Butanoic acid.
( A) Pentanoic acid.
() Hexanoic acid. , , ;
(R S—Hexanolactone/ .

&

All experiments were conducted with nutrient broth medium at
26 °C. - .
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© Figure 4.23. Effects of NVR on growth of P, cepacia. The )
culture was grown on nutrient broth medium at 28 °C for
14 h.
\ "
() Biomass dry weight. P
(O) pH. ' .
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. Figure 4.24. Effects of 6-hexanolactone on growth of P. :
cepacia. The culture-was grown on nutrient broth medium at
26 °C. : -
(M) Biomass dry weight. ‘
(O)°pH after growth. )

(A) Concentration of. 6- hexanolactone after growth
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0 that P. cepacia could grow using f~hexanolactone as its sole_ @'
source of carbon, the microorganism did not metabolize any

. o

& in this experiment.

As shown in Figures 4.25, 4.26 and 4.27, butancic,
rentanoic and hexanoic acids, all stimulated the growth of

74 P...¢cepacia on nutrient broth. Their presence (after the

» initial medium pH adjustment) had little effect on the final
pH. “All 3 monocarboxylic acids were utilized by P. . cepacia

in these experiments. ~

An unidentified microorganism (Gram positive coccus)

was grown in axenic culture on nutrient broth™ in the

* presence of varying concentrations of pentanoic acid. As
indicated by Figure 4.28, growth of this organism was
greatly stimulated by .pentanoic acid, yet it was not
metabolized. This ‘raised the question of Wwhether
monocarboxylic acids could stimulate the growth of P,
cepacia even when not used as a carbon or energy source.
3?6 butancic acid analogue, 2-methylbutancic was employed in

, the hope tha£ it woulq not be used by P.‘cepacia. However,
as seen in Figure 4.28, P, . eracig metabolized 2-
methylbutanoic aciﬁ.' Its growth was lstimulated Ey 2-
methylbutanoic acid which was not as toxic (in terms of In
i‘z or Iz wvalues) as butanoic acid even when expressed as a

~ 14

molar concentration.
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Figure 4.25. Effects of butanoic acid on growth of.-p, )
- <epacia. The cuture was grown on nutrient broth medium at -
26 °C. -

2 v

‘ (M) Biomass dry weight. . : .
(O) pH after growth.

(A) Butanoic acid concentration after growth. The broken
line represents the initial concentration. -

L
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) . Figure 4.26. Effects of pentanoic Aud on ‘growth of P, S
cepacia~ The culture was grown on nutrient broth medium at °
. 26 °C for 12 h (
() Biomass ?S' weight .
J (O) pH after growth.
a (A) Pentanoic acid concentratjon after growth.. The broken
line represents the initial pentancic acid . )
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Figure 4.27. Effects of hexanoic acid on growth of B.. )

cepacia. The culture was gro‘wn on nutrient broth medium at
26 °C for 48 h.

( ) Biomass dry weight. ° o 0

(Q) pH after growth. ‘

( A) Hexanoic acid concentration after growth. The broken
A line represents the imtlal hexanoCid

concentration.
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Figure 4.28. Effects 3f pentanoic acid on growth of an
unidentified coccus. The culture was grown on nutrient
broth medium at 26 °C for 36 h.
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(M) Biomass dry weight. -
(Q) pH after growth. )
( A) Pentanoic acid concentration after growth.
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Figure 4.28. Effects of 2-methylbutyric acid on growth of

P..cepacia. The culture was grown on nutrient broth at

26 °C for 24 h. .

() Biomass dry weight.

(Q) pH after growth.

(A) 2-Methylbutyric acid cencentration after growth. The
broken line represents the initial concentration.
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' 4.9.Growth of P, cepacia on NVR in a Sinale-stage Chemostat

In order to prove conoclusively that mior&organiama 9an
grow on NVR, EL__ggnngié was grown in a carbon-limited
chemostat with NVR as its sole source of carbon and energy.
The dilutig; rate was constant at 0.14 h-1, Steady-state
growth was achieved at a feed concentratipn of up to 17.8
gl-! NVR. Above this level oxygen limitation occurred due

to0 the mass transfer limitations of the fermentor.

A statistical analysis was done to determine whether

the oxygen uptake rate, the biomass concentration and the ~

protein concentration! were linearly related to the NVR
concentration. All' three relationships were highly
significant (P < 0.0005) using Students t-d;st;ibution test
with 4 degrees of freedﬁm. It could therefore be concluded
that as the NVR concentration was increased (to 17.8 g 1-1),

the microbe was using it as its source of carbon and energy.
&

As seen in Figure 4.30, the yield (Yx/s) was 13.6 gram;
éf biomass for every 100 grams of NVR supplied. When the
water content of NVR was subtracted, the calculated yield
(Yx/s) was 18 %, Under carbon-limited conditions, the
protein content of P, _cepacia was 60 % when grown on NVR
using (NH4)2504 as the nitgcgen source. The Qo, was 9.2
mM g-1° h'; and 9.5 millimofzs of 02 were consumed for every
g¥am of NVR supplied under carbon-limited conditions at this

dilgtion rate.
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Figure 4.30. Growth of P, cepacia on NVR in a single-stage
chemostat.

(M) Total cellular protein. . ’

(CJ) Biomass dry weight. .

(QO) Oxygen uptake rate. '

(@®) Oxygen demand (amount of Oz required to use a given
quantity of NVR).

D= 0.14 h-t PH =2 7.0

, T = 30 °C Agitation = 660 RPM

X Air flow rate = 0.83 VVM : ' )
Medium: MSM (0.40 % (NH4)2S504) .

0
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At a lower dilution rate (.08 h-1) steady-state was
aéhieved at an NVR feed concentration of 20.5 g 1-1., This
could be attained because the oxygen requirements were less
at the lower dilution rate. The biomass yvield was the same
as at the 0.14 h-! dilution rate.

4.10 Balancing the Carbon to Nitrogen Ratio_in_ _the Mineral
Salts.Medium. of _P. cepacia

The amount , of ammonium needed for the complete
utilization by P. . cepacia of a given a ount of fructose was
determined in a single-stage chemostat (D = 0.14 h-1). As
seen in Figure 4.31., above a é/N ratio of 15 moles mole-1,
there was no iﬁcrease in protein production. The rate of

&

oxygen utilization also leveled off at this point.

o,

4.11 Batch Production of PHUB by FP. cepacia

Using the C/N ratio study as the basis for the design
of an ammonium-limited medium. P. gepacia was grown in batch
culture with Zructose as the sole carbon source. As seen in
Figure 4 32, when grown undea these condations., P. cspacia
exhibited two linear growth phases in addition to the usual
lag and exponential phases.

o
L

The rate of exponential growth could not be determined
accuratelv since it was relatively short. However. the

vield of bicmass (Yx/s) was 12.3 %. During the first linear

,grohth.phaSc the rate of biomass production was- 0 12 g 1-1

h-! while the rate of substrate utilization was 0.890 g 1-1

h-1. The yield of biomass was 18 5 %. During the second

?’
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Figure 4.31. Effect of carbon/nltrog‘en ratio on growth of .
P._cepacia in a single-stage chemostat.
(M) Fructose. _ -
(O) Total cellular protein. -
(@) Oxygen uptake rate. )

D |
- T T f\

0.14 h-1 . pH = 7.0
30 °C Agitation = 660 RPM

Air flow rate = 0.85 VVM ;
Medium: MSM (0.50 % fructese) - - |

& \ . ¢




EEVVERE
T

o

(1-16) "ONOD 3S010N44

v < o Q¥
I | ) ! | I

do

| (Y1 W) 31YH 3V NIDAXO
o

~/ | i | .

" (NH4)2S04 CONC (gI-1)

| |
Q <
o @)

(1-16)"ONOD NI13104d

3

- 7.33

11

2
~ CG/N RATIO

2




144 ) .

Figure 4.32. Growth and carbon source utilizatoen by P.
cepacia throughout ammonium-limited batch fermentation.

I
*

(QO) Biomass dry ‘aeight of fermentation #1: -
(@) Fructose concentration of fermentation #1.
' (0) Biomass dry weight of fermentation #2.
(M) Fructose concentration of fermentation #2. ¢
pH = 7.0 ) .
) T = 30 °C . Agitat;ion = 660 RPM
Air flow rate ="1.7 1 min-!.
' Medium: MSM (4.0 % fructose ahd 0.2 % (NH4)2804)
. £
¢ - i
- S -
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4.12 Growth .and PHB_Production_in a Z=3tage Chemostat
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linear growth phase the rate of growth was ;:%6 g 1-1 h-1

while the rate of fructose utilization was 0.32 g 1-1 h-1,

IS-2

The vield of biomass was 16.9 %.

(

Figure 4.33 gives a breakdown of the Dbiomass

~,

composition of P;1cepagia throughout the fermentation that

was repreégﬁted by the square symbols in Figure 4.32.
During the first 20 hours mostl& high-protein biomass was
produced. This corresponded to the beriod of exponential
growth. For the next 20 hours most‘ly PHB was  produced.
This time period matched that of the first period of linear
growth. After, this, although some protein and PHB were
produced, production of some other biomass component(s)
predqminaped. This corresponded to the second period of

Lo

linear growth.”

- *

Figure 4.34 shows the oxygen uptake rates of the two

a

v

batch fermentations. In each case, after a period of
exponential increase, +the oxygen uptake rate decreased

sharply. These peaks corresponded exact}y Wwith the start of

the first linear growth phase, in which PHB was produced

Since PHB production had been found to be separate
from the exponential production of high-protein biomass, the
possibility of using a 2-stage production process was
investigated. The results are shown in .Figures 4.35A and
4.35B and are summarized in Tablé 4.8 The working volume

of the first stage was (.78 1 while "the second stage was

//
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Figure 4.33. The composition of P, _cepacia biomass
throughout ammonium-limited batch fermentation on fructose
(fermentation #2 of Figure 4.32). ’

(A) Total cellular protein. ‘ .
@) Total cellular PHB.

( ) Other biomass (ie. biomass other than protein and PHB).

w
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Figure 4.34. The change in oxygen uptake rate of P._cepacia
throughout ammonium-limited batch fermentation on fructose.

(QO) Oxygen uptake rate (fermentation #1 of figure 4.32).
() Oxygen uptake rate (fermentation #2 of figure 4.32).
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Figure 4.35A. Growth and productdon of PHB by EL_gggagiﬁ in

a 2-stage chemostqp. )

(Q) First stage data. N
(®) Second stag%data.

pH = 7.0 .

T = 30 °C . Agitation = 660 {(RPM

Alr flow rates = 1.0 VVM (first stage)\ and 0.6 VVM
(second stage).

Medium: Mineral salts medium.

Change ‘mpgauign

Af : First stage feed contained 1.0 % fructose and 0.2 %

(NH4 )2S04. Fructose was fed into the second stage.

Anvr: First stage feed contained 1.0 % fructose and 0.2
% (NH4)2504. NVR was fed into the second stage.

Bavr: First stage feed contained 0.5 % fructose and
0.05 % (NH4)25804. NVR was fed into the second
stage.

Be: First stage feed contained 0.5 % fructose and 0.05
% (NH4)2504. Fructose was fed into the second
stage. ’
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Figure 4.35B. Growth and production of PHB by P. cepacia in
a 2-stage chemostat. .

Q) First stage data.
(@®) Second stage data.

pH = 7.0 - )

T = 30 °C Agitation = 660 RPM °

Air flow rates = 1.0 VVM (first stage) and 0.6 VVM
(second stage).

Medium: Mineral salts medium.

Changes in the Medium Composition ! ;
At : First stage feed contained 1.0 % fructose and 0.2 % ‘:,
(NH4)2504. Fructose was fed into the second stage.
Anvr : Firat stage feed contained 1.0 % fructose and 012
% (NH4)2504. NVR was fed into the second stage.
v
v Bnvr: First stage feed contained 0.5 % fructose and
, 0.05 % (NH4)2504. NVR was fed into the second
stage. ’

Bf[ é;ist stage feed cqntainequ.S % fructose and 0.05
%/(NH4 )2504. Fructose W9s fed into the second
stage.
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maintained at 1.55 1, The flow rate of the mineral salts

medium was 961&1 h-1 resulting in a first stage dilution

4

and a second stage dilution rate of 0.0682

v

rate of 0.123 h-!
h-1.  Fructose was in the mineral salts medium to supply

¥
carbon and energy to the first stage. Additional carbon in

t?uﬁ?form of - either NVR or 50 %-,w/v fructase was added

\

directly to the second stage.

b

I.?

When the mineral salts medium contained 10 g 1-1

fructose and ZWg 1-1 (NB4)2504, only 0.15 g 1-1 PHB.was

produced in the first stage. Under these conditions, when

fructose was added to the second stage., the yigld of PHB was

“only 3.8 g per 106 g fructose. The second stage yield from

NVR (assuming total utilization and not accounting for the

water content) was less than 1 %,

When the first stage carbon to nitrogen ratio was -

incrgased from 11 to 22, the first stage PHB yield (Ye/s)
increased from 1.5 % +to 5.0 %. The second stage yield
consequently increased to 3.3 % for NVR and 13.1 % for

fructose. The second stage protein yield was considerably
decr=ased when the first stage carbon to nitrogen ratio was

-
i

increased,
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CHAPTER 5
..  DISCUSSION .

as a Fermentation Substrate !

a It had been reported (104) that X. campestris NRC 2146
(ATCC 9924) could produce xanthan gum using peat pressate
(water removed from peat by a pressing process) as its
carbon source. Similar results were expected using peat
run-off water since it is essentially the same material (ie.
water that has been closely associated with peat). Since
nutrient broth is deficient in carbon, the addition of peat
run-off water was expected to result in increased biomass
and/or xanthan pfoduction. There was no increase in either
xanthan or biomass concentration (sect: 4.1.1), although the
same stra%p of X. campestris was used as in the previously
reported study. This indicated (contrary to the previously
reported work (1Q4)) that peat water contained no carbon

source utilizable by X, _____campestris but additional -

" experiments were needed to verify this.

Yeast malt broth contains glucose ' and: sucrose‘ in
addition to nutrient Brothf' It thus has a surfeit of carbon
and nitrogen but 1is lacking in mineral- salts and trace

elements. The yeast malt broth shake-flask experiments

-. showed that- the addition of peat—run—off water resulted in

‘an increased ganthan concentration. Since the shake-flasks
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concentrations were not measured, conclusions could not he
drawn as to whether the increased xanthan concentration was™ & ———
due to increased§ vield or +to an increased rate of )

production. ’ . ) . -

N,
N A
L)

In order to answer this question a series of batch

) ’ _
fermentations ware conducted. The mineral salts medium used
was essentially the -same as one develcoped specifically for
- " ¢ - 5

X. _campestris ATCC 13951 (37). It cohtained all the °

§

necessary mineral =salts and trace elements but  only a

limited amount of glucose as a carbon source.. The results

of +these fermentations showed very little difference in .

biomass and xanthan yields or production rates when peat

-

run-off water was added. The shake-flask study which used
N ° ¢

the same mineral salts medium as employed in -the batch

fermentations also showed no effegt of peat run-off water

addition. These results conflicted with the yeast malt

broth shake-flask experiments. ’ h

.

<

Organic acids such as succinic anid have bean shown to
stimulate xanthan production (38). Peat is rich in humie
. \ . N ‘

acids. However, since there was no stimulation of xanthan
e & + o

production in the mineral salts medium, hhm%c‘acids could

w

not be raesponsible for the positive eifect seen with veast

malt mediuam. Peat run-off water may contain some minkral

v N
salt., trace element or growth factor benefic:ral to xanthan
N . g
\ N 3
production (and lacking in y=ast malt broth)., but it has no

. .
n content utilizable by X. campestris .

S

significant carb

O

-
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gars found 1n peat hydreolyzate and grows very well "on

rganic acids (Table 3.3). The shake-flask experiment (Fig.

¢

4 7) indicated that peat run-off water dfa not contain a

significant amount of carbon utilizable by P _qepacia. The
lack of response by a carbon-limited chemostat culture of P.

cepacia to a pulse of peat run-off water verified this

. ¢ !
conclusion. ! -

) #°

The COD of Barrington peat pressate is Approxima
%:7 g 1-1 (104). Peat run-off water from the same bongould
be expected to have a similar COD. The COD value is roughly
eéuivalent to the total organic carbon content (20).
/ Therefore, even 1f all of the COD was contributed by sug;rs
utilizable’by X...campestris, p=at run-off water would still

not be a s;gnigioant source of carbon.

Other waste Yproducts of the peat proceééing industry

© may be of some\\vélue as ﬁfermentation substrates. As
rdescribed ‘'in the introductioﬂ, ¢rganisms have heen grown on
Ipeat‘ hydrolyzates and the processing <f pesat can produce
effluent with a substantial COD. For example, cne such

“
55

process produces an effluent with a COD of

ra

I g 1-1 (297,
It may bé possible to produce xanthan, PHE or some other

° biclogical product using such a waste. -

I+
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It was shown that peat hydrolyzate was toxic to X.

at processing wastes, which

b

campestris (sect. 4.1.2). P
contain phenolic materials., ares undoubtedly also toxic to
micrenrganisms Howewer, {if the wostes were added at a
anitably alow rate to a fed-batch or <continucus cnlture, and
if the chosen organism could metabclice the toxin

well as the potential

components, the teoxicity problem (s
4

for maltiple growth phases) would be eliminated.

.2 The _Formaticon of a 3trategy for. the Development‘omeVR
as a Fermentation Substrate

[$)]

L

Experience with peat run-off water influenced +the
- [s]

formation of a strategy for the develcpm=nt of toxic complex

wastes as fermentation substrates. Thils strat=gy 1is
—
outlined in Appendix B. It was us=d in the development of

NYR as a fermentation substrate.

The mistake igj%ttempting to develop peat run-coff water
into a fermentation substrate for xanthan production was 1n
assuming (hased o published data) that peat rin-ff water

had significant <arbon content. In contrast the

o\

composition of NVRE was known Apart from =&

centent, NYE 1s rich in carbon and chemical energy

The problem was to find one or two microorganisms that
ccnld use the majority o»f NVE cemponents andl prodace &
suitable product in high yield. In order to achisve tpia

goal. the toxicity of NVR was investigated and the major
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toxic components were identified. Microorganisms were
selected based on their ability to metabolize +these and
other major NVR components. A study was made of the effects

.0of NVR on the production of certain products. UJsing this

1 ,\
knowledge., a product was chosen and a production process was

[

5.3 Consideration of NVR Toxicity. duxring Process Development

By definition.‘ shake-flasks containing 11 and 12
concentrations of NVR &ontained less biomass at the time of
sampling than did thé control. Since most flasks were
Qsampled relatively soon after 1inoculation, the I1 and Iz
values refleqted the effecty@f NVR on growth rate rather
than on yieldf(1e. the flasks were sampled before growth had
ceased). Most of the organisms tested were inhibited ain
/growth wh?g\NVR was/Qn excess of 0.35 % (Table 4.3) Such

. N
(Sl ' . .
low In Values\Wake these organisms unsuitable for industrial

) .
fermentations /lacking rigid control. Growth would be
/7
inhibited during chemostat ferme=ntaticn if the concentration
of NVRE reached the I1 wvalue. If the specific growth rate

decreasad to less than the dilution rate, washout would

DCcur.

Since the highest Iz value found was only 1.3 % w/v,

conventional hatch oulture technigue must be daiscountad as

an <2ceonomical method of using NVRE as a  fermentation
substrate. Carbon-limited fed-hatceh and carbon-limited
chemostat culture are the likeliest alternatives. Thasge




" carbon-¥imited

fermentation metheods would be
microorgarnism

/

the major growth-inhibaiting comp7nents of NVR.

conditions,

successful.

-

this wouwld ke=p the

162

provided the

used in the process w@s capable of utilizing
® ! 1

Under

steadv-z2tate

concentration af these coemponents wall beloy thair

:

inhikbaitory Eqncentrations. This is wverifi=d by the fact

that F. cepaclia can be grown in a chemostat with a f=ed

coencentration of NVR much higher than the Izrvalue for tﬂat
erganism (sect 4.9) ’ '

.
The use of carbon-limited fed-batch o chemostat

culture also eliminates the problem of multiple growth

phases (1e.

substrates (sesct. 2\

[4p]

the m

diauxy) associated with baﬁﬁb

ince 6B6-hexanolajptone and the monocarboxylic

growth on mixed

<

-

acids are

ajor toxic comppnents found in NVR, only microorganisms
able to degrade +t eée components were considered for an
“industrial fermentagtion process using NVR. ‘

Although the toxic effects of monocarboxylic acids on
hacteria has been studied., the cause of thelr f{oxicity 11s
unkncwn (43). It’should be noted that temperature. pH and
the degres of mixing greatly influences the apparent 11 and
T2 values Any factor atffecting the s=olubility of

u
carhoxyilte acils in the medium effect: the apparsnt It =znd
T2 wvalue: Ior NVR since monocarboxylic‘:oidﬁ ar< the mos
Toxic components of NYR (sect 4.3 1)
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Those microorganisms with the highest In and Iz values

{ie with the greatest ability to utilize +toxic NVR
components) and those whéch werevstimulatedlin growth by low
NVR concentrations, belonged to the genus B&mukm@nﬁa and
related genera such as Alcaligenes (Table 4.3, sect. 4.7.2).
" NVR could most easily be used as a fermentation substrate in.

—

processes involving these organisms.

5.4 The Effects of NVYR on the Growth of Microorganisms
5

As previously ,discussed (sect. 5.3), the results from
shake-flask experiments reflect the effect of NVR on growth
rate more than on the yield'of biomass. The stimulatory
effect of NVR on the growth of some microorganisms was
particularily noticeable on nutrient broth medium which is
very limited in carbon content. According to the Monod

description of growth kinetics for microorganisms that

divide by binary fission (eq. 5.1), . the specific growth

W= (umax S) / (S + Ks) (eq. 5.1)

P
!
-

» i . i .
rate (1) 1is dependant on the concentration of the 1limiting -

substrate(s). Since the limiting substrate was carbon, the
addition of NVR should have resulted in an incEeased growth
£ate. This leads to the corollary that NVR was used as a
carBon source by microorganisms that had growth stimulated

by NVR. The fact that one microorganism (Fig 4.28) was

"found“to be stimulated in growth by pentanoic acid but did

2
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{

not use pentancic acid, shows that this conclusion cannot
gener@lly be drawn. Th# basis for the growth stimulation
rhenomenon was not investigated but since carboxylic, acids

are amphipathic. this effect may involve the cell membrane.

5.5 The Jse of NVR Componen¥5 by Microorganisms and 1ts

[

Influence on Frocess Development

-

Az shown above., the growth stimulation effect was not a

. -
conclusive indication af whether, or how well,

: . Lo C ’
micr<oorganisms could use NVE as a carbon source The petri

plate NVR ccmponent utilization test was a much better way

of determining which microorganisms cculd uze NVE as a

A}

-

c;rbon.and energy sources, Although this test only included
a fraction of all NVR components, it did include all of the

major components and clpsses of compohents.

v

The mqjof classes of NVR components include

134

monccarboxylic acids. dicarboxylic acids. lactones/ and

;

cyclohexanediols. None of the organisms tested grkw on
]

cyclohexanediols. Fortunately the cyeclohexanediols weres

found to be non-toxic Thus, although inability to use
cyelchexanediols would result 1n a reduced yiesld. their

presances wonld neot limit the maxamum substrate eoncentration

attainable 1n chemostat or fed-batch culture Zinr-e some
micoraorganisms ar= known to s cyrnlahexans and/cr
cveloheyanacarboxyv]laie acida (o.d44,142,112 160

microorganiams  capable  o©f using cyeolchexansdiols should

=xist Az corrynebacteria, poseudomonads and related bacteria

A\

1
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were able to use the most NVR components (especially the
toxic ones), these organisms would most likely be‘of value
in a commercial process for the utilization of NVR as a
fermentation substrate (Table 4.2, sect. 4.2). It is
probable that mutant strains of some of these organisms

capable of cyclohexanediol ufiilzation could be ;solated.“

-

Eﬁé;e should be little problem with strain<stapiiity in
terms of substrate utilizat%on since any commercial process
using NVR would.naturally select for strains which could
utilize “all NVR components, There would be some chance of
strain specialization in substrate usage. Some strains of
the production organism might only wuse certain NVR
components while other strains would use other components.
The result would effectively be a mixed culture. This is
not necessarily undesireable since if the yield (Yp/s) was
maintained for all strains, then productivity could increase

due to greater utilization of substrate.

»
N

SSﬁSngmgn_Qf_a—BxQduﬂ
5.6.1 Posaible Products that could be Produced Biologically

el ¢
P Although it may- be possible to enzymatically
convert NVR into some product(s) of value, the search for a

product was directed +towards microbially rather +than

enzymatically produced substances. Since NVYR 1is an

industragl waste, medical or food-related products were not

considered. Even if such a product was purified
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economacally, it may be difficult to -<btain government

approval for its sale.

Most NVR components are in a more chemically reduced
state than carbohydrates Thus the search for a product was
centered on those that could be produced or were
preferentially preoduced from hydrocarbons. Intil the early
1970's, when the price of c¢crude o0il rose substantizlly,
alkanes were thought of as cheép fermengétion substrates.
Because of  this, a considerable guantity of research was

devoted to/the development of products that counld be mads
¢ 9]

from them (49). Ones that fqlfill the requirement of having
. - ! . .
uses ocutside of the food and h&glth industries include

AN
biosurfaclants, polysaccharides, catalase and PHB.

5 8.2 Biosurfactants : ,
A surfactant would be an excellent product to make from
NVR. Indeed attempts (unpublished)? have Dbeen mnade to

chemically convert NVE into a surfactant. Mnfortunately,

I

with the possible exception of 1sclate Pz, none of th
i

microorganisms tested were stimulated in  bicosurfactant

producticon by NVR (sect. 4 3).

5.8.3 Extrac=1llnlar Polysaccharides
NVRE was not found to have a beneficial eftect o

polysaccharide production by any of the micrcorganisms

v

tested (sect 4.4) Most of these organia=zms could not us=
many of the majcr NVE components. The exceptions were C.




Y

TTTEY

B TN - L B PR v - LT w - f - .

' 167

equi and P.aeruginosa. . (... equi produces a viscous
polysaccharide when grown on n-alkanes (79). Many strains

~3

of P. . aeruginosa are known to produce an alginic acid
exopolysaccharide (113). Some strains of Pseudomonas =are
known fto produce a viscous polysaccharide when grown on
lower alqﬁhols or glycols (157,167). Polysaccharide-
producing strains of Pseudomonas can be isclated using a
selective wmedium containing carbenicillin (53). Fuarther
research, preferably using a chemostat'\with NVE  or
monocarboxylic acids as the carbon source, would probably

lead to the development of a process for the production of a

polysaccharide from NVR.

5 6.4 Catalase

Hydrocarbon stimulate catalase production in
microorgarisms (108,158,153). NVR greatly stimulates the
production of catalaze by isolate S8z (a strain of P

aeruginesa) (sect. 4.5). 8352 grew well on most may~r NVE

components (Table 4.2}. However, the present market for

¢
r

catalase is small (9).

5.6.5 PHE

Hydrcocarbons and lipids (such as carboxylic acids are

cxidizced by organisms to yield acetyl\gfifyyme A (139.32).

. ‘ Y .
PHE is preferentially pridneced from subztrates related to

v
N

acetyl Co-A (148Y, Thus NVE =zhould be an =appropriate

substrate for the production of PHBE. Indeed NVR and NVR
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components were found to stimulate PHB,accumulapion in both

A. eutrophus and P. _cepacia.

f

5.6.6 Choice_ of Product '

The ideal product to make from NVR would probably bLe
a plastic. Plcstﬁcs have many uses.cutside of the food and
health industriesh They could most easily be purified and
marketed by a comLany that produces other polymers (such as
nylon). PHB ;s the only microblal%y*produced thermgplastic.
The greatest producers of PHB are als» 3ome of the organisms
which grew best on NVR components and wers most insensitive

to NVR toxicity.

Strains of “A. eytrophus are known to accumulate more

PHB than any other microorganism (127). P. c¢epacia alsc

accumilates PHE hut '’ the extent of accumulation had not

previously been studied. P, cepacira was the microorganism

frund to be most insensitive to NVR toxicity (Table 4.73) and
i

it could use as. many or more major NVR components than any

other organism studied (Table 4 Z). If it was found that P.

epacia could acouﬁﬁlate large aquantities ‘of PHE, then it

Q

wennld be the organism of choice for PHEB production from NVE.

~1

Batch Growth and Acconmulatien of FHE by B __cepacia
As is the cas= with mrost storage polymers, PHE 1<
genarally accumulated in large quantities only after growth

(a3 monitored by protein production) has ceased (1473).

Therefores some medium componefit which is not necessary for
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PHB production must be limited (130). Since it was not
pbsgible to grow mi¢ro§rganisms in batch culture on useful
quéﬁtities of NVR (ie. NVR is toxic even in relatively low
concentration), P. cepacia was grown on fructose under
nitrogen-limited conditions. Under these conditions, P..
cepacia was found to accumulate PHB in excess of 50 % of its

dry weight. \This led to its choice as the organism to be

used for furtﬁer study of the production of PHB from NVR.
The C/N ratio study had shown that 1 mole of nitrogen
g,
was required for every 15 moles of carbon consumed ?Eect.

4.10). ©Since 2 g 1-1 of (NH4)2504 was supplied, 13.6 grams

of fructose should be used before the nitrogen would be

exhausted. At this point in the batch fermentations‘%hﬁ

oxygen uptaké rate reached its peak, the fructose uptaké\

rate and biomass production rate became linear, and PHB
production began. Therefore, it can be assumed\ that
nitrogen had become 1limiting especially since the mineral
salts which had been previously balanced for another

bacterium (X. campestris) using twice as much nitrogen (37).

The third growth phase (second linear phase) was
probably caused by the exhaustion of a nutrient needed for
broduction of PHB. It was probably not P, Mg, or S becadse
these are not needed for PHB production (119). I? could be
identified by monitoring %hgmostat pulse experiments using a
nitrogen limited medium at a low dilution rate. The

appropriate nitrogen concentration and the dilution rate for

~
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this experiment could easily be determined from the batch
data. The third sgrowth phase is undesirable because little
PHB is produced. Therefore identification of this key

nutrient would be of great value in medium formulation.

5.8 PHB_Production in_a 2-Stage Chemostat
The NVR toxicity study had shown that a Fed-batch or
chemostat production system would be necessary to avoid

'inhibition of growth by toxic NVR components (sect. 5.3)

5

Because it involves 1less “down-time” and can be. operated
s

continuously at close\, to the maximum production rate,

-

"continuous culture. is much more efficient than fed-batch

culture (provided toxic proddcts are not produced and the

-

. yield can be mainiained). Batch fermentations had
demonstrated +that growth and preoduction of PHB .occur in

separate stages. Therefore a 2-stage chemostat, as depicted
f

in Figure 5.1, should be the most efficient method for the

v
'

production of PHB from NVR. Each stage could be operated at
its optimal ~conditions of pH. temperature and medium
I N

composition.
&£

Twoe>stage chemostats are often used to provide a non-

growing stage where secondary metabolite production can |

occur (1147, An example of this iz seen in the productioy
of «a-amylase. The rate of «-amyvlase synthesis by B
licheniformis 1s 1inversely proporticnal to ﬁhe growth rate
(971 . It has been found with B. subtilis thét 2-stage

production results in haigher levels oI a-amylase +than
&
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o ’ ’ 0' o
singlé-stage production (45). The best results are obtained

4

when the growth rate in the first stage is much higher than
that of the second stage.

P.__cepacia grew well on .NVR in a sipkle-stage

chemostat (sect. 4.9). PHB was produced by P,..cepacia from

.
13

‘NVR in the second stage of a 2-stagé chemostat with a

nifrogen-limi'ted first stage (sect. 4.12). When R. cepacia’

was grown on fructose in a 2-stage chemostat with a
) ~ . - -

nitrogen-limited first stage, PHB accumulation approached

-

tﬁat of Ehe PHE production phése of batch grdwth {(sect.

W

4.12). Thus the 2-stage chemostat appears:>to be a workable
- - . - r
method of production.

The optimization of a 2-stage chemostat process for the

production of PHB from NVR would require a considerable\

amount of expe:imentaﬂion. The appropriate fermentation

conditions for high yield PHB. production have not yet been

- o
determined. .
. ,K

H
There are #several key factors which determine the

overall productivity of the 2-stage production sysztem. The
most important parameters governing, filrst stage operation

)
are p and Yx/s .. The dilution rate of the first stage should

be set at close to umax, provided that the yield {(Yx/s) of

high-protein biomass from NVR could be maintained. The most
important parameters goverrning operation of the <second stage

§ ' ) C R
are the specific produgtion rate (qp) and the p;oduct vield

(Yp/s). Theudilution rate in the second stage should be set
- s, - .

-

AL T F R ORI LU LS S S A T AP N S T
i 9 i " . 3 ;

“
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at near the maximum ap , provided~that.the yield of PHB could

K
L

ba maintained.
¢ 4@

( .

5.9 The FEconomic¢ Feasibility of Usinz NVR to Produce PHB

Ya /s aﬁd[u (ie the dilution"rate) in the first stage and
Yp /s and qD in the second stage, 1t is 1mp0551blp to make an
ac;uratp prediction- of the cost of PHB produgtlon Other
unknown economic faﬂtors include the ‘cost of PHB extract&on

and the market &alue of PHB.» However, it is possible to
(4

" J}Thout an extensive study of the relationships hetween

make an estimate of the substrate (carbon) cost. The carbon |

source is always a major expense in any fermentation process
(73), Thus the determination of the substrate cost gives a
good indicatién of whether the overall process, -is

economically feasible. }‘ N ’
- W

AN

As calculated in Appendix A, it would require 10.7 kg

‘

of sucrose or 13.7 kg‘df NVR to produgi/?ach kilosgram of
PHB. Thus NVR mus% be worth less than 78 % of the cost_%f
sucrose in order for NVR o compete with sucrose az a carbon
smuréﬁ. Although it f;uctuatégL;gfeatly (Fig. 5.2%. the

price of bulk sucreose is currently (June, 1936) 2 cents 1lb-i

a

or 17 1/2 cents kg-! (all values are in U.S: currency) (33}
© M

The value of NVR (as a fuel) to Du Pont Inc. is classifiad

-
information. However, NVR is much cheaper than bull: ¢sucrose

)

] w -

would v»;ult in a 9ubbtant1al cost reduction. ™

and at the present value of NVR, its use in place of sucrose
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A greater vi=ld of PHB.from fructose might be- obtained

)

. ) . '

by using A. <utrophus HI6 instead, of P cepacia. Thye

organisiraccumulates more FHB than anv other microorganism
.7 ) ‘

72t ftested {(1027). However, fructose iz much more expensive

than sucrose. Suctase is a dimer of glacoss and friactose

»

and only mubtant strains of A. cutrophus are capable of Mising

5

glacose Even  1f glucese and fructose cuonld be u«ed

nmsly. sucrose would probably have to be hydrolyced

u’ ]
bt
=1
=
—
ot
h >
5
w
™

bgfore usa hy A.  eutrophus. Nevertheless, it may be

prossible to obtain some microorganism that produces PHE in
high yield and at a high producticn rate from sucCrose. It

i= certain that a rprocess using NVE could also b= improved
) . - a
by  the Adevelopment of strains of P. c¢epacia which could use

more of the minor NVR components ‘and/cor produce PHE at »

3

higher yi-1d from the components that it already nses.  Thus
/

a process using NVE weuld likely maintain its ocompetitive

&

b}
heating walnz of NYE (1=, 1ts wvalye as a replacemzat for
h=ating oil v other fuelsy and the price of bullh snwegar
Figurs 5.3 zhows the relaticnzhip between substrate co-t and
substrateaprine The cost 2T sabstrate for the prodaction

Af 8 given amount of PHB incressss linearly with the marybet

<
A
-
s
Wb
—+

i g
=7
<3

necreasaed

Tt otne price of bull =zucrose, 1t wonuld not e economical o

v
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amount ©f PHB. The slope of the line is equal to the ,
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i

us=s NVR. Sinee P. cepacia can use either sucrose or NVR as !

» B

b o
a «carbon scurce, it mav be possible to alternate »or to use a

r

bTand of the two. depending on their rglative value " The

price of bulk stizar is presently considered  to b=

o

@

unrealistally low (38). In the past, it has sold forfas

much ag 45 cents 1b-1 (99 cehts kgl in 1930) (Fig. 5.2).

«
¢ H
1

M &

PHE has many‘properties in common with'polypropylepé

(Table 2.2). Polypropyléne is a cheap bulk polymer. It-is

I

14 . % . v
madg by the polymerization of polypropylene (sometimes with

¢ v

small quantitiiﬁk of comonomers) catalyzed by metallic -

- n »
~ halides and oxides and aluminum alkyls (54).. It is used to™

4

‘make  iniection ‘moulded  items (especially for  the

[y

B

v

transpeprtation industry), fibers and films. As of June,
. . . - .
1985. the |, list price for large volumg grades of

o .
8 ?
2

pelypropylene homopolymer varied betwzen 28 cents and @1 0%

kg-1 (85)° as ogpposed o 77 to 97 Bents kgl si1x years
? 1
.

earlier (54)., As cin be seen from Figure & 3, the price of
e ¢ ° r
sucrese or NYR would have to e less than & 2=2nts kgl rov
. *

PHE to be competitive with bulk polvpreopylense 1f the

°

: . . , . ) ,
snubotrats 2nst amount=d to .50 % of th~ total pradiuctiaon

[

cast. Recently (June. 1238), bulk sucress (<ontract. #11l)

{
was selling for 17 1/2 cents kgt Even nzing NVE axwa
t!

substrate. 1§ is unlikely that PHPE cculd ocoupy much of

O

[l

n <
market presentdy held by paolypropvliene.

¢ ¥
’ In 1934 nylon production in the United States was about -~
A, e

1.1 billion kilograms < About 65 % of this was nyloen #8'6°
e 3

7 v
[ ' ¢

.

v
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(56). Assuming that NVE plg':)duct'ion amoun:ced to 30 % /(an
llrfrealistically high, value) of nylon 6’86’ production, and
the yield of‘PI'iB from NVR. was 8 % (as calculated in Appendix .
Cy. then only 16°.8 millicn kilograms of PHB cculd have been
produced from al"l of -the NVR gn the United States. Also in
1984, aboutr 2.2 billion kilograms of polypropylene was
produced Qiri the United Stat.es_. (55(5. .Thus if PHB was
produced from NVR, it would require a. market Of less than 1 . “‘
% that Aof polypr/opylege. . Considerinfga the special properties

~ = ™
01( PHE, it should find -a niche in the polymer market even at

several times the price of polypropylene. *

Nylon is a polymer podessing some properties superior \
. . § ~
ta those of polypropylene. Bec?ause of this, 1in 1884 its

_price ranged from $2.40 kg-! to $2.75 kg-! for carpet staple

and up-to $6.60 kg1 for apparel grade (56). PHR co:.l'ld\\

certainly be produced at these prices from NVE and it would

targeted at a much smaller.market than nylon.

¥

o
(¢4

- ~

Y

. 5.10 The. Technical Feasibility of Producing PHB from NVR .

§ 10 1 Introduction i

Thers would be séveral major stages involved in the

*process of converting NVR into a product-incorporating PHB.

{

Thesge are production, extraction, processing an-d

1

application One must look at the feasability of =2ach of

e d

c these stages inWorder to determine if a process invelving
3 -

the -zonversl\cm of NVR tr PHB is practical.

)
r&“ [ ° a
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" 5.10.2 Production . .

Much of this thesis has dealt with, th3<%subject of

~ producticon. There are, hcwever, two issues which have not

o

’

vet been discufSsed. The organism chosen for this process is
known to be ah opportunistic pathogen (88). It is not

particularily virulent but its use would pose a hazard to
B © . -
workers. . Although ther strain us&d-in this study was foupd
o iive to 4 1 it e ress )
to be sensitive to “chloramphenicel, it is resistant to p&¥

other antibiotics. Thus infections would be difficult to

treat. Tt -wonld be desireable and should =asily be poszible

[ -

to develep an avirulent strain. P.. cepacia i3 closely

related to Ahmegtxophus (86). It is p%obable that strains

in~orporating the metabolic versatility of P. cepacia and

°

thé high PHB yield and avirulence of A, gutrophus could he

1sclated or.engineered.

’
o
D .

It is neceszsary to have some idea of the fermentor
. . ' ¢
capacity needed to produce PHE from NVE. These calculations
are Ziven in Appendix C. This number 'was based on a bicmass
Fal ‘ .

»

concentration of 15 g 1-1 in the second stage. ecently

fed-batch fermentations for the producticn of FH have

reached bigmass concentrations{cf up to 206 g 1-1 with a

——

~

concoemmitant PHQ concentration of 136 g 1-1! (158). Figure-

-~

5 4 shows the fermentor capacity needed to use all of the

NVR production in the United States in 19R4 az a fhnction ot
I3 .
total 0.5, nylon 6’6" pradaction, "Far exatwpls, 1if -the=
- N A * B ]
[ oy p
) o -
0 -
. ¢
‘ R
g - -

\
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production of NVR amounted to 30 % of total nylon 6’6’

@ ”

production (an unrealistically high value), then a fermentor

capacity of 8.5 million liters would be. needed. Thus.%thé

‘ bad -

equivalent of 85 ,one hundred thbusand liter fermentors would
> “ A 4

+ . -be required. This number is practically achievable and the

»

Yaconomy of scale” would aid in reducing their cost.

1

- -

— \ . et ~
' A Tty

»

" 5.10.3 Extraction of PHB, . L

&

_Asfxpreviously discussed, theré& are many methosds for

o

extracting PHB from bacterial, ‘cells. As. was shown in Table

had ~

2.1<FHB is soluble in 5ome %olvenﬂé but not in others.
Thus. a process involving’phe separation 6f cells from the
whole brothﬂ} disruption of‘ cells, "and solvent extraction
would” probably be used. All of these proce§§es are unit

operations currently uséd in the chemical and/or biochHemical

)

indust;iés although some adaptations.would have to be made.

<

Since muéh of the process could .be automated . and the

solvents recovered, the major costs. would be the initial

capital cost and the energy cost for plant operation.

" .

- d —_—

¢ * o

: » : . )
5.10.4 Progessing of the Extracted PHE ~

@ ]

% ¢ = .
-PHB would - undergo processing - after extraction.

Depending on the ultimate use, this may_be as simple as the

- ° 2

preparation of standard sized beads for use in injecticn
, . o

monlding or more ccmplex processes such as coapolymerisaticn

with petrochemically-derived moncmers in erder to achieve
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o ' certain desired eharz-ffcteristaics. Copplymerization processes
. . =

. ) - . 2 . Ly . v
havé already been developed for PHB (137). -~ ‘}
-
kS
. 5.10.5 Summary ‘ ' o
’ ) The production of PHB from NVR is, technically feasible
£, . . . P )
& 7 although design of an efficient plant. would require
considerable research effort. ‘The economic feasibility of
) PHB production depends on the develdbment of | suitable
applications. ' .
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‘ CONCLUSIONS
1. Peat ru;-off water does not containla sufficient amount.
of car bon to be’ Lf value as a fermentation substrate

2. Non—vqlgtile residue is toxic to microorganisms. -

3. The most toxic of the major NVR components are the
monocarboxylic acids and 6-hexanolactone.

4. P. cepacia and some other microorganisms can use the
major toxic components of non-volatile residue as their
;olé source of carbon. )

b. P..cepacka can grow continuously with non-volatile
residue as its sole source of carbon.

6. P._cepacia can grow in a carbon-limited chemostat with
the feed concengfation of non-volatile residue in’ excess
of the concentration which is toxic in batch culture.

7. Cata1a§e, poly B-hydroxybutyric acid, and probably
polysaccharides can be produced biologically from .

8. Poly-B-hydroxybutyric acid is the mosf economically
suitable product to produce from non-volatile residue.

9. Wﬁe; grown 6n fructose in batch culture, P. cepacia
can accumulate poly-B-hydroxybutyrio°afid in excess
of 50 % of its dry weight. ' ,

10. Poly-B-hydroxybutyric acid can be prodyced by P. cepacia

in the second stage of a 2-stage chemostat using either
fructose or non:volatile residue as the carbon source.

11. It is cheaper to produce PHB from non-volatile reaidue

than from conventional carbon sources such as sucrose.
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, RECOMMENDATIONS
1. The kinetics of PHB production using a 2-stage chemostat
should be modeled. : v
2. The effect of s;bstrate and physiological conditions on

PHB quali%y should be investigated.

|
1
4

3. The ef{ect ofgqxtraction_procedures on PHB quality shouid

. be studied. S~—

4. The minor components of NVR not utilized by EL_ggpagin
*

|
1should be identifted. = ‘ '1
J : |

5. ,The possibility of using mixed cultures of a small number

2]

of specific microorganisms to produce PHB from NVR should

‘ be studied. _
;gﬁ _ : . 7 N T )
J 6. The.fed-batch production of PHB should be studied and . f
) | compared with the 2-stage chemostat methoh in terms of
- - ‘ economic feasibility.
. 7. The pathogenicity of each strain of microorganism used in

.these'investiﬁations should be considered before use.

]

11
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Figure A.1. The biological determination of the maximum
oxygen transfer rate in a New Brunswick Multigen fermentor.

WA e
A ,
Medium: mineral salts medium.

Tamperature. 30 °C.
Agitation. 660 RPM.
Aeration. 1.1 VVM.

(l) Dilution Rate = 0.24 h-t.

(Q) Dilution Rate = 0.14 h-1l, '
(@) Dilution Rate = 0.08 h-1,
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Figure A.2. Optical density at 560 nanometers versus
protein concentration for the biuret test.
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Figure A.3. Optical density at 450 nanometers versus
glucose concentration for the glucose oxidase test.
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Figure A, 4.
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Detector response (area) versus
concentration (50 ul injections).
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Figure A.5. .Optical density at 490 nanometbs versus
carbohydrate (glucose) concentration for the phenol test for
total carbohydrates. ' ) ’
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of sonication of Isolate S552.
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Figure A.7. Detector response (area) veréus quantity of
internal or external standard injected.

(®) Internal standard (benzoic acid).
(-A) External standard (B-hydroxybutyric acid)
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Figure A.3. The effect of heating time at 105 °C on the

measurement of the internal and external standards used in
PHBganalysis.

(@) Internal standard (benzoic acid). ) ) ’
() Apparent PHB concentration reported by the integrator.
(Q) External standard (B-hydroxybutyric) acid.
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Append&x B
A GENERAL PROCEDURE FOR THE DEVELOPMENT OF PROCESSES THAT
PRODUCE BIOLOGICAL PRODUCTS FROM COMPLEX TOXIC WASTES
B.1 Introduction %

Many biochemical engineering research projects have
involved attempts to produce a specific fproduct from a
specific waste (104,141). Often no set pfocédure is used to
develop such a project. This may result in an attempt at
the impossible, such as using a production strain that is
known to be unable to use most components of the waste or
attempting to produce single cell protein with a strain
known to produce carcihogenic metabolites. The following is

4

a simple generalized procedure that should prevent most of
\ _
these common errors.

&

B.2 The Development Process
B.2.1 The Choice of a Suitable Waste

Not all wastes are suitable for use in biological

o

processes. If the waste contains toxic components that are

not krown to be metabolized by any microorganisms or réquire
a complex biological ecosystem forgpheir degradation, then,
without some form of chemical or physical pretreatment, it
should be classified as being unsuitable. However, 1if a
small number of microorganisms are capable of utilizing all
of the major toxic components and mest of the other
components, then this waste can be considered for biological

conversion into a product of value.
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B.2.2 The Choice of a Suitable Product , 4

It must first be determined which microorganisms are
capable of using most of the waste components (especially
the toxic cbmponents). This can be determined from

published data (ie. theoretically) or, if this is

insufficient, experimentally by jdentifying the

microorganisms that proliferate in enrichment culture using
the waste as the sole source of the particular element(s) in
which the researcher 1s interested (ie. wusually carbon
agd/or nitrogen). The most valuable products that can
theoretically be produced by these microorganisms,gggﬁ,éhese
components can then be determined. The potential value of
‘the product must outweigh the cost of production and
recovery. Thus yield 1is of great importance and the

theoretical yield should be considered.J

B.2.3 Process Development

t The choice of a fermentation process is the most
important consideration at this stage. The economic
considerations in choosing between a batch and a continuous
process have been well documented (3). However, 1if the
substrate is toxic, only fed-batch and chemostat methods
are suitable. These methods ,allow for the use of toxic
substrates as long as they are kept near a growth limiting
SuPply: If both substrate and product are toxié, then fed-

batch or multistage chemostat process'may be employed.
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B.3 Conclusions '

Due to +the complexity of the problem, the above
approach is not specific. However, it does give a simple
framework for theoretical process development without

expensive or time-consuming laboratory experimentation.

Laboratory time can be used instead to confirm or deny

predictions, obtain accurate yield and kinetic values and to

v

_prepare for  the commercialization of the process.

{




Appendix C
DETERMINATION Of THE REQUIREMENTS FOR CARBON SOURCE AND
FERMENTATION CAPACITY

C.1 Determination _of the _Carbon Source Requirements

Yepss = 14 % (for fructose)k

Yxss = 14 % (for high-protein biomass from NVR)

following estimation was made: Yx, /s for NVR =
(Yx/s for NVR / Yx/s for fructose)(Yr/s for fructose)

= (14/18) (14) = 11 % .

Assumption: PHB accounts for 60 ¥ of the biomass in the
second stage.

Therefore Yx/s (for biomass with a high PHB content )

for fructose = (0.4) (138) + (0.6) (14) = 15.6 %

and Yx/s (for biomass with a high PHB content)

o for NVR = (0.4) (14) + (0.8) (11) = 12.2 %

Therefore to produce 1 kg of PHB requires

100 , ((15.8) (0Q.8)) 10.7 kg of fructose and

13.7 kg of NVR.

100 / ((12.2) (0.6))
e t
* Yx,/8 was 16.5 % in batch culture and 13 % in

the second stage of the 2-stage chemostat.

|
!
i
’I
1

Data: ¥Yx/s = 18 % (for high-protein biomass from fructose)

Since the yield of PHB from NVR was never determined, the

@

—~




C.2 Determination of the Fermentor Capacitv Reguirements

{

Assumptions:NVR production is 10 ¥ of the total nylonxs'ﬁ'
production (the actuﬁl value is higher but is
a trade secret). ‘
Only high-protein biomass is produced in the
first stage and only PHB is produced in the
second stage. )
Since U.8. production of nylon 6’6’ was about 7.15 X 108
kg of PHB in 1984 (56), 7.15 X 107 kg of NVR would have

been produced.
» . .
k]

Therefore (7.15 X 107 kg) (12.2 %) = 8.72 X 108 kg of . .

high PHB content biomass could have been pfoduced.

The annual first ;tage production would have been
(8.72 X 108 kg) (40 %) = 3.49 X 108 kg of high-

.protein biomass.

The annual second stage production would have been ./

(8.72 X 108 kg) (60 %) = 5.23 X 108 kg of PHB.

Va = Pa / ((t) (Da) (Xa)

where: Va

= Total fermentation capacity needed for
production of high protein-biomass. . 1
Pro = Quantity of high-protein biomass to be
produced annually. )
Total annual fermentor operation time.

c+
H
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‘ . DA = Dilution rate of the first atage.
4 XA = Biomass conocentration of the firat stage.
Assumptions: t = 300 days.
X8 = 15 g 1-1,
DA = 0.4 h-1 (ie. umax). 4

"No PHB is produced in the first stage.

N
15 g 1-1 X 40 % = 6 g 1-1. .

5
H

t = (300 days) (24 h) = 7,200 h. - ,
VA = (3.61 X 108 g) / ((7,200 h) (0.4 h-1) (6.0 g 1-1)
= 2.09 X 105 1liters. .
Ve = Ps / ((t) (DB ) (Xa)) °
( where Pp = amount of PHB produced in the second sfage.
t = Total annual fermentor operation time. |
ﬁn = Dilution rq@e of the second stage.
Xa = the proteinaé?ncentation in the sec%pd stage.o

{

Assumption: Ds

0.08 h-1 ' (ie. the maximum qp).
f “ .

60 ¥ of the qecond stage biomass.

L * o

- Ve = 5.33 X 108 g / ((7,200 h) (0.08 h-1) (6.0 g 1-1))

=.1.54 X 108 liters,.

Y

Total ferméntor capacity = Va + Vp ]
2.09 X 105 + 1.54 X 108

‘" -
n

1.756 X 108 liters.

. L. °
g e t ° i ’
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