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ABSTRACT 

Two complex Hastes were considered for biological 
1 -'. 

conversion iqto a marketaple product. One waste. peat' run-

off water '(the\waste-water that remains ~fter the mining of 
/ 

peat) , W8S fbun~to Qe unsuitable for biological conversion 

to any product since it contained an insufficient quantity 
r, 

of carbon. The other wa&te, NVR (non-volatile residue, the 

major waste from the manufactur~ of nylon 6'6'), was found 
1 • " to be a suitable carbon and energy source for the production 

of PHB (poly-a-hydroxybutyric acid) by PseudQJll.Qn.a!i .c..e.pllC.1.a 

ATCC 17697. A general approach to the development' of 

complex toxic wastes 85 fermentation 3ubstrate3 was . 
o " 

fo~mulated. 

NVR was found to be toxie to microorganisms. None grew 

in enrichment culture containing 2.0 % NVR. f... __ .c.e.rutc.i.a was 
4 

the Most resistant mieroorganism ~ound. )t could grow weIl 

in up to 1. 3 % NVR. It also grew on butanoic, 

and hexanoie aeid as weIl as 6-hexanolaetone. 
"4 

found to be the major toxie eomponents of NVR. 

was grown in a NVR-limited chemostat with a 

pentanoic. .\ 

These werG 

P. cepa<Üf f 
.-----" 

NVR feed 

concentration ~~ll in excess of the toxie NVR concentration . 
. ' 

In nitrogen-limited, ,bat eh fermentation on fruct03e, p~ 

~aQia accumul~ted PHB in excess of 50 % of it3 dr~ weight. 

A 2-stage ehemostat' proeess for the 'production of PHB from 

NVR, br P. cepac.ia was in'{estigat~ with encouraging results. " , ~r 
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RESU~ 

, ~ ~ 

Deux genres d'effluents polluants furent étudiés pour 

leur conversion "en un produit de mi§..e en marché. Le 

" premier, l'eau de la récolte de la ,toùrbe, est 

insatisfaisant pour toute conversion biologique 

intéressante, ne contens:t 

carbonnée. Le second genre 
,J 

pas suffisamment de matière 

soit les résidus'non-volatiles 

ii 

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

~ dOe pri~cipal ce procédé. "Le NVR est une bonne s,ource du 

carbone et d'énergie pour la production de l'acide poly-~-

hydroxybutyrique (PHB) par la bactérie ~omQna5 ~ 
" 

ATCC 17697. Une approche généra'le fut élabqrée pour le 

développement d~ procédés de transformation de' résidus 

industri els· toxiques en produits utilisables en 
--' 

fermentation. 

,~ 

Le NVR est toxique pour les microorganismes. Aucun n'a 

pu ,croître en ll,l,il.ieu contenant 2 % de NVR • . , ' 

l' orgaQisme le plUS résistant trouvé. . cI l peut croître 

j~squ'à une, concentration 'de 1.3 % de NVR. Il peut 

également c.t"Oître, -avec comme source de carbone i , les acides 
1 

butyrique, pentanoïque, et hexanoïque ainsi 
1 

que- 6-

hexanolactone. 

, 

Ceux-ci sont les compo$ants toxiques 
1/ 

principaux'du NVR. P. cepacia fut cultivé dans un chemostat 
<> 

limité en NVR dont la concentration en NVR dépasse largement 
1 

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

J' 
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limitée en' azote. cètt~ bactérie a accum~l~ le PHB', jusqu J à 
. 

50 % son poid5 sec. La production de PHB par P~ .. cepaci.a, à 

partir du NVR. avec Jtl procedé à deux chemostats e.nb série f a 

" produi t des résul tat's encourageants. C 
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PUBPOSE OF'STUDY 

.r 

The purpose 
~ 

• . of this work, was to find a use for the 

major w8ste of the nylon manufactu~ing industry bv uSing it 1 

as a fermentation substrate to produce a product of economic 

. ( value. -A suitable 'product, microorganism and process were 

tb be chosen. The possibility. of usipg another waste (peat 

run-off water) as a fermentation substrate for the 

:production of xanthan gum was also to be examined .. The~. 
~ 

meth?dolotrY . developed should be of value in ~ the future 
If-

dev.elopment of other toxic complex wastes as fermentation 

substrates. 
, J 
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CHAPTER 1 

, 1 0 

~NTRODUCTION 

The treatment of complex and/or toxie wastes from 

chemical proce5ses is a large rapi,ply expanding industry. 
~ ~ 

There are Many methods for dealing wi th waste materials. 
, 

Coneentrated chemical waste5 May be bu~nt fo~ their heating 

value. They m~Y be buried at substantial cost ahd 

ecological rlsk. Often they are treated as sewage and 
~ , 

biologicallY'converted lnto harmless substances~ Althou~h -. 

1 t Hould be preferabl'ie to eonvert wastes into products of • 
value, this is rarely done. 

,~ 

Sometimes the Methane gas pJ;'odueed during anaerobic 
,(' 

treatment is collected. However. Many toxic waste5 cànnot 

be metabolized anaerobiéally and Methane i5 a low value 

·product. -AerobiQ fermentation processes are able to utilize 

a wider variety of toxic substtates but aerobic sewage 

treatment processes utilize complex mixed cultures lolhich 

produce no products of value. 

" Mixed cultures are used in waste treatrnent for two 

major reasons. The first is that the co st of sterl11zation 

ls eliminatèd. The other reason i5 that the waste 

composl tion ls often unknown and even lf 1 t ls, a mixed 

culture ls usually necessary for the complete utl1izatlon of 

. complex wastes. If the waste stream composition ls known 

and is relatively constant, lt May be possible to make a 
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profi t from the treatment process by using the appropriate . 
microorgani-sm (5) and culture conditions. 

Some coml?lex waste materials, such as molasses and· 

distillers dried solubles, have become substrates in the 

fermentation industry. There are undoubtedly many other 

wastes which would have an increased value if a suitable use 

could be found . 

. One such waste is produced by the nylon m&nufacturing 

indus~ry. Cyclohexane is the only feedstock used in the 

production of nylon 6' 6' . During the initial stage of the 

production process cyclohexane is oxidized to alï.pic acid. 

but undeiireable side products are also formed Adipic acid 

is separated from these by a distillation process. The 

resulting waste 
'-

is known as the lJt°nvolatile residue or 

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

original cyclo~~Aane feedstock. 

World-wide, hundreds of millions of liters of NVR are 
}, 

produced each year. At present there 15 no better use for 

NVR th an burning i t for i ts heating value. However. i ts 

~ompo5ition~sugge5ts that NVR co~~be used as a feedstock 

in the fermentation industry. 

N\R is a dark brown liquid. It i5 slightly denser than 

and only pa~tially soluble in water at 25 oc. It is a 

variable mixture of monobasic acids, dibasic acids, 

aldehydes. esters and other organic compounds. Since i t is 
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an in4ustrial waste. NVR could not be used to produce food 

,- or heal th related products. . However, its use in the 

production of biopolymers. biosurfactanta and enzymes for 

industrial purposes appears to b,e more' feasible. The 

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

The possibili ty of using pest run-off water or peat 

hydrolyzate as a source of carbon and energy for the 

production of xanthan was also investigated since prevlous 
\ 

work had shown this to be a possibili'ty (104). Peat is 

decomposed plant material. It ls formed in wetlands under 

specifie conditions. Peat contains up to 85 % water and 

must be substantially dewatered.~efore use as a fuel, The 

waste-water produced durin'g mechanical pressing (pressa te) 

and during the drainage of peat bogs (peat run-off water) 

should be purlfied before its -return to the natural 

el)lvironment. c 

) 

Biochemical oxygen demand (BOD) should be 

reduced and phenolic materials should pe eliminated. 
~ .. .,..~f 

One process used to dewater peat involves a 

pretreatment step before 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 released more easily. 
é 

The subsequent pressate is very high in organies. Waste-

water from wet carbonized peat May have a BOD of 

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

1- l, a pH of .4 to 5 and May contain 20 m~ 1- 1 of sus~ended 
\ 

\ 
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\ . Table 1. 1 C'O'UJ.Ro..a.it.iQ.n.....Q.l~NYlt:u.5~_d_".iJL..th.i~LSj.~ 

CQmPQn.ent ~.a.t_lo..n_(.% __ ~1 

'Butanoic acid 3.9 " 
'\ 

" - -Pentanoic acid 13.3 

Hexanoic acid 3.4 

5-Hydrox~pentànoic acid2 ~.3 

6-Hydroxyhexanoic acid2 13.9 

Succinic acid 0.4 
"-

Glutaric acid 1.7 

Adipie acid . 8:4 

Water 21. 7 
.ri' 

~ 31.0 
1 

~Trace metals 125 PPM 
~ 

"1 Analysis supplied by Du Pont Canada Inc. 
.. 11 

~ '. 
2 Analyzed by gas chromotography as hydroxymonocarboxylic 

aeids but probably oeeur as lactones in NVR. 
-

3 Including cyclohexanediols which account for 
approximately 4 'to 5 % of. NVR:-" 
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The aer.obic/anaerobic treatment p~ocess of Sorig 

. AB of Sweden reduces BOD by 95 %, and COD by 75 % (48)~ 

Sixt y par c~nt. of the COD 1s, converted anaerobically, to a 

ges composed of 70 % methane' and 30 % c~rbon dioxide Y 

volume. 

In another de-watering process, peat' i5 subjected ,9 
o " ,. -. • 1 

~et-carb,izat~on at 200, ,OC ,and, 50 /at~ospher~s pressure. 

This resul\s in. a, waste-water wi th 'a COD of 21, 000 ~g 1-1 
\ \ 

(.99) and 8000 ppm of s'olubl;è qXganics (140). Of thé soluble 

organics, -80 % are methanol, 0 acetone and ,acetic acid (162): 

AlI of these can be easily metàbolized by ~ wide variety of 

microorganisms.' How~ver, 218 mg 1-1 of phenolics a~e also ~ 
• 9 

produced. Phenol is very toxic and even at subl'ethal 
1 p 

ooncentrations . it is 'not easily brok~n' down by 

microorgani 5ms . 
, , 

Successful 
··\1('1 

attempt!l have 
_~... Cl 

been made to grow 
() , 

, ~ 

microorgani5ms oh peat. hydrolyzates. ' Pest pydrolyzate 
. 4 .,.. \ ~ . . 

s1plilar to waste-water from: the wet carbonizat10n process . ~ ~ 

exèept that acid is added to aid ~n the' hydrolysis of the 
, p-' "\. 

hemicellulose found in peat fibérs. Thus the sugar content 

of peat 'hydrolyza~e 15 much h1gl1er . 
. 

, contain mainly glucose ~nd xylose pwitn arabinose and' 

galactose in lower concentrations (89). The glucose 
. 

concentration may be _ as high as 7.5 % w/v (90). .., The 

'commercial1y va1uable polysaccha-ride, pullu~an can be 
/ 

.r 

produced by AurQbas1dLum pullu1an~ when 'grown on pe~t 
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hydrolyzates (91). The addi~io.n of nitrogen and phosphorous 

1a not nece!S!Sary for pullulan production, althoush sodium 

chloride and Magnesium sulphate must be added to the medium 
- ~ ; 
(13). A, pullulans has the advantage of the abl11ty to grow 

, 
on pentoses (such as xylose) as weIl as hexoses. 

!t-

In this thesis ehe possibil1 ty of using peat run-off 
\ 

lIater to produce xanthan gum was considered) However J the 

major objective of this work was to develop a process for 

the biological conversion of NVR into' a produc,,! of 

commercial value. 
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CHAPTER 2 
, 

../ 

THEORY 

~.l-Growtb Qn Multiple 5ubstrates 

NVR, 'llke most wastes. 13 a cornplelÇ growth substI'ate. 

The use of complex substrates in industrial fermentations 

often causes diff lcul ties . In conventlon~l batch "éul ture 

dlauxy may resul t if two sources of the same chemical 

element are supplied. ùiauxy can be defined as two growth 

pha!5es separated by a lag phase. It resul ta from the 

sequential utilization of two differeht elemental sources 

separated by a period of adaptation. On complex carbon 

sources this phenomenon becomes even more of a problem for 

the fermentation engineer (ie. mul tiauxy) . For example E..... 
\ 

QQl.i 'exhi bi ts triauxic growth when gl;own on a mixture of 

sorbitol, glucose and glycerol (100).' 

Diauxic growth is a problem for two reasons. The 

7 - J 

additional lag phase results in a longer f~rmentation which 0 

is more expensi ve and more susceptible to contamination. 

AIso, if the substratea are very different. their matabolism 

will resul t in different products or at leaàt different 
i' 

product1.on kinetics:f< 

Most bacteria utilize glucose first out of a mixture of 

carbon sources but this is not always the case. ~~~9naa 

uses citrate before glucose (59), and 
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Ar.:t.bt:9pac..t_ex cxy~tp,119.1!9j ... e..tes uses succinate in preference 

to glucose (87). 

In chemostat culture multiple sources of the same 

element are usually used simultaneou~ly at low dilution 

~rates but often not at higher dilution rates. S~CGharomyces 

fragilis utilizes glucose and fructose simultaneously until 

a dilution rat.e of approxlmately 75 ?~ 1-lmax. At higher 

dilution ràtes fructose uptake is inhibited (141). However, 

a member of the same genus, Sacçharomyces c.erev.e~ia.e, cannot 

use fructose at any dilution rate if glucose is in the 

Often the growth of microorganisms in 

chemostat cul ture 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,._c.oli 

B6 grown on glucose and lacto!?e where mutants consti tuti ve 

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

One factor that complicates the use of multiple 

substrates at high dilution rates i s the variation in 1-lma x 

wi th substrate. For example Nocardia salmonicolor has a 

umax of .14 h-l when grown on acetate, .06 h- 1 when grown on ., 
"'"", 

glucose and only .03 h-l when grown on d,l-lsocitrate (126). 

Unless the dilution ~ate was kept below 0.3 h-l. d,l-

isocitrate would not be fully utilized and could rise to an 

inpibitory concentration in the fermentor. 

Th~ Most important mechanism limiting the simultaneous 

l~ 
use of multiple sources of a growth-limiting element can be 

1 

l' 
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descri bed as folloW5. The' production of en:::ymes is often 

controlled by the concentration of ce;tain chemical~ in the 

cell. Often the cataboli tes' of one substrate inhibi t the 

production' .o"f enzymes necessary for utillzat,ion of another 

substrate. This is known as catabolite repression. Figure 

2.1 shows that a growth-limi ting substrate will ""be in a 

concentration close to zero- at low dilution rates. As a 

result the catabolites are al~o in low concentration. 

H6wever, at· high di lution rates, the concentration of a 

growth-limi ting nutrient and i ts cataboli tes rise. "When 
, 

they reach a certain level they may inhibit the production 
. i . 

of enzymes necessary for the utilization of another nutrient 

containing the same chemical element (ie. carbon) . The 

resul t may be oscillatory behavior. This occurs when the 

first substrate or its Ç?tabolites inhibits use of ,the 
. ' 

second substrate causing an increased demand- for the flrst 

substrate thus reducing its concentration. The subsequent 

decrea.se in the intracellular concentration of the first 

substrate and i ts metabol'i tes causes derepression of 

production of the enzymes necessary for catabolism of the 

3e':ond substrate é'tnd the cycle ,-::ontlnues. Oscillatlons of 

thlS nature have been observed in beer wort (]61 and Bakers' 

véast (109) fermentatIons 

0~\ 

,1 Bi010gical 
1 • 

feedbacl~ me,-::hanlsms are IlsuallY 50 tIghtly 

controlled thaf/ the 

However. 5lnce o5cillat,lons -+ 0.1. , this nature o':,cur Hl. aIl 

living organism.=,. no blOl()gical syst.em '::'o3.n be 503.id to Leach 
1 
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Figure 2.1. A typical product (ie. biomass), 5ubstrate and 
dilution rate relationship in a well-mixed chemo5tat. 

eX) Biomas5 (mass volume-l) . 
(S) Limiting substrate concentration (mass volume~l). 
(P) Productivity (mas5 volume-l time-J) . 

o 

( 

.... , '"" ' 



C.' , 

1 .. 

c' 

/ 

1 
f ~ 

) \~ 'I~~,. l'::'o;~/"'t.;-,,,, t ' .. _. , :~,:,F""~'f"~,':''''''/'''-\f;~ ~4'f~{~~"~;~~'1ff~~~~ 

·~NO~ 31'i~lS8nS' 

, ----------------

·~NOQ SS\fV'-JOI8 

A1IAIlQna08d 

'" ~ 

11 

--1 
.c -
W 

~ 
CI: 

Z 
0 
1-
::::l 
-J 

a 

'" 



~~"'';';'l-~-~ ;:"A"l"': ... ~-:~ ~ r-~- "'~~;{,,,;~.r .. '!, w 

&!:~., < 

b 

l' 

" 

12 

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

literature and in this thesis, ~s a relative term. 

When grown in batch mixed culture, microorganisms with 

" the highest ilrna JI (corresponding to the substrates and 

fermentatiofr conditions), proliferate most qUlckly and 

dominate the c~lture. If one wishes to select for organisms 
'" 

posessing specifie propertiès, conditions can be set whereby 

,these organisms wi Il be the most successful. This is 

called enrichment culture. For example if one wishes to 

obtain Çlo~tridium pastorianum, it is only necessary to add 

sorne fertile 50il to a flask containing glucose, calcium 
\ 

carbonate, water and a nitrogen atmosphere (ie. no oxygen). 
/ 

After 5~/eral days at 25 0 C, large numbers of ç. _ pastoriÇ\nl,un 

will be present. However, there will also he considerable 

contamination from other organisms which may not have grown 

very much but which were present in the initlal inoculum. 

An even more powerfuJ tool is continuous enrichment 

c.,.ll ture. This technique can he used to isola t.e cultures 

relatively free of contamination. Sinee a steady-state 

culture can he easily achieved, cohtinuous enrichment 
1 

culture can ~also he used to select for microorganisms which 

have very special characteristlcs At low di lution rates. 

organisl,îs wi th low Ks values for that 5ubstrate will 

proliferé.t..:::. Thus organism A in Figure 2 0 would domlnate 

the cul ture while orgà'nism B would wash out unles3 low Ks 
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F~gure 2.2. A hypothetical relationship between specifiq 
growth rate and substrate concentration for two' 
microorganisms . . 
(A) Microorganism A. 

~(B) Microorganism B. 
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mutants of B developeq. However, organism B h"as a hir.:hr::r 

·um~x on the limiting substrate and at high dilution rates it 

w.ould .j"'nd n,~t~ 'and Po. w0uld wash ,out. Only wh~re th~ 1ine~ 

of Figure 2.2 inters~c~ would B stable mixed bult~re result. 

not only 15 it pos5ibl~ te, se1eçt 

m~':::roorganisrns that 11.319 c:~rt,:d.n s,ubstrates. one c-an al s,', 

::.elect f,,)r organisms wi th a' high )..lmax or a low Ks fnr a 

specifie subsirate. The, use of auto'matically controlled 

c;0ntinuous c,ul ture syztem~ 5uch as the t.urbidost.at. (105). 
f' , 

pH-stat (107,121), and ,the vi~cÔst.at (138) provide ev~n more 

~ow~r to t.he selection system. 

The' us~ of selective ~re5sure. especially in the 

-
pr.esanc":':: of mutagen1c agents, 15 often 'a much'Qmore powerful 

tool than any genet1c engine~ring technique, G~ne spliC:J.ng 

mttY be used te' increase the C0PY number (lf a gene co-dihg te:r 

an enzyme necessary for the pro~ucti0n of a specifie 

hi0chemi':::al However. these creations ar~ often very 

. nn.3tabh! and 10'35 of c!Ul ture poterlcy May occur ev en in batch 

production 3ystems. Often. the desired goal ma? be achieved 

mueh more e~sil:l through the u~e of sel,:"!cl,l'/e preS.31lrec 

ffany meth0ds h,,",ve t.een déveloped \ for the .=tpplic,ît,i')n ,)f 

On~ of th~ timpl~st m~th0d~ l~ 

, 
t,'1 Ilmi.. 1". t~e arr"wt,h <:li an 0r~ani::m 1. II ~i ch'·nH"Jst 3t, b:T 

'-)rgatllsm ltlcreasè"d i -t,s pl~,:,cllJ,~ti(..·n r)f th] amine pho~ph.;d:.,.:; 
~ 

" 

... '~"'l}:'~~ 

, 

.J 
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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_< _~_c~;Üi in a chemostat wi th a low lactose 

concent~ation resulted in the production of mutants that did 
.. 

not require lactose for ~-ga~actosidase synthesis. The /3-

galactosidase produced accounted for 25 % w/w of the 

" microorganism' 5 protein content (-69). 

High production levels can also be achieved by the 

selection of mutants resistant to inhibitors or taxie 

màterials. By grawing RhodQP_seudomQnas .. sphex_aides in the 
".1 

presence of O.' 1 M H2 Oz J a consti tuti ve mutant was obtained 

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

An unusual use of a continuous select.ion process was 

the i501 ation of a yeast-lyzing species of Arthrob9çt_er. 

This organism 
, 

was obtained t rom a compost inocul um in a 

chemostat where the limi ting nutrient (carbon source) was 

S_accharQmYces fr_agili_s (123). 
;1(.', 

- ~ - - ~---""'--------
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2.3 MicrQbial Growtb cOn Wa1(er-insoluble Substrates 

NVR is only sparingly soluble in water. Considerable 

research has been reported concerning the growth of 

microo1"ganü,ms on n-alkanes which are aiso water-insoluble 

liquids (8,49). Apart from the generation of large amounts 
J \ 

of heat and the consumption of large quanti ties of oxygen 
,/ 

(98) due to their reduced nature, insolubility i5 the Most 

impor:tant problem involved, in using hydrocarbons aS" 

fermentation substrates. 

Batch growth of mi croor gani sms 
. ~ ... 

on n-alkanes is 

characterized by a short exponential growtp'phase w~ 

followed by a much longer linear growth phase. Most--

explanations for this phenomenom relate to hydrocarbon 

transport kinetics. There are two major gr9ups of 

hydrocarbon transport 'models (95) . . 
One group of models attributes the linear growth phase 

to ,the saturation of available hydrocarbon t' droplets wi th 
..J 

cells. These modeis cite hydrocarbon droplets Iarger than 

cells 8)3 being the Most important uptake form and thus 

responsible for growth kinetics. Evidence (135) th~t growth 

rate is direc:tly related to droplet coalesceIlc,e frequency 

(which increases with increased agit'ation) supports thisJ 

model type. 

l ' 
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The other group of models cites sUbmlcron 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. T~e f inding that the growth rate of Candi.da 

..lil?9.lXti..c.a~ increases wi th decreased droplet size (also due 

to increased agitation) supports this model t~pe (103). 

The earliest report of microbially-produced 

surfactant (bidsurfactant) was in 1947 (171). ~bxiQ 

was shown to cause the release of bi tumen from Alberta. tar , ' 

sand. Biosurfactants have certain properties that are 

superior to man y s~~het1c surfactants. These includè 

biodegradabili ty (94) and great' variety in ohemical 

structure and thus in their'~urfactant properties (27). 

\ 
Biosurfactants have been the subject of several reviews 

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

containing biosurf actants, phosphol ipids, f atty acids and 

neutral\lipids, and glycolipids. 

Amino a~ontaining biosurfactants include the 

orni thine lipids of ES.e1JdoffiQnaS nlbesQe.ns (164) and 

Thiobacillus t.hj.ooxidans (84) 1 and subtil:>rsin ( surfactin) 

which is one of several lipopepti'des produced by B .. _ .s.!Jb:tl1is 

(27) '. 

• 

/ 
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AlI microors-anisms. contain ,phospholipids (7) 'but: few 
1 

() 

excrete them' in si-gnificant quanti ties (170), 'ExcePt~orls 

irf'clude Thl.obacl1~us thio_Qxidans (12), and .co.ry-n.eba..c.t.exlJ.lm 

alkanolyticum (~3,106}, C • ___ a.ll~anolyt:l.cum must first. be ~, 

treated wi th cepha'losporins and penicillins. C.,. lepus a1so 

secretes several surface-active phospholipids (30), 

--

In addi tion to 
) 

lipopeptide and Ph~~pholiPid 
, 

bi~f actants, ç ,_. ___ .l_e.p~ts 
..,-

al 50 produces surf ace-act~ ve 

corynemycolic acids (30). These and o,other hydroxy fatty 

acids are more effective s'urfactants than ordinary fattl" 

The fattl" alcohols produced by Ar.:thr_ob.a.cte,r 

'-p.araf.f.inèus ( 154) are exampled 
o 

of neu~ra1 lipid 

biosurfactan s. J 

Glycol' :pid biosurfactant§ 'containing treha1J.o.se ( ie, 

mycolic ~c'?s) are e~creted 

on hl"drocarbons (116), 

bl" manl" actinomycetes when grown 
, 1 

Rhamno1iP~d-s) are produced bl" 

(71) aI;1d sophorose' l ipids· bl" 

TQrulo..p..~i.s species (26,28).' . -

o _ 

. . " Patents have been issued for the recovery ,of oil using 

,~.ie trehalose ~ biosurfactant of RhQ.ct~oc_çus \erythr9PoliS 

( 161) and for the use ol' an emülsif Jr produced by an 

Arth;obac.:t~x species (57,5'8), ~ This emulsifier" is a 

polysaccharide-lipid 
~ 

complex marketed under th~ name 

"emulsan"": It ois presentlyo used to clean the huils of oil 

" 
.. 

~ , 
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tankers (122). Blosurlactant5 ean also be used for the co'ld 

water extraction of bi tumen from Athabaska tar ~ands (188) 

Many microorganisJ'lls that. pro.duce bH'surfactant.=" ct·) 50 

\)nly i.n the presence of hydrocarbon.3 (27). l t ma;' b"? t'hat 
l' 

hydrr.>earbons simply ~re cO'nvenient builclJng lnat~rl,~üJ f·:"r 

the lipid compon~nt which invariably 

hydrophobie component of the biosurfaetant. 

5~rves ~ th~ 

There are~ other 

theortes which attempt to explain this phenomenon. One 

suggests that since hydrocarbons are water- insoluble. the 

microorganism must prodl.lce surfactants in order to 

solubilize its carbon source (88,117), AnoU'Ïer theory . 
o clailT)s that the hydrocarbon substrate serves as a sol vent , 

for the extraction of bio5urfactant from the microbial ~ell 

surface (40). ~ If this theory i5 correct. ·then a substrate 
>f 

, 
(NVR for example) need not be metabolized by an brganlsm in 

ord~r to stimulate biosurfactant production. 

o " . 
2. 5 E~tr.Çlc~jhüar. Miçrr.'bial "pQ.Iysacch\?ri.cles 

In the ' past almost aIl econc·mical1y 

p01ysaccharides .were.extracted from higher-plants and alg~~, 
~ 

The m')st. lmp('rtant. P(·1~1'5ac:cha.rldes ar~ stIll plant-rJerl v-=d 

star.Jhes. and cell ulos<::. Recently, 

pql y 5i'lccha rlCles have begun r~place 

pol ysai.'c:ha:r;icle5 in cert ain 5P-=,~ial1::;-=cl ,:tr~as, 
f 

Xant,han, 1":'1' 

example, l'las captnred much of the marl:et. preVl':;,ns 1 y he hl by-

~he tr~e exudate known as gum tragacanth (1631, It.has al~o 

~ -- - -~---------
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use as a viscosifier in tertiary oil recovery (125). 

Deacylated PS-SO polymer, which is produced by a Pseudomonae 

species (102). is besinning to replace agar as an inert 

solid medium on which microorganisms can be grown. 

Mierobial polysaccharides can be elassified as 
> 

homopolymers (containing a single structural unit) or as 

heteropolysaccharides (containing two or more different 

monomers) . Dextrans and levans are homopolysaccharides. 

They are synthesized from ~lUcrose by microbially-produced 

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 

chromatographie gei (ie. Sephadex, Pharmacia AB, Sweden). 

Dextran May also be of value as a plugging agent. 

particularily in tertiary oil recovery where "viscous 

fingering" has occurred during polymer flooding (72). An 

estimated 2000 tons 01 dextran are produced ·annually world-
, 

wide (115.151), Levans May be u5ed in photographie 

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

Few homopolymers synthesized by cell-bo~d enzymes have 

received attention f9r commercial applications (152). 

Curdlan is a non-branched linear homopolymer of d
Q 

glucopyranosyl units joined by ~-d-(1-3)-glycosidic linkages 

'''-.c 6 0 , 8 0 ) . It i5 produced by c Al~llmme.s. f_a.e.oJà.li..:;1 var 
/ , 

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

\, 
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gels upon heating to 54 oC_ Gel strength increases with 

temperature and i5 constant in a pH range of 2.5 to 12 0 

(22) . Scleroglucan, produced by SclerQtium and related 

genera (124) , and pullulan. produced by Aurobasidhlm 

pullulans (18.19,134), are other r potentia11Y 
~,I <. - ~ .... ~~ 

important 

hc'mopolysacchar.icles. Pull ulan i 5 m,3rket,ed by "the 

Haya~hibara ~orati;n of Japan (152). ,:~-

Many microbial heteropolysaccharides are of commercial 
. , 

interest. Alginic acids contain d -rnannuronic acid and 1-, 

glucuronic acid in 

extracted from sea 

synthesized by 

various ratios : The)-~/'a>re gènerally 
1 

weed Ce.haeophYc.eae) rut can also be 

aeruginQ~a \ (93) and other 
\ 

Calcium and other di val e~t cations , microorganisms (32,68). 
'1 
l' 

precipi tate algj.nic acids fom aqueous sult.i.iion. Calcium 
1 

alginates are used as sizes in the textile ,nct ipaper 
, 1 -
, " 

.industry. Fifty per cent of aIl alginic acids prbduc~d are 
1 

1 1 
used in the food industry' to~ stabilize ice cream. ~nstant 

1 

desserts. custards, creams and ~her emulsi0ns (152)., 

1 

Xanthqn gum la produced'bv Kelco (U,S,), Gererfl Hills 

(U.S:), Rhone-Poulenc (France) and Tate and Lyle l (U.K.)'. 
! 

. Xanthan has unique physical pr";perties. It diSSOI/es in h0t 

or cold water ~roducing high ViSC0sity at low 

concent;rations. Tt 15 highly pseudoplast.ict and lS 

temper 3.ture. sa1 and pH inse~l~i ti ve (31). Al t:hhugh not ?\. 

gelll.ng agent b- i tself, xanthan can be used ombination 

wi th locust bean gum t.·') produce a gel It. has 

'f .-" .' 
1 l 

1 

.. 
_. - - -------~--~--~---------------------
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applications in textile printing, dri Il ing muds , rust 

removal agents, liquid animal feeds and tertiary oil 

recovery (163). Other uses are in 

water-proof dynami te) , as a paint 

flocculating aient for water 

gelled explosives 

stabil~--and 
clarification 

(ie. '. 

as a 

(80 ) 

Derivatives of xanthan can also be of value. 

Hydroxyalkylethers can be used in cosmetic formUI~ions and 

dial1wlaminoaIlwxyethers as sizes (80). Graft copolymers 

wi th acrylamide, acrylic acid and other monomers can be 

synthesized. 

(/ 

Viscous heteropolysaccharides are produced by the 

gi iding bacterium LY:sQbac_ter g~mmOSJ,J,s (21), Endni.a tahi ttc~ 

(Zanflo) (80), and Ar_thrQhac.ter vi .. :;,LCQ.3I.lS (17.50) . 'Other 

microbial exopolysaccharides are currently being marketed or 

are of potential economic importance (30,151,152). 

" 
There are many application l for polysaccharides outside 

of the food and heal th industries These include use in 

drilling muds, flocculating agents, rust removers, ceramlCS 

(both as a binder and a glaze), inks, paints, 

textiles. enhanced oil recovery, films, slurry explosives, 

pesticide sprays. adhesives, welding .~od fluxes. silver 

recovery'and many other processes (31,163). 

2.6 Catalase 

Ca talase 1s an enzyme composed of four tetrahedl-ally 

arranged 60,000 dalton subùn1ts Each subunit is a single 
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o polypeptide chain that associates wi th a single prosthetic 

group. ferrip protoporphyrin IX (131). Catalase can be used 
, 

as an antioxidant because i t catalyzes the reaction shown 

below 

2 Hz Oz -'C'"""-----..... 2 Hz 0 + Oz 

Catalase i5 used in conjunc~ion wfth glucose oxidase ta 

stabilize food products (le juices, beer, wine, powdered 

l]ulk. mayonaisse) agalnst 10ss of flavour and colour by 

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

pasteurization"' . Conventionnl pasteurization is used to 

destroy pathogenic ffilCroorganisms in milk but the heat 

inactl vates lipases, prot.eases, and phosphatases desirable 

for cheese-making. Hydrogen peroxide m~v be used to destroy 

microorganisms but later must be removed ta allow growth of 

the starter culture. Catalase is employed to destroy the 

hydrogen peroxide (64). Other processes using catalase 

include the bleachlng of textiles and hair 50 that dyes can 

be applied and the generation of oxygen from hydrogen 

peroxide for the productIon of foam rubber, plastics, porous 

ce~ent and baked goods (166). 

Commercial catalase 15 extracted from bee! liver or 

prqdu~ed in microbial fermentations (usually Aspergillus 

niger or Mic:rc)coççU$ ly.50delktl cu~ ) . The catalasè of A 

niger has a much greater pH range and temperature stabllity 

() t'tan beer liver catalase It retains 65 % of its actlvity 

in a pH range of 3 0 ta 9.0 and can withstend heating at 65 
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( oc for several minutes (52), The commercial unit -for 

catalase activity is the Baker unit (132), ,. 

2,7 POGY-j3-HYDROXYBU1YRIC ACID JPHBJ 

As a survi val mechanism, most living organisms produce 

an energy storage material when carbon and energy are freely 

available The chief energy storage materials are lipids. 

polysaccharides and polyphosphates. Generally these 

materials are ln polymerie form, contain large amounts of 

energy per unl~ volume and contribute very little to 

intracellular osmotic pressure. 

Poly-C-hydroxybutyric acid is produced only by 

microorganisms. Unlike other energy storage compounds there 
, 

i5 no direct utili~ation of ATP involved in PHB generation. 

Procaryotic genera with members capable of PHB'accumulation 

include Actinomyces. Bacillus. Beij~rinc~ia, Ch~omatium. 

Derxi-a. ijyphom;:J.crobium. Lampropaedia'. Micr9GOççuS. 

Mo,roxe lla, Nocardj a, Ehot9microbi um. Pselldomol)as, Rhi ;:;Qbi urn, 

Rhodopseud0monas. RhodosPlrillum. Sphaerotllus, Sp;:J.rillurn. 

Streptomyces, Vibr1.Q, and Zooglea (34,145) The polyester 

structure of PHB i5 gi vèn in Figure 2.3 whlle i ta chemical 

and physicaJ properties are listed in Table 2.1. 

This short review will concentrate ,)n FHB accumulatlon 
~ 

( 
b\ Alcaligene~ eut.rophus and other t3cteria that n~l tber fi"J.: 

ni trogen nor have photosynthet lC c 3.pabll i ties. It shoulcl be 

noted that until r~cently A. elltroph\.ls was known "3. s' 
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Figure 2. 3,. The 5t~~cture of POIY-~-hYdrO~YbutyriC acid. 
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EMPIRtCAL 
FORMULA 

MELTING 
POINT 

SPECIFIC 
GRAVITY 

INTRINSIC 
VISCOSITY 

M0LECULAR 
WEIGET 

SOLUBLE 
tN 

PARTIALLY 
SOLUBLE IN 

INSOLUBLE 
IN 

~. 

(C4 Hs Oz )n 

Range 160-172 oC 

, ~( 

1.23-1.25 

0.2 to 1.5 % (w/v) chloroform solutions 
measured in an Ubbelhode viscometer. 

28 

Hypochlorite isolation 0.04-1.05 dl g-l 
Neutral solvent extrnction 2 60-11.45 dl ~-1 

Calculated from intrlnsic viscosity Gr by 
the sedimentation method of Archibald. 
Hypochlorite isolation 1-22 kg mol-1 
Neutral solvent extractir)n 1 58-256 kg mol-l 
Thioglyc011ate-chloroform 140-400 kg mol-l 

chl oroform. trichlcJroethy lene, dichlorc'aceta"te. 
triflouroethanol. dimethylformamide, triolein, 
ethlyl acetoacetate. gla6ial aeetie aeld. 
NaOH (1 M), hyamine hydroxide (1 MJ A 
phenol (1 M aqueous). 

rtioxane, octa~ol. toluene. pyridine. 

methanol. ethanol, acetone. ether, hexane, 
water, dilute mineral acide, alkaline 
hypochlorite, ethyl aeetate. carbon 
tetrachloride. 

1 
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BydrogenQmQnaa eut~QPha. It la capable of both 

~carbon dio~ide fixation but grows weIl heterotrophically. 
- ~ 

1 

Since i t grows weIl autotrophically on a mixture of 

hY,drogen, carbon dioxide and oxygen in an inorganic medium, 
• 

A. eutrQphus has bee~ considered as an inexpensive'source of 

. protein. Its ~otential for usel) as a food in ~pace ·travel 

bas been investigated (73). One of its major liablities as 

\ a ,food is i ts ) propensi ty for the production of PHB which 

causes indigestion in mammals (130). While the ni trogen-
, 

fixing bacterium Azotobaqter beijerin~ has been shown to 
... 

accumulat'e up ta 74 % of its dry weight as PHS" (149), A..L. 

~ has been reported to accumulate up to 86 % PHB 

, grawi~g autotrophically (127). Attempts have been made to 

select; for s trains of A. eutroptrn.s deficient" in the abili ty 

to produce PHB in order to use them for single cell protein 

production (129). 

~ 
It was noticed that PHB has Many properties in common 1 

with polypropylene (Table 2.2). It thus has the distinction 
! 
1 

of being the only biologically prqduce1 thermeplastic. As a,' 

plastic, PHB takes glass fiber filling very weIl (82). 

Since i t ls biologlcally produced, i t has the advantage of 

b~ing optically pure. Partially fo,f this reason i t has 

piezoelectric properties as do a c,. small nùmber of other 

polymers such as polyvinylidene fluoride (PVDF) (70). PHB 

15 a150 biodegradable and i t is possible to ,make 

biodegradable copolymerlizates with ether substances wh~ch 

1 

1 
1 

/ 
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TABLE 2.2 A Comparison of the Phvsical Propertie~ 
Qf PHS with Those of Polvpropylene (82) 

PRQPERTY fHB POLYPROPYLENE 

CRYSTALLINE MELTING 175 176 
POINT (OC) 

CRYSTALLINITY (%) 80 70 

MOLECULAR WEIGHT (g 'mole- 1 ) 500.000 200.000 
, 

GLASS TRANSITION 15 - -10 
TEMPERATURE (OC) 

DENSITY (g ml- 1 ) 1. 250 0.905 

FLEXURAL MODULUS (GPa) 4.0 1.7 

TENSILE STRENGTH (MPa) 40 38 

EXTENSION TQ BREAK (%) 6 400 

UV RESISTANCE GOOn POOR 

SOLVENT RESISTANCE POOR GOOD 
~, 

l 
~ 

• 
, 

. - ....&.~-
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, 
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are not in themselves biodegradable (137). PHB is also 

immunologically compatible wi th fhuman tissue and i ts film 

has gas barrier properties similar touthe best coated films 

(133). As of April ,t 1981 Imperial Chemical Industries ~ ICI) / 

was producing PHB ~n a pilo..t plant scale of 10 kg of ~ 
week. Al though glucose was being, used, as the carbon and 

energy source, ICI was investigating the possibility of 

us1ng C02 and H2 from coal (82). , . 
One of the organisms most studied wi th regards to PHB 

accumulation is Bacillus mesaterium. Recently it was 

discove~ed that the B, megaterium storage polymer is 

actually a mixed polymer of l3-hydroxy ~cids (46). Using 

capillary (,' column chromatography, ten, poly-f3-

hydroxyalkanoates (PHA's) other th an PHB where found in ~ 

megaterium and in samples of m~rine sediments. One sediment 

examined had PHA containing only 30 % f3-hydroxybutyric acid 

while B.... megaterium PHA was 95 % l3-hydroxybutyrate (46), 

Candida ~ugosa and mutants thereof have been used to produce 
/-

f3-hydroxypropionic acid from prqpionic acid and f3-

hydroxyisobutyric acid from isobutyric acid whether or not 

they could use these substrates as carbon and energy source 

for growth (62,63), In the latter case an alternate carbOn 
, 

and energy s~urce~as supplied. Thus depending on the 

organism and the substrate PHB May not ,bé the only PHA 

produced. 
~\ 

.~~:t~>~,:~L ____ .t' ______________________________________________________ ~-- ~~~ ~ 



~ Microbial PHB is mostly found in granular ~orm. The PHB~ 

o 

/ 

granules of B. megaterium are spherical and_ average 0.5 um 

in diameter (41). PHB can also be found in the inner 
l 

membranes of bacteria. where an increase in i ts level has 

been correlated with an increase in susceptibility to DNA 
, 

transformation (.ie competance) (120). PHB can be produced 

synthetically. Triethylaluminum with water (1:1) as à co-

catalyst /po1ymerizes d, l-~-butyrolactone into a erystalline 

polymer with properties virtually identical to mierobial PHB 
. ./ 

with the.exception of optical purity (1.136). 

Due to their refracti vi ty, PHB granules can be seen 

with either phase contrast Qr dark microscopy. They stain 

with Sudan Black when in ~ but not when isolated. Sud an 

Blaok probably stains only the lipid membrane that.surrounds 

the granules in Y.iYQ. This m~mbrane is probably removed 
J 

during isolation procedures. ~ntracellula) PHB cannot- be 
• attacked by PHB depolymerases until. the y are subjec.ted to çi 

treatment such as alkali extraction which removes - a 

proteinaceous depolymerase inhibitor as weIl as PHB 

synthetase (34). It i5 believed that when the physiologieal 

conditions are correct for PHB degradation to be initiated, 

an activator is produced that neutralizes the depolymerase 

inhibitor. The acti vator is probably a Ca+ + requiring 

proteolytic enzyme. Its action is mimicked by trypsin 
1 

(145 "~. -1. 
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Many procaryotes can produce extracellular PHB 
\ 

depolymerases. These,may not be specifie for PHB and often 

release dimers and trimers as well as monomers of D( - }-3-

hydroxybutyric acid. 
.! 

AlI pseudomonads able to use PHB 

se~rete PHB depolymerases constitutivelY. Since, PHB is not 

water soluble it i5 assumed that the soluble products 

released by 
" 

consti tuti ve 0 enzymes induce, additional 

extracellular PHB depolymerase production (35}'. 

There are man y methods for the e~action and 

purification ~f P~. Centrifugal'me~hods following lysis by 
~ 

~onication ha:e'been described (150). Generally, ho~èver, 

cella &~e pigested in an alkaline hypochlorite solution 

leavin.( PHB granules (153). Imperial Chemical Industries 

have develpped an e'laborate prOC~DS invol ving proteolytic 

enzyme or surfactant solubilization of cella, heat , 

denaturing of nucleic acids 1 boiling under reflux for 10 

minutes, incubation at 55 oC for 1 h, cooling, and 

centrifugation (67). A gas chromatographie method for the 
1 

determinat'ion of intracellular PHB concentration has been 

dev~loped. It 15 highly accurat~ and sensitive to 10- fI 

g 1-1 (14). This 5upercedes the more cumbersome and less 

accurate crotonic acid colourtmetric method. 
/ 

t-'"C~.-::.",.r- t:

f

" 

\ A...-.eutrophus' has been grown autotrophically to a dry 

biomas8 concentrat;on of 25 g 1- 1 in 25 K w>i th a doubling 

time of 1.5 to 2.0 hours (118). A 1.5 to 2.0 hour doubling 

time i5 the maximum autotrophic growth r{ite determined by' 

,-"'t:.;, 
-: 
" 

,/ 
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both batch and continuous technfques ( 11 ) . USing 

radioactive tracer5 it was determined 'that 2 % of the total 

carbon assimilated by A_, __ ~\,l..:t~Ql?hLl~ during autotrophic growth .. 
a,ppeared in the supernatant during exponential phase and 5 % 

in stati\nary phase. ~he carbon was mostly in the form of 

amine acids (15). The trace elements required for 

autotrophie growth include cobalt, chromium, and copper. 

There may aiso be a requiremènt for zinc. Foaming 

(suppressable ,by the addition of castor oil) oceurs in iron 
p 

deficient media. It is associated with the production of a 

yellow-gr~en pigment (119) which i5 probably an iron 

chelator (61). Iron defi~ient cultures do not produce PHB 

but PHB synthesis in autotrophically grown cells can be , 

initiated by phosphate. or sulphur nltrogen, 
'-' 

magnesium~ 
• 

li~itation (119). 

The asporogenous mutant B • ___ lll.egater i um KM in ni trogen, 

sulphur, potassium and carbon-limited chemostat culture 

accumulates a maximum amount of PHB at a dilution rate of , 

0.4 h- 1 . Interestingly, this microorganism-stores up to 12 

% ~HB under carbon and 'energy Iimited copditions ~nd 

accumulates glycogen as an alternate storage polymer (165). 

PHB production by autotrophically growing A. eutrophus 

is fully growth associated even when there' i5 no growth

Iimi ting nutrient but under these condkons the PEB content 
~ 

15 less than 1 % (127). Shortly after ammonium-limitation 

begins" in autot~ophic batch culture. the specifie PHB 

" 0 
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prodpction rate (qp) reaches i ts maximum and then slowly 

decreases to zero during the remainder of the fermentation. 

The transition period i5 less than one generation time 

(143). A~ter the onset of nitrogen limitation the prote in 

content and number of cell5 o~ A. eutrophus H16 remain 

constant (144) . The highest maximum PHB content of 

autotrophically grown A. eutrophu5 H16 was found to be 18 % 

(144) . 

, 
Since PHB 1s a storage polymer: factors influencing 

endogenous metabolism (suspending medium. pH,"- temp<eratu~e< 

etc.) probablr also influence P~B accumulation (33). Carbon 

sources that are metabolically relaterl to acetyl-qo A favour 

PHB production (146). The Alcaligenes 'and fseudomQnas 

genera contain many members which can both accumulate large 

amounts of PHB and have the ability to grow on a very wide , 
variety of carbon sources. Sorne ~eutro.Phu.5 (75) strains 

" /} have been shown to use such recalci trant carbon sources as 

phenol and p-cresol as sole sources of carbon and energy if 

supplied in low concentrations '( ie 2. 5 mM) '. Alcaligen,e.a 
'-

paradoxu~ (47) and 50me beudom~nrui 5pecies (112) p05ess 

plasmids enabling them to de grade 2.4-dichlorophenoxyacetic 

acid (2,4-D). A continuous enrichment culture using linear 

al~yl benzenesulphonates as the limiting carbon source 

resulted in a stable mixed culture of man! ~~ and 

A1Q.aJ..irume.s spec i es. The Al~ species predominated 

at low dilution rates while the Eseudomonas species 

flourished at higher dilution rates. None of the 

" 
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microorganisms could grow on linear alkyl 

in axenic,culture (74). 
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1 

bedzenesulphonates 

1 \ 

DifferentiaI petri plate methods for tihe selection of 

PHB-producing strains of bacteria, as wefl as enrichment 

methods uSlng t,he 32 P phosphate inacti vat ibn technlque and 

sucrose density gradient centrifugation are available l129). 

A flow cytometry cell-sorting method has also been used to 

enrich for wild type PHB-producing cells from a 

predominantly.PHB-negative population (~44). 

1 

As early as the late 1950's, W.R. Grace and Co. o~ the 
\ 

United States was producing small quantities of PHB for the 

evaluation of its economic potential as a themoplastic. 

Inadequqte production apd purification processes led to its 

aband'onment (66). Imperial Chemical Industries (ICI) began 

working on the development of PHB manufacturing processes 

" 
for the bulk and specialty plastics markets in 1976. As of 

1984, ICI was interest~,d in PHB production by A~o_tobacter 

sp grown continuously on glucose under oxygen/' Ilmi tation 

but were experiencing dlfficulties with unwanted 

extracellular carbohydrate synthesis and strain instability. 

Researchers at ICI found that when grown on glucose, 

nitrogen-liillited A. eutrophus contained less PHB per cell as 

t,he dIlution > rat~ was increased b\lt that 
, h 

W1 thout ;' a 

conti l'luOUS proceS5, p roductir,)ln cos ts would be t00 high 

(133), Therefore a two stage process wa.::: being con51der~d 

in which the first stage would be for high protein biomass 
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the second stage would be for PHB 

ICI also has a methylotroph which produces 

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

different properties from the PHE of ei ther Alcallgenes or 

, , ., , 
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• CHAPTER 3 

MATERIALS AND METHODS 

3.1 Nonvola~il~_ R~sidue CNYRl 

NVR was supplied by the Du Pont Canada Inc Research 

Center, Kingston. Ontario The same batch was used, for aIl 

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

, 

3.2 Peat ~nd _p_eat __ Run=Qff _ WÇl.te.r 

Peat and peat run-off water were obtained from a bog 

in-Barrington, Nova Scotia. The same batch was used for aIl 

work in this thesis. 

3.3 Microorg~nism5 

The organisms used in this thesis are listed in Table 

3.1. Info~mation about A_. __ eutro.phus 

17697, and X. ___ .camRe_s_tris, the most important, o'l:-ganisms in 

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

respectively. 

3.4 l1edül. 

The mineraI salts medlum (M5M) consisted of 0.4 % w/v 

(NH4 ) 2504 0.2 % KH2P04. 0.1 % Na2HP04·7H20, 0.02 o~ 

MgS04· 7H20, 20 mg 1- 1 CaC12 , 1.6 mg l-l (CH3COO)2Zn· 2H20. 

0.3 mg 1-1 FeS04· 7HzO. 0.6 mg 1- 1 (NH4 )SMC'7024' 4H20, 0·.6 mg 

1- 1 H3B03, and 0.01 % yeast extract.. Glucose medium (GM) 

o contained 2 % glucose in MSM. Mineral sal ts Cl trat.e 

medium (MSè) contained 2 % sucrose and 0 2 % citric acid in 
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Table 3.1 Microorganisms Used in this 5tudy 

Alcaligenes eutrophus ATCC 176971 
. AIcaligene5 faecali5 subsp. m~xogene~ ATCC 144341 
Arthrobacter yiscosus ATCC 195841 
AurObasidium pullulan5 Pp KM 1495 

Azotoba~~ indicus subsp. myxog~nes ATCC 214231 

58cillu5 subtilis5 
~nebacterium ~ subsp. mu~g1nQ~ ATCC 21521 1 

Corvnebacterium faacians rCPB CF152 
GQrynebacterium insidioswm ICPB CIBA2 
Corvneba~terium lepus5 

Escherichia ~4 
Isolate 1, and Isolates Pz, P4, and B7 
Iaolates 5Sl and SS2 Cboth identified a5 ~ aeruginosa)8 
Iaolate CIZ 8 

Lactohaci~ breyis AT CC 144341 

LeuconQstQc m~senteroid~ ATCC 108301 
Lvsobacter gumm05Us ATCC 294891 
MycQbacterium rhodQchrous ATCC 190p71 

Pseudomonas açidoYQrans ATCC 174761 
Pseudomonas aeruginosa NRC 27863 
fseudomQn~ cepacia ATCC 177591 
RhodoCQCCU5 rhQdochrQu~ NRC 430023 

SaccharQmy~ cereyesiae4 

Sclerotium ~ ATCC 152021 
StaphylocQccus ~6 . 

Yorulopsis b9~bicola ATCC 2~2141 
lQrulopsis RetrQPhilum ATCC 202251 
XanthQmQn~ campestris ATCC 139511 
XanthQmQnas ~pestkis NRC 21461 

Sources 

f 

1 Ameriean Type Culture CollectionCATœC·). 
2 International Collection of Phytopathogen~c 
~aÇ~~(ICPB). 

ivis of Biological Science~ (Mr. R. Latta), 
National Research Couneil of Canada. _ 

4 Department of Microbiolosy, MeGill University, 
5 University of Western Ontario's Bioehemical"Engineering 

Culture Collection. 
S Microbiology Dept., Royal Victoria Hospital, Montreal. 
7 Isolated,from continuous enrichment culture usins NVR as 

the sole source of carbon. ' 
8 Isolated from continuous enrichment culture using' caproic 

aeid as the sole source of carbon. 

( 

/ 
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TABLE 3. 2 ÇhQ.racteri~tiG~,LQ.:LA1Galigenes_ ~\"ttrQl:lhus _ (86) . 

Morphology 

Motility 

straight Gram negative rods 0.7 um by 1.2-
1.6J,..lm. 

motile by 1 ta 4 pritrichous flagella. 

Pigmentation none. 

Pathogenicity none known. 

Growth 
tempe rature 

Metabolism 

Growth 

No growt.h 

optimum i5 about 30 oC. 

facultati~ely chemolithotrophic in an 
atmosphere containing H2, Oz and COz; 
strictly aerobic. 

on glucose (mutant stra-in3; freshly- isolated 
strains cannot use glucose), fructose, 
d-gluconate, acetate, adipate. pirnelate. 
sebacate. suberate, meso-tar~rate, itconate. 
2-ketogluconate, mucate, propionate, butyrate, 
isobutyate, caproate, succinate, fumarate, 
d,l-lactate, d,l-~-hydraxybutyrate. glutarate 
azelate. glycolate ènd 

~ most strains use d-malate, l-malate, pyruvate, 
, ,levulinate, ct-l\:ctoglutarate, aconi tate, 

citraconate, mesaconate. CItrate, 
m-hydroxyben~oate, p-hydroxybenzoate and 
phenylacetate 

on aIl sugars bther than fructose and mutant 
growth on glucose. glycerol. valerate. 
i50valerate, heptanoate, caprylate, 
pelargonate. caprate. malonate. oxalate, 
maleate. d,l-glycerate. d-tartrate. 
I-tartrate. o-hydroxybenzoate, d-mandelate. 
I-mandelate. pthalate. quinate, ~lycine, 
l-serine, threonine, l-lYSlne, gamma
aminovalerate. kynurenate, anthranilate, 
ethanolamine, ben=ylamlhe. putrecJne,Spermlne, 
histamine. try-ptamine, .but,ylamine. hetêine. 
pentylamine, Sarcdsine, creatIne, acetamide, 
m-aminoben=oate and p-aminoben=oate. 

, 0 
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Table 3.3 çhar~Gteri5tic.'S . .of. _Ps.e.ud.omç.nas 
c.ep.~..ia .. ATÇÇ _ 1/~759 __ L85.J. 47.)_'-

Morphology 
" 

Motility 
,~"11' 

..,:s" 

Gram-negative 'rod 0.8-1.0 um by 1.6-3.2 um. 

l~otile by multiple polar flagella. 

Pigmentation produces Cl yellow diffuslble pigment. 

Pathogenicity opportunistic human pathogen, occasslonally , 

Growth 
temp~ature 

Metabolism 

Growth 

\ 

No growth 

found associated with varlOUS infections of 
nosocomial origin. 

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

strictly a heterotrophic a~robe. 

on d-ribose, d-arabinos~. l-arabinose. d
fucose, ct-glucose. d-mannose, d-galactose. d
fructose, sucrose, tr~halose, d-xylose, 1-
rhamnose, cellobiose, salicln, ~luconate. 2-
ketogluconate, saccharate, mu~e, acetate, 
butyrate, isobut.yrate, valerate, i sovalerat.e, 
caproate, heptanoate, caprylate, pel~rg0nate, 
caprate, malonate, succinate, fumarate, 
glutarate, adipate, pimelate, suberat~, 
azelate, sebacate, d-malate, l-malate, meso
tartrate, d,1-6-hydroxybutyrate, d,~-lactate, 
d,l-glcyerate, hydroxymethylgluterate, 
citrate, a-ketoglutarate, pyruvate, 
aconitate, laevulinate, citraconate, mannitol, 
sorbitol, meso-inositol, adonitol, glycerol, 
2,3-butylene glycol, benzoate. phenY.1acetate, 
o-hydroxybenzoate, m-hydroxybenzoate, p-
hydroxybepzoate, quinate, delta-
aminovalerate, gamma-aminobutyrate, Many 
aliphatic and ring strhcture containing amine 
acids, benzylamine, putrescine, spermine, 
sarcosine, hippurate, acetamide, tryptamlne, 
butylamine, alpha-amylamine, betaine, 
sarcosine, ethanol, n-propanol, n-butano1, 1-
mande1ate, benzoylfbrmate, and testosterone. 

on maltose, isobutanol, phthalate, phenol, 1-
valine. l-leucine, nicotinate, trlgonelline, 
n-dodecane, n-hexadecane, d-arabinose, d
(-)-tartrate. erythritol. Itconnte, geraniol, 
glycine propyleneglycol, glycine, creatine and 
pantothenate. 
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• 
Morphology Gram-negative rods 0,4 by 0.7 IJ,m, usually 

found singly. 

Motility motile by polar flagella. 

Pigmentation produce a cell-3ssociated yellow 
xanthomonadin pigment (a brominated polyene). 

Pathogenicity cause a dlsease in many plant species 
especially Brassica sp. 

Growth 
'temperature 

Metabolism' 

Acid 

Growth 

25 to 30 oC. 

strictly a heterotrophic aerobe, 

from glucose, sucrose, arabinose, mannose, 
galactose, trehalose: cellobiose, fructose, 
and most strains from lactose. maltose, 
xylose, ribose, melobiose. raffinose, 
Il?elozi tose, dextrin, ~glycogen and glYCefpi. 

1 

fr'om adonitol, mannitol, sorbitol, dulcitol, 
rhamnose, salicin, meso-inositol. inulin and 
alpha-methylglucosi~ 

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

.' 

, . 

.. 
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( MSM Nutrient broth medium <NB) was 0.8 % nutrlent broth 

.... and yeast mal t medium (Y}l) >-l'as 2.1 % yeast malt broth. 

3.5 Shake- f l a,slcExp~riments 

AJ l shal:e-flask expel'lments used unbaffled Erlenmyer .. 
flasks. shaken at approximately 180 RPM at a specified 

cr 

tè:mperature. The pH ~as 6.0 unless otherwise stated .. For , 
~ 

shake-=flask experiments' incorporating different . 

cc'ncentrations of NVR or .NVR components, the N~ or 

appropriate component was added on a weight basis. The pH 

was adjusted with 20 % NaOH since NVR and it? components are 

'ei ther acidic or. do not effect pH .. Flasks were steri1Jzed 

by autoclaving at 121 oC and 15 psi for 20 minutes. Gas . ~ 
chromatographie analysis showed no detectable change ln the 

concentration of volatile cax:boxylic - acids - aiter 

autoclaving. 

In peat run-off water experiments, peat run-off water 

was added by volume. The appro~riate media were m~de up in 

bath peat l'un-off water an~,distilled water. The two media 

w~re then mixed ta g.itve the corrè:ct peat l'un-off water 

"" concentrations The pH was ad justed and the f lasks were 

, autocl~ved as above. 
l 

f , 
~ 3 6 Determinatlon of the Grc)wth Ef feçt 1 • Il _ and I2 Value::; 
\ , , 

The growth ei fect, Il and 1:: values were det errrllned ln 

c,rcler t.o summarlZE' th~ effeet3 of NVR on th'? grc'wth of 

mlcrc'c,rganisms in shçll:e-flasl:s Diff~rent amount3 of NVR 

were aclded to 500 ml shal:e-f laz.l:s c0ntaining 50 ml of a{l 
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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 OC) . Flasks were sampled after a period of time 

sufficient to allow measurable growth but before the maximum 

... " ",.~.~~ , - ,~ 

l' ;,,,./! :,.: ~ 
',. 
, 

biomass concentration was attained. The Il value was the_ 

lowest NVR concentration at which less biomass was produced 

than . the control. The I2 value was the lowest NVR 

concentration at which no growth occurred. NVR was sa id to 
c 

have a positive growth effect" ff"-.some flasks containing NVR ,,-
had greater than 5 % more biomass than the control lacking 

NVR. A negative growth effect was assumed if at 50 % of the 
\ 

12 concentration there was greater than 5 % less biomass 

than the control. / __..,c 
/ 

3.7 Batch Culture of M1CrOOrga~ 
" , 

AlI batch fermentations utilized Mul tigen F-2000 2 1 

fermentors (New Brunswick Scientific, Edison, New Jersey f. 
The initial working volume was approximately 1. 7 1. The 

) 

medium was sterilized in the fermentor vessel in an 

autoclave at 121 OC 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.lization. Agi tation was kept at approximately 660 

RPM. Sterile air was introduced below the impellors at 

approximately 1. 7 l min- 1 . In non.-viscous ferment,ation 

broth the maximum oxygen transfer rate ~as 22 mM' 1- 1 min- 1 

\ at 660 RPM, an air f10w rate of 1.1 l min- 1 , a tempe rature 

of 30 oC and a liquid volume of 1.3 1. 

~ 
,) 

This was measured 
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. 
biologically in chemostat cul ture as shown in Appendix A 

(figure A.1). Foaming was prevented by the addition of 500 

ppm polypropylene glycol 2000 before autoclaving. Fort y-

five ml samples were taken from the bulk medium after the " 

first 5 ml had been dis~rded (ie. what remained in the 

tubing after th~ previous sarnple). 

3.,8 Eatch Enrichm~nt 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 resul ts section) were added in ,order to supply the 

cul ture wi th a di verse selection of seed microorganisms. 

After severai days growth at 26 oC, 5 % v/v was transferred 

'to a new flask containing, the same medium. Several 

transfers were perforrned. Growth was monitored by measuring 

pH and by plating on YM agar. 

3.9 Continuous Culture 
\ 

The same) fermentors used in batch culture were set· up 
1 

as chemostats. The sarne sterilization and foarn prevention 

procedUles were used as in batch culture except that tli'e -
1 

medium was sterilized for 45 minutes. Volume in the singlé-

stage chemostat was kept at approximately 1.3 l 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 

withdr~wn from the fermentor. The same method was used to 
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transfer fermentation' broth te the y.second stage of the 2-
1 . 
1 

stage chemostat and to maintain the liquid level in e"ach 

stage. Mineral saI ts medium was added via a peristal tic 

pump from a 10 1 polypropylene resevoir. It was mixed with 

a heavy dut y magnetic stirrer (Bellco Glass, Inc .• Vinèland, 

New Jersey). The flow rate of medium was determined by 
~ , 

volumetrie measurement of the resevoir contents after it was 

exehanged for another. Some carbon so~rees such as Nf ~nd 
Many of its eomponents were not water soluble. Since \heee 

were liquide, they were added to the ~ermentor via a highly 

accurate peristaltic pump (UltraMasterflex, Cole-Parmer 

Ltd., Chicago, 111.) with solvent resistant small bore 

tubing (Viton fluoroelastamer, 1/16 ineh inside diameter). 

NVR was kept mixed wi th â magnetie stirrer and a teflon 

coated stir bar. The flow ratê w8o's measured by frequent 
1 , ' 

weighing of the resevoir with a triple beam balance. 

3.10 Continuous Enricbment Culture' 

As an inoculum, an aqueous soil extract, som~efinery 
waste and sludge from the activated sludge tank Of~nYlOn 

manufacturing.plant (Du Pont Canada, Maitland. Ontario) was 

diluted in 0.05 M K2P04 buffer adjusted to pH 7.0 with KOa. 

Several millili ters of this were added as an inoculum te 

1.35 l of nutrient broth. After 24 h, dilute carbon source 

and mineraI salts medium as weIl 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 

- --- -~---------
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added-. The fermentation conditions were then kept constant 0 

for sdveral days. 
1 

This re5111 tec! in a stable continuous 

cultur~ . 

:3 . 11 < S';reepning_ M.iCl';c\.organi~ms ... :tor. the,ir. Abi l i ty ._t,r.,,--.Usè _~qjÇlr 

NYR C0mponen t .~s their. Sole. Sourc~ __ of_" "Carbç~n _Çl,nd 'Ene~:gy 
, 

The cul t.llres w~r,= maintained on ag3.r (Difco 1 Detr()i t 1 

, 
Mic~igan) containing 0.4 % nutrient broth (Dif~o) and 0.55 % • 

" , 

ye3st mal t ~xtract .. They wer~ 'transferred to agar pJ.ates 
. 

con~alning mineraI saI ts medium (but lae"king yeast extract) ~ 

and 0.0 5 o~ w Iv of the carbon source to b-= testecl. After 

72 h at 2lt 0 C the cultures were again transferred to ag3r 

\ plates . containing mineraI' saI ts medium (lacking yeast 

extract) and with O. 05 ~Q of the desired carbon source, Th-:-

plates were observed every 24 h f·)r 4 day.s· and were 
. .:-

evaluated as folloNs: no· detectabl~ dlffer<::nce fr·')m the 

control l-); noticeable growth (+); good growth (++). 

3 .-12 ACCul~acy -of Hesul.ts 

Batch iermentations_we~e repeated at l~sst twic<:: except 
/ 

f·:>r t.he X,- canlpest.ris f ermentatic·ns at. O. 5 % and 1. 1) o~ 

l' 

cün'::entrati')ns which formed part of a series. As .. -
many sam~le5 as feasible were analyted in aIl experiments ln 
glucose 

1 

ordcr 't.o obt.ain the greatest possible prec.ision anêi 

USllally at. lE'Bst 10 flask5 were user! for ea\::,h 
~ ~ 

sbake-flask experim~nt whe~e the c0nc~ntrati0n of NVR or one 

of its ~omponents WA5 varied. Appi0Xlmat~1~ 15 sampl~s were 

'. t'ai{en riuring each b,:,tch fermentation. Bi I)rnass, tütal 
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,-
protein and PHB were always analyzed at least in dûplicate. 

InternaI s~andards were used in aIl quantitative gas 

c~romatographic analyses. 

3. 13 B.i'Qm~lS,s Dr'y'_,WejEht._D.eterminat.i.on 

Ten ml of culture broth was centrifuged for 10 mindtes 

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

xanthan) at 4 oC. The resul ting opellet was resuspended in 
-

10 ml of distilled water and recentrif~ged. The pellet was 

then viashed out of the centrifuge tube irî'to a preweighed 

aluminum pan and dried to a constant·mass at la! oc. 

Ten ml of culture broth was centrifuged, washed and 

recentrifuged as ab ove . The resul ting pellet was analyzed 

for protein content bv the Biuret reaction (150). Th~ 

standard ~curve used to determine the, region of linear 

response is given in Appendix A (Figure A.2). Two 1.0 % w/v 

bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) 

extern'al standards were. used (for. e'ach batch of samples 

analyzed. 

o 

Fermenter exhaust gas was ~assed through a water-cooled 

condenser and two drying columns. The drled;gas was passed 

tnrough the oxygen analyzer at a ,~ontrolled rate of 100 ml 

min- 1 . The exhaust f rom the exygen analyzer was rJthen passed 
Jdo"./ 

throuih the carbon dioxide- analyzer at the same flow rate . 

. Oxygeri was measured paramagneti~~lly with a Tavlor Servomex 

, . 

1( 
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'&""ii 

oxyaen analyzer (Crowborough, Sussex, Enaland). Carbon 

d1ox1d. wal ·Ift~alul'.d ua1n. a Lira 1n:tl'ared analyzel' 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- 1 • This was don~ before and afte~ every 
. 

fermentor exhaust gas sampling. The following equations were 

used to dete'l'mine the oxygen uptake rates. 

/ 

9 

Qm = QI x [( 1 mole/22. 4 1) x (273 o~/T OK)] 
\ , 

(l) , 

where Qr = air flow rate (1 1-1 h- 1 ) 

and T O>K = ferment/r temperature (OK). , . 

Oxygen Uptake Rate (OUR) = 02 x Qm x "10 (2) 

~~ . 
where " 02 = Ambient oxygen concentration (% v/v) -

Exhaust gas oxygen concentration ,(% v/v). 

".ft> 

Qo2 = OUR/X = Specifie oxygen uptake rate (3) 

w~ = Biomass or total prote in 

concenfration (g 1- 1 ) as speeified. 

The rate of C02 production was not determined. The 

relative C02 uptake rate was monitored,in order to determine 

.... 

" ;Vl'~~ 
" ~" . ", 
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whether the respiratory quotient (RQ) was constant at a 

constant oxygen uptake rate. Both Oz and COz were 

continuously monitored on a chart recorder. 

NVR components were quantified using a Hewlett-Packard 

5890 gas chromatograph with a Hewlett-Packard 3392 

\ integrator. The helium flow rate through the DB-wax-60N 
, 

0.25 ~m capillary column was 5 ml min-l, The flame 

ionization detector was supplied wi th 400 ml min- 1 air, 

50 ml min- l hydrogen and 30 ml' mi~-l of auxillary helium. 

An injection split ratio of approximately 110: 1 was used, 

The internaI standard and :the temperature-time profile was 

varied according to the component to be anaIyzed, . 6-
1 

Hexanolactone and hexanoic 'acid were esterified by dilution 

wi th the appropriate internaI standard in 24 % tetramethyl 

ammonium hydroxide to yield volatile rnethyl.; esters. The 

injection port was maintained at 350 0 C to insure c\?mplete 

conversion of tetram~ ammonium ~al ts to met.hyl esters, 

Pentanoic acid was used as the internaI standard for 

hexanoic acid and butanoic acid determinations, Hexanoic 

acid was the internaI standard for pentanoic qCld and 6-

hexanolactone de~nations. 

/ 
,1 

1 
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3. 17 Glucose Analysia 

Glucose concentration was measured by the glucose 

oxidase method (23). The standard curve used to determine 

thet1 region of linear response i s gi ven in 
." 

Appendix A 

(Figure A. 3) . A glucose solution was used as an external 

standard for each batch of samples analyzed. 

3.18 Eructose Analysis 

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., 
4:'-

t"3140 Universal Drive, Mississauga, Ontario). The column 
., \ 

tempe rature was isothermal at aO oC. 

BPLe water (Waters 
" 

Scientific, 

The carrier liquid was 
\, 

3688 Nashua Drive. 
'1 

Mississauga, Ontario) at a flow rate of 0.5 ml min- 1 . The 

standard curve shown in Appendix A (Figure A.4) demonstrates 

lineari ty UP to at least 40 g 1- 1 fructose. External 

standards (aqueou5 fructose solutions) 'were run after every 
. 

fourth sample or more frequently if the baseline signal was 

varying. 

3.19 Total Carbohydrate Analysis 
~ 

Samples were diluteft to contain between 10 and 80 ~g 

ml-lof carbohydrates. One millili ter of sample was added 

to 1 ml of a 5 % aqueous phenol solution and five ml of 

concentrated Hz S04. The standa,rd curve used to dè1Vermine the 

'linear response zone is given in Appendix A (Figure A. 5) . 



o 

o 

, .. '... , .. J ." "~"'''; , , .. 

J ' 

52 . 

External standards (aqueous;' glucose) were run with each 

batch of samples analyzed. 

Polysaccharides were analyzed gravimetrically after 

precipitation with Methanol or ethanol and washing in , 

distilled water. For example, during xanthan analysis. 5 g 

of supernatant obtained from the biomass determination was 
" 

vortexed vigorously wi th 15 ml of methanol and centri fuged 

for 15 minutes at 36,000 g. The 7 pellet was washed in 5 ml 

of distilled water and centrifuged again after precipitation 

wi th 15 ml of methanol. The resul ting pellet was washed 

wi th distilled water" into a preweighed aluminum pan which 

was dried to a constant weight a~ 105 oC. 

For shake-flask cultures where the vicosi ty was 

relati vely low, a 40 ml sample was placed into a 50 -.ml 
'\ 

beaker and analyzed using a Brookfield RVT vi~cometer 

(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 allowecl for more accurate 

viscosity measurements (ie. ~o wall effectsl. 

3.21 .Gatala,se 

Catalase activi ty was measured by th~ium dioxide 

colo'.lrimetric method (159), TtlaShedKells from a 10 ml 

sample were lyzed by .30nicatlon at---YQC for 20 minutes. 
'--J 

Lysis was monitored by following optical density at 410 nm 

\ 

:~'.'~~ 
..::::~; 
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" 
versus time. The cnange in optical density versus ti~e of 

sonication 1s depicted in Appendix A (Figure A.6). 

The '''presence of biosurf actants was moni tored by 

measurement of whole broth surface tension with a Fisher 

"JAutotensiomat. The autotensiomat is a modified duNouy 

surface tensiometer equipped with a motorized sample stage 

wi th a sensi·ti ve strain gauge attatched to a platinum ring 

(51,) . \' 

Intraeellular poly-j3-hydroxybutyric acid was measured 

by the gas chromatographie method (14) using benzoie aeid as 

the internal standard. Samples were prepared. as follows. 

Ten ml of whole broth was centrifuged, ~ashed with 10 ml of 

disti lIed water and recentrifuged. c The ce Ils were washed 

( into screw-capped tubes with 2 ml of methanol containing 0.1 
, 

% benzoic acid as an internaI standard and 3 % v/v 

coneentrated HZS04. The calibration standard was 2 ml of 
\ 

0.1 % 0-hydroxybutyric aCld and 0.1 % benzoic acid ln 

acidif ied (3 % v/v coneentrated H2504) methanol. A 

calibration table was determined at the start of each batch 

of analyses This information was entered into the 
\ 

, \~ 
integrator for the automatic calculat~ of PHB 

t, 
concentrations.- One 1 microli ter samples were injected. The 

( standa~d curve used) to determine the area of linear response 

is given in Appendix A (Figure A.7) along with a ,figure 
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showing the variation of benzoic acid and ~-hydroxyblltyric 

acid with time of h~ating in the sample preparation process 

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

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

for measurement of NVR and its components. The temperature 
, 

profile was 90 oc for one minute, increasing at a rate of 8 

oc per minute until 150 oC where the temperature was held 

constant for 5 minutes. 
1 

1 " \, -

1 

........... 
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4.1.1 The Eff~ct_of Peat Ruo:-Qff Wa~er on 
Productic'D and Growth of X-,~~~4;ï. 

Xanthan Gum 

In order to cleter~ne the effect of peat run-off water 
. -

1 was grown on 0.8 % nutrient broth made up wi th different 

concentrations of unfil tered peat run-off water. A5 shown 

in Figure 4.1, the control flask biomass data indicated that 

the solids content of unfil tered peat run-off water was 

approximately 0.35 g 1- 1 Since the pH had been adjuste'd te 

7.0 before autoclaving, the control flasks also showed that 

the autoclaving of 
1 

decrease. 

peat run-off water resulted f' 
ln a pH 

After growth at 24 oC for 3 days, the pH in aIl flasks 

was approximately 8.9. This was prebably an inhibi tory 

level. Since flasks c,.:->ntaullng pei'\t run-off water had a 

lower irli tl3.1 pH, one w01l1d expect thes~ flasKs t,o tl1'!~ ô ,;' 

produced more biomass but such was n'It the ·~a se. 

Hithout the peat solids. the blomas5 

~b:'ncentr:ttion tended' ta de,::;rea.::e as the concent,ratlon 'Jf 

P-::,3t run-oif water inc.re'3.sed. No x~nthan was produced and 

the flDal viscosity was ldenticai ta that of water. 

" 
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. 
Figure 4.1. x. ca~ ATCC 2146 grown on nutrient broth 

,mediUm with diffe~e~t concentrations of pea~ run-o~f Mater. 
The culture was ,grown at 26 oC for 7,2 h. 

Final biomass dry w~ight. 
Control biomas5 dry weight. 
Final pH. 
Control pH. 

.' '1' 

, ,-
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To ~acilitate more accurate biomass determinations the 
./ 

peat run-off water was filtered before use in aIl other 

experiments. Since no xanthan had been produced even in the 

control flask, i~ 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 medium 

made up wi th various concentrations of peat run-off water 

and distilled water. X.cam~estris ATCC 13951 i5 a 

production strain developed by the Northern Regional 

Research Laboratory. Peoria, Illinois. Yeast malt medium is 
'" 

excellent~for high yield xanthan production. 

In this experiment. a large irrcrease in xanthan 

concentration and medium visë05i ty occurred when the peat 

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

the absence of peat run-off water, the biomas5 was 0.62 

!l 1-1. As the concentration of peat run-off wate~ 
~ 

increased to 70 %: t~ level of biomass decreased 
-.5 

was 

but 

,increased again at higher concentrations of peat run-off 

water. The final pH reached a maximum at a 60 % peat run-
1 

off water concentration. These data indicated that ei ther 

the xanthan yield or the rate of prodbction was greater when 

peat run-off water was present. .' 

In order to ascertain whether the presence of peat run-

off water resul ted in increased xanthan production by XL., 

~~~ ,ATCC 13951 and to aid in the determination of the 

cause of this effect, pH-controlled brtch fermentations were 

. ' 
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Figure 4.2. X. camppstris ATCC 13951 grown on yeast malt 
medium with different concentrations of pest run-off water. 
The culture was grown at 26 0'C for 60 h wi th an initial pH / 
(before autoclaving) of 7.0. 

, 
('.) Biomass dry weight. : 
(.) Final pH . 

. ( .) Xanthan conc-ènt'ration. 
,":l ( 0) Viscçsi ty . 
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performed usin~ either distilled water or'peat run-off water 
, ." ~ 

to make the medium. Mineral saI ts medium was 'used and 

glucose was the sole source of carbon and energy:(except for 
~ , 

that contained in·peat run-Qff water). Ta~le 4.1 shows that 
Il., 

when ,peat run-off water was' used in place of distilled 
'. water, more biomass but less xanthan was produced. The 

maximum viscosityjmaximum xanthan value indicated that the 
'- ''-....... / 

gum that was produced was of simirar viscosity. The maximum 

oxygen uptake rate was higher when. peat run-off water was 

present. In aIl f'ermentations, glucose had been totally 
, " 

consUmed weIl before monitoring of the' fermentation had 

ceased. " Therefore aIl yields were based on total glucose 

consllDlption. The fermentations were run until oxygen uptake 
.. 

had almost ceased, indicating exhaustion of the carbon 

source,. Thus oany usable carbon contained in othe peat run-
" \! 

off water should have contributed'to the yield valués:' 

·As shown in Figure 4.3 and Table 4 .. 1, fermentatio'ns 

were ,run ïn which the initial glucose concentration Has 
, " 

,~aried in mineraI saI ts media made up wi th pest run-off 
" 

water. In Fiiure 4.3 the data have been interpolated 

~ towards the point 
b 

the x-axis. This done zero on was to 

aS'sess the effects of using no glucose. If an' actual 
.,,;' 

" 

fermentation had not incorporated glucose, the data values 

would have ' been too ' sroall to have been accurately 

determined. Figure 4.3 indicates that if the medium had not 
l ' \" 

been 5upplemented wi th glucose, n,o bioma~s would have been 
p 

produced, that the final medium viscosity wo~d be close to . , 

• 

""\'>,': '.!"~\~l")~ft 
• ~ ,7~ 

N\ 
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'làble 4.1 . The Effect of ~at ftater al' lCanthan Production in faaœntations using Mineral 

Salta Madill1l 

-
Peat Water Glucose Haxfnn.m~' Max1nuu Y X/S y PIS Y P/X Max. Max. 
Present Initial Bianass Xanthan Vise. V!sc./HaX.' 

o 

~ 

r 
Max. OIey • 
l.\>take 

(bncen- 9 kg-l 9 kg-l HM WjW '-ljW cP xanthan Rate 
tration 
g kg-l 

yas 5 0.98 1.6 

yes 10 1.63 
~ , 

, yes 20 ' 2.24 
~ 

'-/ 
yes 20 1.79 

no 20 1.08 13.3-- 0.054 

00 0 20 1.15, 13.5 0.057 

é 
; . 

~ 
" 

W 

0.318- 0.162 76 

0.503 3.09 14-

0.565 5.04 75 

0.552 5.03 66 

0.663 12.3 114 

0.665 11.5 78 

cP/g-lkg-l 

- 48 

29 
~ 

67 

63 

86 

58 

, 

mML-1h-1 

5.4 

fJ.6 

11.1 

17.05 

5.8 

6.1 

"l 

en 
1\) 

, ~~.,~ 

- i 

... ~ 

~:'~ 
..:'t;:..., 
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Figure 4.3. The effect of the increasing initial glucose 
concentration on xanthan production in MSM medium made up 
with peat run-off water. 

( 0) Maximum biomass dry weight. 
«(J) Maximum viscosity. . 
(~) Maximum xanthan concentration. 

"", 
pH = 7.0 T = 30 oC Agitation = 660 RPM 
Air flow ra~è ; approximately 1.2 l min-l. 
Medium: MSM (glucose with 0.4 (NH4)2S04 in 

peat run-off water). 
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that of uninoc~lated medium und that the ,9ddi tion of 0.25 % 

glucose would Be required to procluce any xant.han. 

These results conflicted with the results of th~ shake-

i]ask experlment in which the concentr3t10n of pe~t run-off 

wat,er was ',;-aried in yea'3t malt meôium T1-v~r-::fare. th1.':; 

shake-fl."lsk experiment was repeateri W1 th ·)n'Ô' crJang"". Th.:: 

ini ti;~,l pH (befor":!~c'clav.lng) was 10wered frc·IU 7.!) to 6.25 
l 

to :lllow for more growth. " The r-=bul ts (aft,er :'. ·lavs. ("·f 

growth) are shawn ln FIgures 4.4 and 4.5 They sh0wed that 

IIp to a concentration of 70 '?;; peat run-off 'o"lat,:-r, the 

bioma:3 s concentration increased fram O. 55 g 1- 1 te> 1 55 

g 1- l . The final 

depandant on the peat 

final was 

xanthan concentration W3S 

run-off water concentrati()n 

significantly higher in 

clir~ctlY 
and~e 

"Y' l .~i::mtalning peat l'un-off water. Probabl>'\ b~cat"'t of the 

dlfference in inItial pH, there were diffe~~nces' ~etween-the 

r,esul ts of this experiment- and the flr'.:;t s ak·:)-fl~sk 

,J 
~xperlment th3t used both 

~ 
thlS medl st r:tln of 

"-
~0wever. ln bath th.:: final 

xC-tnt,han r::onr:.::-nt.ration and ViSCoslty were much grE'':l"t.'''·r 'whsn . 
p.::at run-c,if waTer 'W~S u-::.ed ln place c·f '-llsttlled war,er' \ 



) 

·."j .. ;... .~ ,n. . ........ ~ . 

66 / 
/ 

Figure 4.4. The effect of peat run-off water on xanthan 
production in yeast malt medium 1n shake-flasks. ~ 
culture was grown at 26 oc for 65 h with an initial pH "
of 6.25. 

( 0) Biomass dry weight. 
'(~) Xanthan concentration. 
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Figure 4.5. The effect of peat run-off water on xanthan 
prpduction in yeast malt m~dium in shake-flasks. The data 
are f~9m the s~e experiment as described in Figure 4.4 .. 

(0) pH. 
([J) Viscosity (Brookfield RVT 4, 100 RPM for 1 min). 
(II) Viscosity (Brookfield LVT 3, 30 RPM for 1 min). 
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results (Fig. 4.6) showed that peat run-off water had little 

effect on biomass or xanthan production in this ~5l,ium 

al though the final viscosi ty was slightly improved. The 
-; 

resul ts were taken after 3 days growth at 24 0 C Glucose 

analysis showed that less than 25 % of the glucose had been 

used 'al though aIl other medium components were present in 

excE;-ss. In order to a~hieve greater glucose converSlon the 

experiment was repeatecl and was not sampled until 11 days 

after inoculation. The results were essentially the same as 

when sampled only 3 days after inoculation. 

Peat hydrolyzate has a mu ch 'higher carbon content th an • 

peat run-off water. After finding that peat run-off water 

had na detrimental effect on the growth of X .. campe$trl~, an 

attempt was made to grow the organism on peat hydrolvzate. 

The hydrolyzate was made by adding Barrington peat to the 

~eat run-off water to make a 10 g 1- 1 concentration The pH 

was adJusted to 2.9 wi th concentrated hydrochlorlc aeid. 

This was autoelaved for 15 minutes at 15 psi and 121°C. 

Suspended s'olids were theT} removed by fil tra-clon. Glucose 

( 2 . 0 %). (NH4) 2 S04 (0 4 %) and mlneral 5al ts medi um were 

addecl. Aft.er sterilizatic'n by autoelavlng. a pH-controlled 

fermentation was attempted (using thls medlum), No growth 

c'ccurred . This indicated that this concentration of peat 

. hydrolyzate was toxic to X. campestri~. 
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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 )2604. '''The culture 'was grown for 72 h at 24 oC. ~ 

( 0) Biomass dry weight. 
(.> Viscosity. _ 
(~) Xanthan concentration. 
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4(1,3' The Èffect of feat Run~off Water on P, cepacia 

Figure 4,7 shows the resul ts of a shake-flask 
" , 

experiment in which P, cepacia was grown in yeast malt 

medium made up with different concentrations of peat run-off 

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

water resul ted in increased total protein production but 

there wa.:~ sisnificant effect on PHB production. There 

was a substantial difference' in final pH between flasks 

containing peat run-off water and the control, which 

indicated that peat ~~-Of~ water ha: a 3ignificant effect 

on metabolism. b 

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

W8S added to a 1.4 liter, fructose-limited, continuous 
1 

fermentation of P, c~paci8 (difution rate = 0.14 h- 1 ), there 

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

4.2 Use of NYR Components as Carbon and Energy Sources by , 

Mi croorgani:ma 

A mixed continuous aerobic fermentation was establish~d 

~ using 1 % ~/v NVR in mineraI salts at 37 OC and pH 6.0. The 

inoculum was a mixture of samples from petroleum refinery 

sewage treatment facilities and activated sludge from Du 

Pont's Maitland, Ontario nylon manufacturing plant. It was 

found ,that the dilution rate could not exceed 0.21 h- 1 a3 

W8shout would occur. Strains isolated included Pz, P4 and 

B. 
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'Filgure 4.7. The effect of 
a~~ümuration bv P. cepacia 
cul ture was grown at 26 .. ~ C 

---
fil 

peat run-off water on-PHB 
in yeast malt medium. The 
for 66 h. 

( .) Total cellular protein. 
(~) PHE concentration. 
( .) pH after growth. 
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Another continu,ous fer~entation was begun but at a. 

temperature of' 30 oC. The complex inocul'um was added . 
severai times during the first tlal's of the fermentation. 

The culture was left uppertur~ ~t a dilution rate of 0.21 

h -1 until a steadl'-st.ate 'was achieved .. as. "mbni tored by 
• . . 

" '. differential viable cell counf.s ori nutrient agar. This 

fermentat-ion was dominat.ed bl' a single. :!train which was 

named Isolate 1 . Ninetl'-six % of the viable cells in the 
... 

culture were Isolate 1 . Isolate 1 formed smooth, opaque, 

circular and somewhat'yoicano~shaped colopies when grown on 

nu;t.rient agar. ' It was a Gram negative, strictly aerobic, 

catalase-positive,~motile rod. 

r, 

As will be discussed later, the monocarboxylic acid.s 
.... 

were found to be t.he most toxic component~ of NVR.__ Wi th , 
\ 

this in mind J another continuous enrfchment .. cul tlfre "as 
~ . . ... ,. ~ .. 

be~n us~n~ c~proic acid as the sole carbon source. At 30 

oC and a pH of 6.0 J the caproic acid concentration was 
.. 

gr~dually increased from 0.05 % to 1.0 %. The direct ' 
;" l " 1 • 

addition of NVR to the 1.Q % caproic acid culture resulted 
• ,> 

in a large increase in oxygen uptake bl' the cu~ture. Onll' 

two colony types were detected. These were designaied' as 

strains 561 and 55a. They Jere strictll' aerobic Gram 

negat.i ve rods producing ~-hemoly.sis on blood agar. In 

:t,iquid culture they both prod,uced a fluorescent 1 water

soluble pigment which was red under acid conditions and blue 

under neutral conditions. No slime was produced on la % 

'" 

.,' 
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sucros'e agar,' BGlth isolates grew on glucose" sucrose and 
t , 

(mal tose. They grew' slowly on '- galactose and trehalose, and 

and there was , 

identified as 

"' 110 growth on meso- inos'i toI. 
" . '-' . 

Both were 
- ~-

This 

identif ication ~as confirrned bY. the microbiolôgy department· 

of Montreal's,Roy~ Victoria Hospital. 

The ability of various microorganisms to use individual. 
, . . 

NVR components as sole sources of ca~bon and energy is shown 
, ' 

in Tacle 4. 2~ Pseudomonads and 'corynebacteria were the 

pr~caIf'yote gene.ra most capable' ~of using NVR corn'ponents, 

microorganism ~ld u~e 1,2 or 1,4-cyclohexanedlo1 

No 

but 

bacteria.sucJ:1 as P ...... _ .c_e.ReI..ci.a, f.'-_._aer..ug1.nQ.s.9. and isolate Cl2 " 

couicÏ ~ use aIl of t'he other major NVR cornponents as solé It • 
~ 0 

carbon and energy sources. . A ._ . .....eltt..r..o-p.hI.VS, ç 1 ••• l.epus and Q. 

eq,ui could use m9st of' the major NVR components as sole. 

carbon and, énergy sources. A .. __ eu.t:r.:..QP..bJJ~ is not known tô use 
1 

• pentanoic acid (86) and did not when i t was supplied in 

solid agar .. Howe~er, when grown using the sarne mineraI 

saJ:ts medium in a carbon (NVR or. fructose) -limi ted , 

chernostat, · a pulse of .·pentanoic acid elici ted a 'sharp' 

increase in 'oxygen \,{ptake by this strain of :A, _ .eutl'opl\us . 
) 

This ~~icates the ability to, use that component a3 a carbonr~ 
i 

source e,specially . since the~ shape. of the " oxygen uptake. 

response curve was essentially idèntica! to those elicited 

by outanoic and hexanoic 'a'Cids which this organism can use \ 
0, ' . , , 

as carbon and,energy sources. 

., 
.. ," \ , 
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TABU: 4.2 THE USE Of' rwr NVR tXlNSTrru~ AS SOU' SOURCES CR 

. CARBCN AND ~ BY VAAIOOS MICRC'ORGANISMS l 

Monocarboxylic acids Oicarboxylic Acids 
" ~anisn ~ 6-Hexanolactone ~h CIO • Cs Ch Cs 

;:; Cs 
.., 

A. 8UtroI:Ihus ' + + + ... ... + + 

'-A. indicus " 
A. viecosus ++ ... ... 

. 
B. 81.btUis 

Î 
. , • 

C. !9!:!i + \ + + +r + ... ... 
C. faacians - , ... 
c. lecus / + + + + + ... ... 

E. coli ... 

'I801ate B 
,- ' 

Isolate CAP 12 ... ++ + + ... ... ... + . 
Isolats Il + + + + ... + ... 
Isolate P2 

'. • ... ... 

\: Iaolate P4 -, \ ... 
L. brevis 

b 

f 
La 9U!uosy& , -
L. mesenteroides 

M. rliodochrous + + + ... + + 

P. acidcworans + + + ... ... + ... 

P. ~100sa + + ... ... + ... + ... , 
P. aenginosa (SS1) ... .. + + '. ... ... .. .. 
P. aeruginosa (SS2) 

10 
... ... + + + + .. 

p:-cèbac:ia + .. + ++ ++ ++ ... .. ... 

R. rhodochrous ... 'J, 1- ... + 

S. cerevesiae -. 
S. eeiderm1dis ... + -\. 
S. rolfsii -<" + 

T. l:XlIbic:ola ~ 

,. 

T. E!~UiUft + + + + 

X. C!!!pstris ... 

-> 
1 no detectable differenœ frou the control (-) 1 noticeable growth (+)~ 

,. 0 .. 
good growt:h (++) • . 

\, 

~ ; 

" ,/ 

... , " .. 
_~ ,- -'L" .. < ~. '.,>' _. . '"- . -
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4.3 Tbe .. Ef.feçts. Q:t; .NYlt_9JL .E;i.9.f,:!.lJrtÇ\~.:tant_ frQ.àY.ctJp.Jl,. t,ir • 

• t • ~ ! 
4.3,.1 M:l.Gxoo.rganisuH:J_thJ;l,t. OP .. nQ.t.lteçtlJir';LHydr..QGar.1;ton~ . .iC>:t· 
BiQ~~fg,ota.ht __ .:eroduot.it:m \.' / i . 

In order to determine '7t~e effects of NVR on 

'\ bi?surfactant production. microorg..an.isms known to, produce 

bi()'Surfactants or to utilize NVR. qomponents were ,grown in . --
shake-flasks containing' different concentrations, of NVR. 

After a period of growth, the flas~s were analyzed. . ) ,. 

B ..... _ . ..subt.ili..s is an organism that pr.oduces a peptide 
" . . 

... t , , 

,biosurfactant (called surfactin) when grown on carbohydrates 
J • 

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

contained sucrose' and ci~ric acid as alterriate carbon 
, ' 

sources to NVR. When surfactin is- in e~cess of its critical 

micelle concentration (CHe), the surface tension ,shoùld be 

approximately 2-4 mN m-l (25) . , The resul ts , as snown in 
• -.. J 

Figure 4.8. indicate, that in the absehce of NVR. ~hrfactin 

'. , . J 
was produced in a concentration somewhat lower th an its CHC. 

The addition of small, quantitie~ of NVR stimulated g~owth of 
fj, . , 

.. :tL_ .'su'Q.t.iJis but, had no significant effec'E "on biosurfactant 
... 

production. 'NVR concentration,s of' \).12 % w/v or greater 
, 

inhibi ted both growth and production of b.iosurfactant. The 

surface tension '~measurements Qt these inhibi t.O!lY 
v 

concentrations reflected the biosurfactant acti vi t'Y' of the' 

. \ . 'inoculum and of NVR. 

.. 

.' 
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" Figure 4.8. The effect of NVR on growth and biosurfactant 
\.. production by B. subtili=. The culture was grown .on MSC 

medium at 26 oc. 

(.> Biomass dry weisht. l' 

e .) Surfa:ée ténsion of the whole broth. 
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4.·3.2, MiCl';9Q:rgants_ms tha.t. E.equire .. Hydr_Q.ç.Ç\r.b.QJ\~L.f QX 
BiQsurf aC.tant .. Pro du c.t.i op . 

\ 

82p. 

.c.,- ._f.ascüms i 5 knuwn to~ produce large qlJ.anti ties of" 
i' 

bi'osurf actant in the presence of' hydroca'rbons sllch as. nr 
. 

alkanes (24). As demonstra,ted by Figur~ 4, 9, ,the presence 
~"J;; 

of sublethai quanti ties 'of NVR did not stimu,late CT 

.' 
biosurfactant production, by c.. .. , __ fas.c.ians. Similar \resui ts 

were found (30) • 

and 
\ 

E.. ... _ . a.e rug inQ~s a (79), ,whic~ .also 
'\ ' . 
normally pr~duce biosurfactapts when n-aikanes are present . 

. 4.3.3 M1cro.9t"'1an.l.sms_ tha:t_·lleq1J;!.""'~ 60t~_HYdr'QQat"l;)9h'-"In~ 
C~rbohIdrates _f~r _Bigh_ Yield_Bj,,Q~Hu:.fa~ltan.t._,P~Qd.u,ction 

~ , .. 
T .•.. __ .bQmb_i.c91.t;.\ 1s unusual in requlring both hydrocarbon 

. . 
and carbohydrate in' its medium for high ,yield biosurfactant 

pr®duction. although it grows on eithe~ (26). When grown on , 

mineraI saI ts citrate' medium J T.., ... b_ombic.ol.a lowereèi the 

surf ace tension of the' medium to 32 mN m- 1 (Figure 4. 10. ~ . 

Addition of NVR had no effect on biosurfactant production. 

When grown on a mixture of n-alkanes and carbo~ydrat~s, 

/ 

* 

, , 
T_ ... pe.trQ.Philum prochlces the saroe glycolipid as T,. bvmbicolq 

. ' 

but in lower yield (28), ", When grown on a çarbohydra~e such 
. 

as glucose in a m~dium lacking hydrocarbon, T. petrophilum 

produces an extrace l1ular ~ emulsifier but veJ;,'Y - li ttle 

biosurfactant. The addi t'Lon of NVR to MSC medium 5tim1l1ated 
,) 

'l 

nei ther bl').3urfactant n0r bi')emulsifier production by this 

microorganism. 

/ . 
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Figure' 4.9. The effAit of NVR on growth and"biosurfactant 
production from C. !5Scians. The culture was grown on MSC 
medium at 26 oC. " . 

(. ) Bioma55 dry weight. . . 
( 8) Surface tension of the whole broth. 

y 

1. . - . . . .. 
0 

-O. / 
6 

.. 

Q 

f' 

' . 

".i " 

. , 
fi· 

. . 
• 

-



~ ~ ;'~-:, ~:1~·~~,j~?~~~~~·"1~\ 
:, • L~ , \ 

NOISN31 3JV'.:I~nS 's 4 .. 

. 
e, 

,. 

" • 
iii 

• \.D 
ra a " 

.,. 
- , .. 

'.:."'" ' ... . " " ~ 
) 

.. 
~ ,. 

'f 
'\ 

\ N ....... 
0 , ,.... 

> 
0 } 

.... 
~ ~ >'l 

'1;' : 0 . ........, 
• cou-

Il J • o.z 
0,0 

u 
œ', 

~ > z 
"-

.....:t ~ 

0 
d 

,1 

-l 

o 
'ONOJ SS\7'0JOI8 

'" f 



, 

\ 

:, 

o 

\ 
\ 
iii 

. , i >~ •. 

85 . 
,'" 

J . ' , 

Figure 4.10. The effect 01 NVR on gro~th and bAosurfactant 
production by T. bombicola. The culture was grown on MSC 
medium at 26 oc. 
( .) Biomass dry weight. 

~ 

(At) Surface tension of the whole qroth. 
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4.3.4 QrRani~s that Nere isolated from CQnt1nuous 

Jl:' Enr1cbment Culture qp either NYR or Caproic Acid 
, , 

A lowering of the surface tension in the nutrient broth 

medium of isolate SS2 on addi tion Q,,~ NVR 'was due to the 
a 

surface 'activity of NVR itself (Fig. 4.11). ~ The surface 

acti vi ty ef NVR can be observed at -NVR concentratiens-- where 
o 

no growth occurred." ,Bince no growth occurred the lowering 

of the surface tension was solely due - to NVR· and any 
, 

biosurfactant that May -have been present in the inoculum. 
n 

Although growth Of.SS2 was greatly stimulated at '0.2 ~nd 0.3 

%'NVR. the medium ,surface tension was still 46 mN m- 1 which 
1 is the same as at higher NVR concentrations where there was 
rf 

no growth: 

15 G5, a Gram negatlve rod, appeared to raise the 

surface the broth (Fig. 4.12). This can be Séen 

by comparing the surface tension at 0.6 % NVR, Hhere there 

Has groWth, wi th that at O. 7 % NVR where there Was no 
\ ." 

growth. The increase_, in surface tension could be due to 
< 

metabolism of the surface active components of NVR by~ 

lsolate Gs • 
"1 

( ,'" li • 

Addition of NVR ta the media/~ Isolate 1. or isolates 

B and Ga did not stimulate biosurfactant production by these 

microorganisIns. 

1 

("; The addi tien ef _up te 0.5 % NVR to the mineraI saI ts 

citrate ~edium of isolate P2 resulted in a decrease of the 

surface tension after growth (Fi~re 4.13). This i~dicat~ 

.. ' 
r 
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Figure 4.11. The effect of NVR on growth and~biosurfactant 
p~oduction by.' i.s~late SS2 (Pe aeruçnosa).. The cul;tute' was 
arown on.&lucose medium at 31°C for 46 h. 

, 
CO> Biomass dry weighte' , 
(~) Surfac~ tension of "the whole broth. 
( 0) pH after Jrowth. 
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Figure '4.12. The" ef~e~t of NVR on ,rowth and biosurfaètant 
production by isolate Gs. The oulture was grown-on MSC 
medi~ at 37 oC for 60 h . 

( Cl) . Total cellular prote in . 
(~) Surface tension of the whole broth. 
( -0'> pB afte:r growth. . 
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Figure 4.13. The effect.of NVR on growth and biosurfactant r 
~ , 

production by isolate P2. The culture was grown~ on MSC 
A medium at 26 oC for 60,h. 

( 0) Total èellular p!"otein. 
(6) Surtace tension of the whole broth . 

. ( 0) pH after growth. \ 
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that NVR stimulated the production of a smaii amount (in 
'" 

terms of eff~ctiveness) of biosufactant, which could lower 

the surface tension of water te 38 mN rn-l'or Iower. 
1" 

4. 4- Th~ Effect c'f NVR, on Producti<Jnl of. Extracellu lar 
Polysacch~rides by Microorganisms 

The effect' of NVR on polysaccharide product.ion by X. 

Garnpe~tris ATCC 13951, L. L .. 

mesen.teroides, P., _.aeruginosa. NRC 2786 and the isolates was 
1 

tested. Generally NVR was inhl bi tory ta exopolysaccharide 
7 

\ 
production. Growth and production of xanthan by X 

çam:pestris was greatly inhibi ted, 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 O. 30 % NVR . However, at sublethal 'Concentrations. NVR 

caused the organism ta lower rather th an raise the pH durlng 

growth indicating a signlflcant effect on metabolism 

NVR had a sinnlar ,:,::ffect on L. 

Polysaccharide production was aIme,st tot.all:; prevente-d by 

the presence of just 0.0 1 ~ç N'YB.. While t.he YJhole brcA.h 

vis cos i t y wa 5 70 cP l n th -:: con t raI fla s le i t .wa s ") Il 5 t 4 cP 

'in the flask containing 0 01 % NVR. L. gUmm05U~ raised the 

medium pH in aIl flasks in WhlCh it grew 

NVR dià stlmulate IncreaSèd of 

~~.Y·_~pu'" Iy'" acc..,'hal'l c:l~ b~,' ar" ml' "'rr - Y'g .... nl· -m t - .. + "".\ """v ... · pt - n . , ___ ' -' ,. ,_, : ly L. ~,,_,~ .(A .:::l.. e:::; L ~l <::> •• c.:e \.l e. 

l sc,l at.e P:: procluced 3ma] l qllanti ties of a n(Jn -'11 sec'us 



-,' 
-, 

" . 

95 

.. 

Figure 4.14. The effect of NVR on growth and polysaccharide" 
production by X ... camQ.estxis ATCC 13951. The culture was 
grown on yeast malt medium at 26 0 C for "'92 h. 

(Â) Total cellular protein. 
(e) Viscosity of the whole broth. 
( .) pH after growth. 
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1 

extracellular po1ysacchari4e when sublethaf quanti ties of 

NVR were added to the medium. \ 

, 
4.5 The. Ef.:[e.ct. of. NVR .on_ th~ Pr.ocluction .of Catô,lase_ bY. L 
!2..e .. nuun..~ 

~VR was found ta greatly stimulate the ~rowth of 

isc·lat.e SS2 (identified as ~. :;terugin{)s<'\) as Hell as i t'3 

product~on' of the enzyme catalase on gl uco~e "mlnera! salt.:::, 

medium (Fig. 4.15). The bion@ss concentratIon. as ref leci~ec1 
. 

by the total protein concentration. wa3 greatly increas~d as 
'" 

the concentration of NVR Has raised. Since the culture w~s . 
,. 

sampled 46 hours after inocu~ation/and the medium or~ginally 

bontained 20 g'l-l glucose. this increase was related to the 

microorganisrn' s rate of growth rather than Its yid.d. As 

indicatecl by the specifie catalase activi ty show'n in Figure 

4.15, the catalase acti vi ty was increasecl to an ·even greater 
':> • 

exten~ than was the biornass·concentration. Addi t.iona l data 

from this experiment are given in Figure 4.11. 

4.6 Th~ Effect.of NVR on the Pr0,duct19n of. PHB by 
Microorga,nis!ns 

When grown for 28 hours at :26 a C on Dutri ent. brot>h. A.' 

eutrophU5 produced much more PHE as the concentratIon of NVR 

was incre'1sed (Fig. 4.16) . The co me erf!~ ""ct .;;;..:t _ '-' was c bS~rVé'.i 
.~ 

when pentanoic ~cid was added to the NB medium (Fig. 4.17'. 
J ~ 

In th1.3 ()ase A. -;-ut:rophlt'S han be~n grown for 43 hours' at :26 

oc beflre sampling . As .'3hown in Figure 4.).3, th~ adcll tl'::..n 
. 

of 2-methylbutanoic acid to Its NB medimp stImulated PHB 

d 

accumulat:ic·n by t'bis P. cepqciq, (24 h growt,h at 26 OC) o 
~ 
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Figure 4. 15. - .The effect of 'NVR on c~talase production by 
isolate' SS2 CB-,._.a.e.ruginQ.S~. The culture was grown on yeast. 

ornaIt med-ium at 37 oC for 46 h. 

~ 

( .) ,Total cellular protein. 
(II) Specifie catalase activity. , 
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Figure 4 .J6. 'The effect of NVR on growth and PHB proâuction 
by A,,-_ ~utrQ1?bus. The culture was 8'rown on nutrient broth 
medium at 26 QC for 28 h. 

( .) Biomass dry weight. 
(~) PHB concentration. ' 
( 0) pH after growth. 
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Figure 4.17. The effect.ot-pentanoic acid on growth and PHB 
production of ~MS grow~ on nutrient broth medium at 
26 oc for,43 h. _ 

( .) Biomass dr'y weight. 
(~) PHB· concentration. 
( 0) pH after growth . 
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Figure 4.18. The effect of 2-methylbutanoic acid on growth 
and PHB production by f ...... -OeR.a.oia. The organism was grown on 
nutrient broth medium at 26 oC for 24 h. 

( .) Total cellular protein. 
( 0) PHB concentration.' 
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4.1.1 Batch EnriQhment Culture with MYE as the Carbon SourQe 

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 
o " (" 

ml of medium was 1 ml activated sludge from a petroleûm 

refinery sewage treatment plant and 1 g fertile ~oil (no Du 
, -

Pont activated sludge was' available at this time). After 

two weeks et 37 oC "no growth had occurred. The experiment 

was repeated with 8 

varied from 2 to 9 

growth at any pH. 

shake-flasks in which the initial pH was) 

bY~-~e addition of KOH. There was no. 

~ 

The first experiment (ie. initial pH = 7.0) was 

repeated aga in but wi th only 2. a % w/v NVR and at 26 oC. 

Again there was no growth. 

4.7.2 The Effects of-HYR on MiQ~Q~rowth in Shake-fl~ 

The results of a growth inhibition study are listed in 
\ 

Table 4.3 where each line refers to a s~purate shake-flask 

experiment. The organisms are listed in decreasing order of 

their Il value. There wa~\a wide variation in the effect of 

NVR on growth. Just 0.16 % w/v NVR prevented any growth of 

B, subt.il.i.3 J ~~~.c.1.an.6 and .c.... lep.l:U2 while an NVR 

concentration of 1.3 % w/v was necessary to totally prevent 
1 

" 
growth of, P. ce.pacia. Growth of IL. mlmmosus was~ibi ted 

by only O. 01 %., NVR while growth of P, cepacia - wàs not 

inhibited until a concentration of 1.2 %. P, cepacta could 

~ 
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• 
4.3 The Effect of NYR on Growth of yarious Microorganisms 

ORGAN1SMS 

P. cepacia 
P. acidoyoran::s 
T. petrophilum 
E. coli 
Isolate G5 
1solate 1 
P. aeruginosa (SS2) 
A. eutrophu::s 
T. ' bombicQla 
1solate B 
S. epide:t:midi::s 
A. yisCQsu::s 
1solate G3 
C. lepuS 
C. fascian~ 
B. ::sub.til.is. 
ISQlate P2 
C. insidiQSUDl 
L. mesente:t:oides 
X. campestris 
L. gummQs1.lS 

MEDltJMl 

NB 
NB 
MSC 
NB 
MSC 
NB 
GM " 
NB 
MSC 
MSC 
NB 
YM 
MSC 
MSC 
MSC 
MSC 
MSC 
MSC 
YM 

"YM 
NB 
l' 

1 Nutrient broth 

112 
(% w/v) 

1.2 
0.9 
0.8 
0.7 
0.7 
0.6 
0.5 
0.4 
0.36 
0.3 
0.3 
0.3 
0.2 
0.12 
0.12 
0.12 
0.1 
0.10 
0.05 
0.05 
0.01 

NB 
MSC 
GM 
YM ~. 

Mineral salts citrate broth 
Glucose mineraI salts broth 
Yeast malt broth 

123 
(% w/v) 

1.3 
0.9 

\ 0.8 
1.5 
0.7 
0.7 
0.5 
0.4 
0.6 
0.3 
0.3 
0.3 
0.5 
0.16 

~ 0.16 
0.14 
0.5 
0.18 
0.5 
0.3 
<Y. 5 

J 

GROWTH, • 
EFFECT 

++ 
++ 
± 
± 
++ 
++ 
++ 
++ 
+ 
+ 
± 
± 

± 
± 
+ 

2 Lowest concentratiQn of NVR that was inhibitory tQ 
grQwth. 

3 Lowest concentratiQn of NVR that totally prevente~ 
growth. 

4 ++ Great stimulatiQn of grQwth below the 12 
~ concentration. 

+ Some stimulation, of grQwth below the 12, 
concentratiQn. 

± No effec~ Qn grQwth belQw the I~ concentra~on. 
1nhibiti~ Qf growth at 50 % of the 12 . , 
concentratiQn. ' 
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grow at a higher' concentration of NVR than any other 

organism tested. 

There were three distinct ways in which microorganisms 

reacted to increasing concentrations of NVR (Fig. 4. 19) • 

So~e, such as T, bombicola, were stimulated in growth by low 

NVR concentrations (ie, positive growth effect), 
" 

Some, as 

in the case of T. pet.rQJ2hi.lJJm, were not affected by NVR 

until the I2 concentration was -approached (ie, no growth 

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

concentrations much lower than 12 (ie. negative growth 

effect) . The growth effects of NVR on various 

microorganisms are summarized in Table 4.3. Generally, 

organi sms that could grow at relatively high NVR 

concentrations were stimulated in growth by low 

concentrations of NVR. 

4. 8 ThÜ!ll.c.t~ of NY~QDlRQrumt!L.Qn Micr.Qb..ial GrQm 

ri 

Of the major NVR components (listed in Table 1.1) , 

only the monocarboxvlic acids and 6-~exanolactone were found 

to ihhibit the growth of microorganisms, This was 

determined by exposing the microorganisms to relativelv 

larTge concentrations of indi vi dual NVR components. The 

results of one 5uch experiment are listed in Table 4.4. In 

this experiment, dicarboxvlic acids stimulated growth of 

Isolate 1 while 1, 2-cyclohexanediol and the t>race 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. • 

(,Â) Stimulatory effect (t .. bombic.Qla). 
( .) No eff ect (T ..t_.p.et.rQ1?hilum) . 
( .) lnhi bi tory effect ( Isolate G3 ) . 
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TAB!.E .}. 4 

~ 

HVR_COtjPONENTS 

CONTROL 

1,2 CYCLOHEXANEDIOL 

(CIS + TRANS) 
Cr 

TRACE METAL 1 

TRACE METAL 2 

6-HEXANOLACTONE 

BUTANOIC ACIO 
of} 

PENTANOIC AeID 

HEXANOIC ACIO 

1"'\ SUCCINIC AGIO • 
GLUTARIC AC~O 

; - ADIPIC AGID 

.,.-

THE EFFECT OF THE MAJOR NVR COMPONENT~ 

ON THE GROWTH OF ISOLATE 1 

BIOMASS 

CONCENTRATION DRY WT. GROWTH 

_~-HLyl ___ _.1.g1- 1.l ElNA~H Q ~CT 

0 1.96 ).. 1.6 

0.6 1. 95 7.9 NONE c= 
1. 68 7.5 NONE 

../ -
1.85- 7.6 NONE 

0.6 . 0.11 6.5 INHIBITORY 

0.6 o .~10 6.4 INHIBITORY 

0.6 0.02 6.4 INHIBITORY 

0.6 0.15 6.4 INHIBITORY 

0.6 3.56 9.5 STIHULATORY 

0.6 3.81 9.5 STIHULA1TORY 

0.6 5.48 c 9.2 STIMULATORY 

f-
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O
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hexanolactone greatly inhibited growth of Isolate 1. These 
, 

~results'were also found with T. petroPhi~ (Table 4.5), ~ 

3ubti lia ( Table 4. 61, and X, camlleatri.· )cc 1396.1 (Table 

4.7) with several exceptions. The growth of,T. petrophi1um 
, 1.\ ' , 

and B. subtilis was not totally prevented by 0.6 % w/v 6-

hexanolactone. . " 
Growth of T. ,petiophilum was only, slightly 

\ 

Il stimulat-ed by dicarboxylic acids whlle B. subtili.3 and x..:. 

.. 

, 
èampestris were not stimulated at aIl by di'carboxylic acids 

in a 0.6 % w/v concentration. 
111' 

AlI NVR components appeared to inhibit emulsifier 

production by T. petrophillpm. Trace metal #1 and 1,2-

cyclohexanediol were the" least inhibi tory t~ emulsifieX', 

production. 

Where growth occurred, the only ~VR components, that had 

t . 

\ J 
an effect, on biosurfactant production by B., Bubtilis were 

the trace metals. Trace metal #1 àppeared to inhibi t -
, 

biosurfactant production while, trace metal #2 was 

stimulatory, 

4.8.2 The Effect..s of the Major Toxic' N'iR èomponents 00 :the 

Growth~f Microorganism~ 

-
Figure 4.20 shows the effects of NVR and pentanoic acid 

on the growth of 3 microorganisms. Pentanoic acid was toxic 

at a lower concentration than was NVR. Foro~ach organism, 

the pentanoic acid I2 concentration was at least. 50 % less 
"t ~~ " 

than the corresponding NVR I2 concentration. 
~ 

The Il 

concentration for Isolate l' 'was much les5 ,than that of f.:... 
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THE EFFECT OF HAJUR HVR COMPDHEHTS OH GRON TH AND 

BIOEHUlSIFIER PRODUCTIOH BV T PETRQPHILIUH 

, 

TpTAl 

CONCENTRATION BinMAS5 PROTEIH CROWTH 

g 

" 

"VR COHPPHEN~ (z w/y) (gJ- 1 ) <gl- 1 ) FI HAl pH EFFEtI X EMULSION 

CONTROL 1· 0.3'3 O. 15 5.7 

CONTROL 2 0 ~ l. 37 0.4'3 ~.O 

1,2 CYClOHEXANEDIOL 0.6 1. OJ O~30 5.2· -

(CIS +TRAHS) 

! 
TRRCE METAL 1 ... 1 0 •. :3'3 5.0 f 

TRACE HETAL 2 J .57 0.60, • 5. 1 

6"':HEXAHOlACTOHE 0.6 0.99 0.39 4.5 

--.r 

8UTAHOIC AelO 0.6 0.35 O. 12 5.9 

GLlITnRIC RCIO 0.6 1.91 0.67 6.0 

AOIPIC ACIO 0.6 1. 55 0.52 5.7 

• :AHALYSEO AFTER INOCULATION 8UT BEFORE GROWlH TOOK PLACE 

o :ANALYSEO OFTER GROWTH TOOK PLACE 

0 

41 

.. 
NONE 28 

HONE !5 

NONE 33 

INHI'BITORV 3 
1 

IHHIBITORY 0 

STIMULATORY e 

NONE .. 

" 
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TAOLE ".6 

Nvg COMpONENT 
~ 

CONTlWL 1· 
COHHlOL 2 0 

~o 

1,2 CVCLOHEXRHEDIOL 
(CIS ... T~A~) 

TRACE HETAL 

" 

~ 

THE EFFECT OF "AJO~ HV~ ÇOHPOHEHTS OH GRONTH BND 

BIOSU~FACTRHT P~OOUCTIOH BV B. SUBTILIS 

TOTAL 
COHCEHT~ATIOH BIOHASS PROTEIH 

(% w/v> <ql- 1 ) '( 9 1 _ 1 ) 

0.09 0.03 

0.73 0.29 

,0.6 0 0.!52 0.3" 

0.73 0.36 

flHAL pH 

6.0 

6.0 

7. 1 

6.9 

CROWTH 

EfFECT 

,HONE 

HOHE 

SURFACE 

TENSION 

<.H.-1~ 

43 

37 

40 

42 

TRACE HETAL 2 0.62 
\., 

0.4. 7.0 

6-HEXANOLACTONE 0.6 .. 0.23 O. 17 5.4 

BUTANOIC ACIO 0.6' O~OB 0.05 6.0 

ftOIPIC ACIO O.G 0.53 0.34 ~ 6.,9 

• ;ANAlYSEO AFTER INOCULATION BU'T BEFO~E GRONTH TOOK PLACE 

o ;AHALVSED AFTER CROWTH TOOK PLACE 

, .. 
\ 

--, 

HONE 33 

IHHIBITORY 46 

INHIBITORY 43 

HOHE 39 

.~ "') 
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TABLE 4,7 THE EFFECT OF MAJOR)NVR COMPONENTS ON 

, ,~ 

NYIL!!.OMPONENT 

'. CONTROL 1. 
CONTROL 2 <>. 
1,2 CYCLOHEXANEDIOL 

(CIS + TRANS) 

TRACE METAL 1 

, 
GROWTH OF x. CAMPEST~IS ATCC 13951 

'--

1. TOTAL 

CONCENTRATI0N ~~ROTEIN 

_~_HLY.l_ -Lgl=-!l FINAL pH 

0.04 5.5 

0.56 4.1 

0.6 0.58 4.9 

0.55 4.1 

GROWTQ 

EFFECT 

NONE 

NONE 

J' 

~ 

TRACE METAL 2 1.05 3.0 ST 1 MULATORY 

6-HEXANOLACTONE 

BUTANOIC ACID 

PENTANOIC ACIO 

HEXANOIC ACID 

ADIPIC ACID 

0.6 

0.6 

0.6 

0.6 
v 

0.6 

• 
0.08 4.9 N,EGAT IVE 

0.07 5.9 NEGATIVE 

0.10 6.0 NEGATIVp: 

0.07 5.9 NEGATIVE 

0.49 4.8 NEGATIVE 
~ . 

• :ANALYSED AFTER' INOCULATION BUT BEFORE GROWTH ToOK PLACE 
o :ANALYSED AFTER GROWTH ~OOK PLACE 
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F11U~e 4.20. A compar1son of ~h~ effeot of NVR with~that of 

, pentapoio,8Cid on the grbwt~ of mioroorganisms .. 

(0 > A. eutrophUs. '\ 
( .) Isolate 1. 
( .• > P. cepacia.-

, 
/ 

tI • •• J 
A. eutrophus was grown on nutrient broth medium at 26 oC. for 
28 h wheh g~own with.NVR and 43'h when grown w1th pentano1c 
acid. ' 

"
Iaolate 1 was grown on nutrient broth meQium at 37 oC for 60 
h widhen grown w7~ ~VR and,48 h when g~own with pen~anoic-
~c • 

o 1 

f. éepacia waa grown on nutrlent broth medium at 26 oC for 
14 h when grown with NVR and 12 h when grown w1th pentano1c 
acid. ., 
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cepagia for NVR but almost equal for pentanoic acid. These 
'. 

resul ~s indicated that a component other than the 

monocarboxylic aeids was responsible for inhibition of 

. growth (if i t occured) weIl below the toxie NVR 
'. 

concentration. Figures 4.21 and 4.22 indicate that this 

component was 6~hexanolactone. Th! 5 component had a 

negative effect on the growth of both Isolate 1 and f..... 

gepacia weIl below i ts lethal (I2) concentration. 

effect was mor~ pronounced with ~. 

Figure 4.2.1 also shows that a higher concentration 

(w/v) of hexanoic acid than butanoic acid W8S needed to 

prevent the growth of l solate 1. Even le55 pentanoic acid 

was required. rSimilar amounts (in terms of both weight and 

molar concentrations) of aIl three ~onocarboxylic acids were 
.. . 

required to prevent the growt\, of P. Q~l>acia. 

4.8.3 Use of the'Major Toxic NYR QQmPQnent~ by P. cepacia 
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 { lesser 

extent when NVR had been added J-to the medium. 

Il 

Sublethal concentrations of 6-hexanolactone, above 0.2 
- " 

%, inhibited the growth of f.cepacia (Fig. 4.24). The pH 

did not rise to as great an extent as th~ control whelt 6-

hexanolactone was ln the medium. Al though Table 4.2 shows 

\ 
\ 
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Figure 4.·21 .. Effeets of the major toxie NVR eomponents on 
the growth of isolate 1. 

( 0) Growth wi th NVR for 60 h. -
(~) Growth wi th butanoie aeid for-24 h. 
(.) Growth wi th pentanoic aeid for 48 h. 
( 0) Growth wi th hexanoie aeid for 18 h. 
(~) Growth with 6-hexanolaetone for 24 h. 

AlI experiments were conducted with nutrient broth medium at ,) 
31°C. . 
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Figurè 4.22. Effects of the major toxie NVR eqmponents on 
the growth of P. _....c.e.J2~ci.a. 

( .) .. NVR. 
( 0) Butanoic acid. 
(Â.) Pentanoic acid. 
e 0) Hexanoic acid. 
e .) 6 -Hexanolactone 1 

AlI experiments were eonducted with nutrient broth medium at 
26 oC. 
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Figure 4.23. Effects of NVR on growth of t_. ___ .Q..e"p'gç.i)~. The 
culture was grown on nutrient broth medium at 26 oc for 
14 h. --... .... 
(II) Biomass dry weight. 
( 0) pH. 
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. Fi'gure 4.24. Effects of 6-hexanolacton~ on growth of 'F., 
çJ~Qacja. The cul ture"wa's grOWll on nutrient broth medium at 
26 oc. 

(II) Biomass dry weight. 
( 0) qpH after growth. 
(~) Concentration o~, 6-hexanolrctone after growth. 
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that F_. __ ce.p.aci<:;\ could grow using 6-hexanolactone as i ts sole 

source of carbon, the microorgan~sm did not metabolize any 

in this experiment. 

As sh"own in Figures 4.25, 4.26 and 4.27. butanoic, 

pentanoic and hexanoic acids, aIl stïmulated the growth of 

P_. ___ c.e.9açia on nutrient broth. Their presence (after the 

, initial medium pH adjustment) had little effect on the final 

pH. 'AlI 3 monocarboxylic acids were utilized by P_ ... ceQacia 

in these experiments. 

An unidentif ied microorganism (Gram posi ti ve coccus) 

was grown in axenic ct;ll ture 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 \ralsec1 the question of 'whether 

monocarboxylic acids could stimulate the growth of P. 

ce!H:tcia even when not used as a carbon or energy source. 

~e butanoic acld analogue, 2-methylbutanoic was employed in 

the hope that it woulq not be used by P. cepacia. However. 

as seen in Figure 4.29. P, .. ç'epaci~ metaboli3ed 2-

methylbutanoic aci,d. Its growth was Jstimulated by 2-

methyl butanoic acid which wâs not as toxie (in terms of Il 
. 

or 12 values) as butanoic acid even when expressed as a 

molar GJncentration. 

'}l 
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Figure 4.2fl· Effects of butanoic acid on growth of-~ 
~acia. The cuture was grown on nu~rient"broth medium at 
26 QC. 

( .) Biomass dry weight. 
( 0) pH after growth. 
(~) Butanoic acid concentration after gro~th. The broken 

line represents the initial concentration. . 
~ . 
~ 

...-

rr 

\ 

'\ 

\ 

" -

-0 



-. 

o 

,- , 

, / 

.6~-----------------------' 
'> 
~ 
~ .5 
(j. 
z o . 
U .4 
Cl' -

~ ~ 
u ,.3 

,~~ , 

1 

~ .2 
::J" 

~1 <C • 
z 
li: 

.-.. ,.. 
1 

CI) 

~ 
~ CC .5 

(-

o 

7ii 

0 0 .. 1 JI 

INITIAL BUTANOIC ACID CONC.(%w!V) 

é • 

t. 

.; 
- \ 

1 
1 • -, --

\ 

" 

... 

-
.' 
" 

:' 
, '~'.-" 
,. \j~ .. 

~ .~ -(' 

~---",-i.... 



\ 

" 

. f"
,,' ) 

.. 

1 .. "' ..... 

i 
, 130 

\ 

. , 
.... 

o • 

J 
c 

/ . 

Figure 4.26. Ef'fects 
~~p-aci~\ The culture 

of pentanoic ~cid OR 'growt}:l of P.,_ 

26 0 C f01j 12 h. 
was g·rown on nutrient brot}:l medium at 

,) 

( .) Biomass ~ST weight ~ 
( 0) pH after growth. , 
(',6) Pentanoic acid concentrat~on after growt];l .. 

line represents the initial p~ntandic acid 
concentration .. 
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'Figure 4.27. Effect5 of hexano.ic acid on growth of F ..... 
~.~_ia. The culture was gro~n on nutrient broth medium at 
26 oC fOl; 48 h . . 
(.) Biomas5 dry weight. . 
( 0) pH after growth. 
(~) Hexanoic acid concentration after growth. The broken 

~ line represents the initial'h~xano~c acid 
concentration. . . ~ 

f 

/} " 
".. 

.. 
,-

\' 
.\, 

• 

o 

... 

""'_:'_:;:":\,,{"'~~~_i;':::,:." .. < ' 

',-

~\, • '" 
,<. , 
, 

"'-

1 



~iC •. 

~,: 
r :$ , 

o 
,0 

o 

, 

e 

~ 
~ 
d 
~ 
(J 

0 

~ 
(J 

0 z 
~ 
X 
UJ 
J: 
..1 
Cl; 
z 

-li: 

-.. . 
01 -cJ z 
o 
(J 

.6 

.4 

.2 

0 
1 

~O.6 
< 

~ 
CO 

, 
. 

\ 
a 0 

/ 
/ 

/ 
~/ 

/ 
/. 

'/ 

/ 
/ 

/ 

o~--------~----------~--~~~~ 
o .2 A of 

INITIAL HEXANOICACID CONC.l%W/V) 

9 

8 

7 

:r 
0. 

~ ~ -; li - 1~J~ ~: .. \'t 
li' 

133 

ct 

e 



134 

/ 

Figure 4.28. Effects df pentanoic acid on growth of an 
unidentified coccus. The culture was grQwn on nutrient 
broth medium at 26 oc for 36 h. 

(II) Biomass dry weight. 
( 0) pH after growth. 
(~) 'Pentanoic acid concentration after growth. 
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Figure 4.29. Effects of 2-methylbutyric acid on grow~h of 
P . ___ C~.l2.aQia. The culture was grown on nutrient broth at 
26 oC for 24 h. 

( .) Biomass dry weight. 
( 0) pH after growth. 
(~) 2-Methylbutyric acid concentration after growth. The 

broken line represents the initial concentration. 
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4.9.~~oHth of P. eepacia on MYE in a Single-etage ChemQ=tat 

In order'to prove conoluéivel~ that microor,aniama-Jan 
1 

grow on, NVR, f. cepeeia w!ls ,grown in a carbon-limited 

chemostat wlth NVR as its sole source of carbon and energy. 
~Jf. 

The dilution rate was constant at 0.14 h-l. 5teady-state 

arowth was achieved at a feed concentration of up to 17.8 

gl-l NVR. Above this level oxygen limitation occurred due 

to the msss transfer limitations of the fermentor. 

A stlitistical analysis wa5 done to determine whether 

the oxygen upta-ke rate, the bloma55 concentration and the " 
, JO 

protein concentration were linearly related to the NVR 

concentration. AllI three relationships were highly 

significant (P < 0.0005) using Students t-d'istripution test 

with 4 degrees of freedom. It could therefore be concluded 

that a5 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 grams 
1 

of biomass for every 100 grams of N~ supplied. When the 

water content of NVR was sùbtract~d, the calculated l'ield 

(YX/S) was 18 %. Under carbon-limited conditions, the 

protein content of P. cepac1a was 60 % when grown on NVR 

using (NH4) Z 504 as the ni trogen source. The Qo2 was 9.2 
)" 

li 
mM g-1' h- 1 and 9.5 millimoles of 02 were consumed for every 

gtam of NVR supplied under carbon-limited conditions at this 

dilution rate. 
" 

\. 
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Figure 4.30. Growth of P. cepacla on NVR in a single-stage 
chemoetat. 

( .) Total cellular proteine 
(Cl) Bioma55 dry weight. 
(0) Oxygen uptake rate. 
(e) Oxygen demand (amount of Oa required to use a given 

q\lanti ty of NVR).· 
<--D = 0.14 h- 1 pH =. 7.0 

T = 30 oc Agitation = 660 RPM 
Air flow rate = 0.83 VVM 
Medium: MSM (0.40 % (NB4)2S04) 
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At a lower dilution rate (.09 h- 1 ) steady-state was 

achieved at an NVR feed concentration of 20.5 g 1-1. This 

could be attalned becaus8 the oxygen requirements wer~ less 
/ 

at the lower dilution rate. The biomass yield was the same ~ 

as at the 0.14 h- 1 dilution rate. 

4.10 Balancing. the_ Ca,rbon .tQ. Ni tr.o~Em_ Ra:t.io_ irL:tLh~. Hin.e..ral 
SaI t;;i .. Mecti~m. Çl:L_~~ 

The amount 0 of ammonium needed for the complete 

utilization by P~.c~paQia of a g~ven ~?unt of fructose 

chemostat )( D = O. 14 h- 1 ). 

was 

determined in a single-stage As 
~r 

o 

seen in Figure 4.31. above a C/N ratio of 15 moles mole-l, 

there was no increase in protein production. The rate of 

oxygen utilization also leveled off at this point. 

Using the C/N ratio study as the basis for the design 

of an ammonium-limited medium, ~c._Qepaci~ was grown in batch 

culture with fructose as the sole carbon source. As seen in 

Figure 4 32, when grown uncler these COndll:.ions, P. _ .c'ep9Cla 
f 

exhibited two linear growth phases in addition to the u3ual 

lag and exponential phases. 

The rate of exponential growth could not b~ cletermined 1 

accuratelv since it was relative1y short. However. the 

y1816 of biomass (Yx/s) was 12.3 %. During the first Ijnear 

,grc,t..t.h, phase the rat.e of bioma3s product ion ,-1as- (1 1::; g 1- 1 

h- 1 while the rate of substrate utilization was 0.6D g 1- 1 

Th~ yield of bioma5s was 16 5 %. During the second 

l-
J \ 
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Figure 4.31. Effect of oarbon/nitrogen ratio on growth of, 
E..II-...c.eRaci~ in a singl#!-stage chemostat. ., 

( .) Fructose. 
(C» Total cellular protein. 
( .) Oxygen uptake rate. 

D = 0.14 h-l pH = 7.0 
T = 30 oC Agitation = 660 RPM 
Air flow rate = 0.85 VVM 
Medium: MSM (0.50 % fructose) 
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Figure 4.32. Growth and carbon source utilizaton by ~~ 
~~Racj~ throughout ammonium-limited batch fermenta~ion. 

, . 
( 0) Biomass _dry '~eight of fermentation #1; 
( .) Fructose concentration of fermentation ~1. 
(0) Biomass dry weight of fermentation #2. 
(II) Fruct~se concentration of fermentation- #2. 

pH = 7.0 
T = 30 oC Agitation = 660 RPM 
Air'flow rate ='1.1 l min-l.' 
Medium: MSM (4.0 ~ fructose ab~ 0.2 % (NH4)2S04) .... 
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1inear growth phase the rate of growth was 0)6 g 1- 1' h-l 

whi1e the rate of fructose utilization was 0.32 g 1- 1 h-l. 

The yield of biomass was 16.9 %. 

Figure 4.33 gi ves a breakdown of the biomass 

composi tion of p~2. ce.pac.ia throughout the fermentation that 

was repres~ted by the square symbo1s in Figure 4.32. 

During the first 20 hou'rs most1y high~protein biomass was 

produced. 

growth. 

1'-his corresponded to the period of exponentia1 

For the next 20 hours most'ly PHB was - produced. 

This time period matched that of the first period of linear 

growth. ,After, this, al thouglî sorne protein and PHB were 

produced, production of sorne other biomass component(s) 

predQminated. This corresponded to the second period of 

linear growth.~ 
0 

...., 
~ 

• 

Figure 4.34 shows the oxygen uptake rates of the two 

batch fermentations. In each case, afte·r a period of 

exponential increase, the oxygen uptake rate decreased 

sharply. These peaks corresponded exact1y with the start of 

the first linear growth phase, in which PHB was produced 

Since PHB production had been found to be :3eparate 

from the exponential production of high-proteln biomass, the 

possibility of using a 2-stage production process was 

investigated. The resul ts are shown in"" Figures 4. 35A and 

4.35B and are summarized in Table 4.8 The working volume 

of the f irst stage was 0.78 1 while" the second stage was 
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Figure 4. 33. Th'e composition of F_t.-c.el;).AQ.ia biomass 
throughout ammon"ium-limi ted batch fermentation on fructose 
(fe~m~ntation #2 of Figure 4.32). 

( .Â) T0tal cellular protein. 
C".) Total cellular PHB. 
( .) Other biomass (ie. biomass other than prote~ and PHB). 
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.. 
F~gure 4.34. The change in oxygen uptake rate of I:. __ ce.p..a..ci..a 
throughout ammonium-limited batch fermentation on fructose. 

( 0) 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. prowth and produc~on of PHB by P. cepacia in 
a 2-stage chemostat. 

1) 

( 0) First stage data. 
( .) Second stage data. 

1) 

pH = 7.0 
T = 30 0 C 
Air flow rates = 1.0 

Agitation = 660 RPM 

(second tage). 
Medium: Mineral salts m tlium. ' 

, ;:l1 

Change mRQsition 
AI: First stage feed contained 1.0 % fructose and 0.2 % ,,' 

(NH4 )2504. Fructose was fed into the second stage. ~ 

Anvr; First stage feed contained 1.0 %; fructose and 0.2 
% (NH4)2S04. NVR was fed into the second stage. 

Bnvr: First stage feed contained 0.5 % fructose and 
0.05 % (NH4)2S04. NVR was fed into the second 
stage. 

Bi: First stage feed contained 0.5 % fructose and 0.05 
% (NH4)2S04. Fructose was fed into the second 
stage. 
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Figur~ 4.35B. Growth and production of PHB by P. cepacia in 
a 2-stage chemostat. 

(1 0) First stage data. 
( .) Second stage data. 

\ 
\ 

pH = 7.0 
T = 30 oc 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 ) 
Al: First stage féed contained 1.0 '% fructose andJ O. 2 % ) 

(NH4)2SQ4. Fructose was fed into the second stage. 
.. 

Anvr: First stage feed contained 1.0 % fructose and 0~2 
% (NH4)2S04. NVR was fed into the second stage. 

\ Bnvr: First stage feed contained 0.5 % fructose and 
0.05 % (NH4)2S04. NVR was fed into the second 
stage. 

Bif F~st stage feed c~ntained 0.5 % fructose and 0.05 
~)(NH4 )2 504. Fructose w,s fed into the second 
stage. 
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TABLE 4.8 A SU""ARY OF THE 2-STR~E CHE"OSTAT RESULTS 

A""ONIU" 
SULPHRTE 2 2 0.0 0.0 
(gl-1 ) 

FIRST STRGE 10 10 D 0 
CRRBON SUPPLY oCFRUCTOSE) (FRUCTOSE) (FRUCTOSE) (FRUCTOSE) 
(gl-1 ) 

SECOND STAGE 5.2 7.6 7.6 4.2 
CRRSON SUPPLY <FRUCTOSE) ("VR) ("VR) (FRUCTOSE) 
(gl- 1 ) 

STASE 1 2 1 2 1 2 1 2 

BIOttRSS (91-1)0 1. 4~ 2.85 1.4:1 2.65 0.90 2.50 0.90 2.70 
(1. 40) (1.20) (1.60) (I.BO) 

Pj:lOTpH (91-1)0 O.~O 1.05 0.90 1.55 0.40 9·00 0.40 0.50 
(0.65) (0.65) (0.10> (0.10) 

PHB (9 1- 1 )0 0.15 0.35 O.u 0.22 0.25 0.50 0.25 '0.80 
<0.20) (0.07) (0.2:n <0.55) 

OXYGEH UPTRKE 16 6 17 . 
RATE (.Hl-1 h- 1 ) 

8.5 6 0 6 :5 

,,~ <.ttg-1h- 1). 11.0 2 • .1 11.7 3.2 6.7 2.0 6.7 1. 1 

Q02 (aHg-lh- 1 )<1 17.8 3.9 lB.' 0.5 15.0 10.0 15.0 6.0 

Yx/s (X) 14.5 26.9 14.5' IS.O 18.0 2' .1 18.0 -42.9 

YPls (:0 1.5 3.8 1.5 O.~ 5.0 3.3 5.0 13.1 

YWx. (;0 10.3 14.3 10.3 ~5. 8 27.8 15.6 27.8 30.6 

y PROTEIN/S " ClO 9.0 12.5 9.0 8.0 8.0 1.3 8.0 2.4 

O:VALUES IH BRRCKETS IHDICRTE THE AHOUHT PRODUCEO IH THE SECONO STRGE 
(i ••• STA6E2 - STAGEI) 

+: Q02 BASEa ON BlonASS CONCENTRATION 
<J:QO 8ASEO ON PROTErft CONCENTRRTION 
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maintained at 1:55 1. The flow rate of the min~ra1 sa1ts 

medium was 96 '-fI h- 1 resul ting in a first stag~ di ll.ltion 

rate of 0.123 h-l and a second stage dilution rate of 0.062 

h-l . Fructose ,was in the mineraI saI ts_ medium to SLlpply 
~ 

carbon and energy to the first. stag~. Additional carbon in 

th~form of - ei ther NVR or 50 % w/v fructose was added 

directly to the second stage. 
l' 

~ 

When the mineraI salts medium contained la g 1-1 

fructose and 2 g 1- 1 (NH4)2S04, only 0.15 g 1-1 PHE was 

produced in the first stage. Under these conditions, when 

fructose was added to the second stage. the yie1d uf PHE w~s , 

on1y 3.8 g per 100 g fructose. The second stage yi~1d from 

NVR (assuming total utilization and not accounting for the 

water content) was léss than 1 %, .. 

When thé first stage, carbon to ni trogen rat.io w~s -

incre;ased from 11 to 22. the first stag~ PRB yield (YP /6 ) 

o 

increased from 1. 5 % ta 5. a %. The s~cond stage yield 
\ 

consequently increased to 3.3 % for NVR and 13.1 % for 

fructose. The second stage protein yield was considerably 

d~cr~ased when the first stage carbon to nit~ogen rat~o waz 
, , 

increas~d. 
r 
j 

t 

, 

r 
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CBAPTER 5 

DISCUSSION 

5.1 The Possibi1ity of Using Peat Bun-off Watet 
as a Fermentation Substrate i 

It had been reported (104) that X. campestris NRC 2146 

(ATCC 9924) could produce xanthan gum using peat pressate 

("later removed from peat b1' a pressing proeess) as i ts 

carbon source. Similar resul ts were expected using peat 

run-off water sinee it 15 essentlally the sarne material (ie. 

water tbat bas been e10se11' associated wi th peat). Slnee 

nutrlent broth 15 defleient in carbon, the addition of peat 

run-off water was e,xpected to resul t in increased biomass 

and/or xanthan production. There was no increase in either 

xanthan or biomass concentration (sect. 4.1.1), although the 

sarne strain of X, campestris "las used as in the previously 
~ 

r~ported study. This indieated (contrarr to the previously 

reported work (104» that peat water contained no carbon 
~, 

source utilizable by x. campestris but additional 

experiments were needed to ver~fy this. 

Yeast malt broth contains glucose 'and' sucrose in , 

addition to nutrient broth:' It thus has a sur~eit of carbon 

and ni trogen but ,is lacking in mineral- saI ts and trace 

elements. The yeast malt broth shake-f lask experiments 

showed that, the addition of peat run-off water resul ted in 

'an !ncreased xanthan concentration. Since the shake-flasks 

" , 
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concentrations were not 'measu.red, conclusions could not. b~ 

drawn as to wheth~r the increased xanthan concen't.ration was ~ 

due 1 ta i.ncreased\ yield or ta an increased r.at€" I)f 

~ product.,j,on. 

\ 

In order to answer this qQestion a series of bat,ch 
1 

fe~mentation5 were conducted. The mineraI salts medium used 
, . 

was essentially the 'same as one' develôped specifically for 
- l, f' 

x ... camiH~ts.tri5 ATCC 13951 (37). It con~ained aIl the 

necessary mineraI 'saI ts and trace elements but, only a 

_ limi ted amount· of gluco~e as a carbon sou,rce.. The resu l ts 

of these fermenta~ions showed very little difference in 

,biomass and xanthan yields or production rates when pept 
.. 

run,-off watel' was added. The shake-flask study which used 
Q 

\1 
the same mineraI saI ts medium as employed in ,t,he batch 

fermentations also showed no effeçt af peat l'un-off water 

additIon. The'se resui ts c.onflicted wi th the yea5t malt 

broth shake-flask experiments. 

, 
Org~nic acids such as succinic a~id have bean shawn to 

stimulate xanthan producticln (2B). P€'at i5 rich in humic 

.:tcids. However, -since there W3.? no st.imulat.i0n of xanthan 

production in the minerai salts medium. hümiC" acids ce,uld 
• 0 

\ 

not bfo' responsi ble for the pc'si ti ve eXofect s~en. wi th veast 

malt medilun . P~at rnn-o{f water may c(,ntain se'me nuner.:tJ 

~alt. trace e~ement or gr0wth factor beneficl~l ta xanthan 
1 

prc'ductic·n (and 13c1dng ln y~ast mRlt broth). but it has no 

significant carbon content utilizable by X. campe$tris 

.... 

, 1 
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P .. Cep9..G.ia. may use more carbon sources than any oth~r 
~ ", 

It is known te grow on aIl "four of the maior 
( 

found ~n peat hydrolyzate and grows very w.-:.ll ',:'n 

rga~ic acids (Ta~le 3.3). The 5hake-flask experlm~nt (Fig . 

4 7) indicated that peat run-off . ' wa.·ter d~d not conta in a 
, 

significant amount of carbon utilizable by P .cepacia. Th~ 

, 
lack of response by a carbon-limited chemostat culture of P. 

cepa..cia te a pulse of peat run-off water verified t.hbs 

conclusion. 

is .appr~ The COD of Barrington peat. pressate 
~ 

1 • 
0.7 g 1- 1 (104). Peat run-off water from the same beg would 

ij. 

be expected to have a similar C9D. The COD value is roughly 

equivalent to the total organic carbon content (20) . 
1. 

ThereforeJ even if aIl of the COD was contributed by sugars 

1.l.tilizable by X. __ c.ampestris. p~at run-off water would st~ll 

not be a signi~icant source of carbon. 
" 1 

Other waste 'products of the peat processing industry 

May 
'-, . 

b~ of sorne vâlue as fermentation substrates. A e 
"-' 

: described 'in the introduction, organisme have been grown on 

p~at, hydrolyzates Fl.nd the processing of peat c.:-m prc·ducl~ 

eff luent "l'1i th a substantlal COD" For example. Or1~ sneh 

pro'èess prr:'duces an effluent with a COD Qf 21 g 1- 1 (80 ). 

It may bè poss~bl~ to produce xanthan, PHB or sorne r)ther 

bi010gtsal product u~lng such 3 w83te. 
" 

l' 

/ 

( 

,h 
1 
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It was shawn that peat hydrolyzate wa::. tc'xic .t.(l X. 

r;::qmpe~tr.i.3 (sect. 4. 1.2) . Peat proces.sing waqt.es. HhlCh 

mi':-r00rgani5m5 at. a 

if the chosen orgctni sm could metctbc·l i::'2 t.he 

~0mponents, the toxicitv problem 

for multjple gr0wth phases) would 

(t: W~I~ "'s t.he pc·tential 

~llnl1nated . 

5.2 ThE( _ Format"1,:.,n of. a .Gtrategy fol:'. the J;levelopment I:,f _NYR 
as a.Fermentation Substrate 

" , 

Experience with peat run-off water influenced the 
o 

'" formation of a strategy for the development of taxie eomplex 

wastes ::t.s f .::-rmentat.ion substr3tes. 
",-

Tltis is 

outlined in App.::-ndlx B. It was used in the dev~lopment of 

NVR as a fermentation substrate. 

'The mistal:e i(lJi'attempting t,c> devell::>p peat run-c,ff 'i-later 

lnto a ferment,·:ü.i·.)n substrate fr)r x:.'\nthan pre><:illct,lon W-3.,:. HI 

han significant f:'Jrbon In cont.r:l'::.t, 

knc·wn W''''lter 

content. NVR lS rleh in carbon 3nd ch~mlcal energy 

Th~ prnblem was ta find one or two mlcroorg9nisms ~hRt 

'::(.01) Id use the maj or 1. t,y ·")f 

s~d table pr(Y:!llc t in hl gh yielcl. 
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~ 

toxie eomponents were identified. Mieroorganisms were 

selected based on their abili ty to metabolize t,hes,= and 

(,th~r maj0r NVR cc>mponents. A study was made of the effects 

. of NVR on the production of certain products. OSlng this 

knowledge. 
l ~ 

a product was chosen and a production pr0cess was 

deve]oped. 

By definition. shake-flasks containing Il and 12 

concentrations of NVR contained less bIomBss at th~ tIlle of 

sampling than did the control. Slnce most flasks were 

sampled relati vely soon after Inoculation, the Tl and 12 

values reflefed the effectt of NVR on grc'wth r:\te' rather 

~han on Yieldtle. the flasks were sampled before growth had 

,::eased) . t'lost of the organisms te.=,ted wer'? inhlbj ted Hl 

growth when NVR was/in exce5S of (1 . .'35 % (Tabl~ 4 . .3) 
( / ---~ 

Such 

/ " 
l<)w Il ... .ç.:üu~·s ~ake these organisms unSUl table for il1dustrial 

1 
fermentations !lackIng rigid control. Growt.h te 

/ 
/ 

inhibi ted during ehemostat ferm~ntatic·n if the concentrr:ltic,n 

0f NVE reached the Il value. Tf the specifie growth rat~ 

deereased ta less than the dIlutIon r3te. washout would 

(\ceur. 

Slnc~ the highest 12 value found WB!:;, unly 1 . .3 ~~ w/v, 

an ecC'·nomic::1l met.hod ,:,f using NVR as 3. f,:,rmentatlC·n 

substrate. Carbon-llmltad f~d-batch and carb0n-liml~,:,d 

chêln,:·st.J.t cult.ure ;'u'e t.he lil~elir:-::.t. alternativ~5. 

----- --- - -

J_~~ _____ _ 
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fermentation methods would be successful. pr0vided the 

microorganism used in the process Jas ca.pable of ut.illzing 
u / 1" 

l ' 
the maj0r growth-inhibl ting comp1nents, of NVR. Under 

qarbon-timited c0nditi0ns. thlS wodld ke~p the steadv-ztate 

ce'mpc'nents w~ll t-,h·~· i r 

èc~ncen+.ratic.n5 . ThiS is vel'ifi-::d th-=-

t.hat F'. c~];lacia can be grown ln a chellH .. 'stat ·N'l th a f-::-::d 
, 

concentration of NVR mu ch higher than the I2 value for thai 

organi3m (sect 4.9) 

The 

cult.ure 

use 

also 

of carbon-'limi ted fed-batch 0' chemostat; j. 

eliminates the problem 'of ffiult~e growth 

phases (le. dic'IUXY) associ.ated wi t~ batlè growt.h on mixed 

substrates (sect. 2.1). 

tone and the monocarboxylic acids are 

the found in NVR, only micrporganisffis 

able t0 degrade cc'mponent.s were considered for an 

~ndustrial ferment tian proceS3 usjng NVR. 

Although the t·oxic effects of mono.::,arbox:ylic aCld.s r)n 

bar:::terlét has been stuclier:l. the ca,use of their 1;,(?xici 1",y 1.S 

un}:nc·wn (43). Tt. ahc·uId blé' noted that~ t.c'lnperatu ce. pH and 

the clé'gree of mix],ng greatly influenC''?s th,=- CipPéu'ent Tl 3nd 

1::: ?ôlu~~ Any factor 3 ffec·tlng t.he 5 r:,lulnll ty {:'If 

(/ 

(~':'lrl)(.xyllC ar:l-\::' in t.L,,=, medium effect=. t.h'? ,-tpp,:u:c'nt Il :'tod 

1::: value.:: f·)r l~VR .since monoc:Œbc'xylic acid::. ar-=- th.-:- m·nit 

't OX1':: ·:c'mpc,nents of NVR (sec t 4.3 1) 



o 

". 

o 

· ... - ·"·r' .. .,. ;~.... ·~··r ~._ -, ... ., ... ~. .,.~. ,.. . .", .. _ ... ".,. -_.- .... 

163 

• 
Those microorganisms wi th the highest 11 and 12 values 

(ie with the greatest ability to utilize toxic NVR 
u i 

components) and those which weretstimulated in gro~th by low 
-

HVR concentrations, belong'ed to the genus Pseudomona,3 and 

related genera such as Alcaligenes (Table 4.3, sect. 4.~.2). 

NVR could most easily be used as a fermentation substrate in, 

processes involving these organisms. 

5.4 The Effects of NYR on the Growth of Microorg~ 
~ 

As previously ;discussed (sect. 5. 3), the resul ts from 
.' 

shake-flask experiments reflect the effect of ,NVR on growth 
1 

rate more th an on the yield of biomass. The stimulatory 

effect of NVR on the growth of sorne microorganisms was 

particularily noticeable on nutrient broth medium which is 

very limi ted in carbon content. According to the Monod 

description of growth kinetics for microorganisms that 

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

1.1 = (umax S) / (S + Ka) (eq. 5.1) 

rate (u) is dependant on the concentration of the' limlting-

substrate(s). Since the limiting substrate was carbon, the 

addition of NVR should have resulted in an increased growth 

rate. This leads to the corollary that NVR was used as a 
1 

carbon source by microorganisms that had growth stimulated 

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

found'to be stimulated in growth by pentanoic acid but did 
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not use p~nt.anoic acid, shc·ws that this conclusion c.:tnnot 

gener:yly be dr3"~n. Th~ basis for th-;- grr)wth st~muli1tion 
phenc'menon was not investigateJ but Slnce carboxylic, aClcls 

, are amph~pathic. thi5 effect mRY involve the cell'membrane, 

) " 

s. e; The !J5e of NVR cc.mp(:>nen\s by MIcroorganism!:> and l t5 
Inn uence on Process [ieveh'lprnent 

As shawn above. the growth stimulation effect was not a , 

cc'nclusi \Te whet.her. or how w.::ll. -... 
micrf~·c'rg3.nlSmS could use NVR as a carbon .source The petri 

plate NVR compOl1elJt utilizat.ion test was a mu ch better WRY 

of determinlng WhlCh microorganisms coulcl use NVR as 3 

carbon ~nd energy source. Althaugh this test only includecl 

a fr~ctian of aIl NVR components, it did include aIl of the 

m~"t,jor c(·mpc.."'nents and cl,i::l5SeS of components. 

The major' classes of NVR cc'mponen ts include 
" 

" mODocarboxylic acids. dicarbaxylic aClds. lactones 
/ 

and 
r . 

syclohexanediols. None of the organi.=,ms tested gr:1::I" 

cyclohex3nediol~, Fortunately the cycloh~xaned~o15 w~r~ 

T'bus, al though inabili ty te! use 

c7~~ch~x~nedlo15 would result ln a reduced Yleld. their 

3.tt,:un3.ble ln chemos+;ü, or fed-batch cult.llre 

ar.::: t ) 1150 

ml~roorganlsms c~pable :, he·\) l cl 

exist A5 c'-'rynebacteria, p~.eucl()monacls Sind rèlate·:l bact.erl3. 

\ , 

\ 

\ 
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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 ~fuzation could be ~solated." 

The~e should be little problem with strain stability in 

terms of substrate utilizatioh since any commercial process 

using NVR would naturally select for strains which could 

utilize "'aIl NVR components\ '; There ~ould be sorne chance of 

strain specialization in substrate usage. Some .strains of 

the production organism might only use certain NVR 

components while other strains would use other components. 

The resul t would effectively be a mixed culture. This is 

not necessarily undesireable since if the yield (Yp/s) was 

maintained for aIl strains, then productivity could increase 

due to greater utilization of substrate. 

,,- " 

5 . ~ Se~ection of a Product 

5.6.1 Possible Products that could be Produced-aiQlQ~ 
.f..r.QnùIYR 

Al though i t may' be possi ble to enzymatically 

convert NVR into some product(s) of value, the search for a 

product was directed towards microbially rather than 

~gzymatically produced substances. Since NVR is an 

industr\al waste, mediçal or food-related products were not 

considered. Even if such a product was purified 
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economlcally. it may be difficult ta ~btain government 

approval for its sale. 

l'je'st NVR components are ln a more chemically r~dllcec1 

stote ~han carbohydrates Thus the search for a product wa5 

centered on those t.hat CC'1.Üd be produced or were 

preferentlally produced from hydrocarbons. Onti l t.he early 

19 7 fj',s, Hhen the price of crude oil ro.s,=, .'3ubstant.i31Iy. 

alkane~ were thought of as cheap 
lEi • 

ferment.atlon '3ubstrates. 

Because 

devot.ed 

of ) this, a considerable quantI ty of research was 

to! t.he development of prc'duct.s that. could be made 
/ 

frc.'m them (49). Ones that fuifill the requirement of having 

uses out.5idr:- ,')f the food and 
\ 

1 
h~alth 

" 
indu.5tries Include 

blosurfac~ant5, polysaccharides, catalase and PHB. 

5 8.2 Biosurfactants 

A surfactant would be an excellent. product to make from 

NVR. Indeed at,tempt.s (unpubl ished) J, have been made t.o 

chemically convert, NVR lrt() a surf actant. TJnfortunately, 

Wl th the PC,S::,l bl e exceptiélfl of l sülate Pz. none ,)f the 

mlcroorganisms tested were sti~ulated in blosurfa~tant 

prc'duct.l c'n lJy NVR (.sect. 4 3). 

~.6.3 Extracellular Polysaccharide~ 

NVR wa;:; not found to.J have a b~neficL:ü eff~ct. ')n 

polysaccharide prod~ction by any of the microorganisms 
" 

testec! (sect 4.4) 

many of the maJc,r NVB. components. The except1.ons were C. 
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~~LÜ and P ... aer1,lginosa. C.l __ equi produces a viscous 

polysaccharide when grown on n-alkanes (79). Many strains 

of P. t. aenlRinos_q are known to produce an alginic acld 

exopolysacchari'de (113). Som-:- strains of Pse~l(kmonas 7tr'j 

knoy.7n to produce a viscous polysaccharide when grc,wn on 

lower alqohols or glycols (157,167). Polysacch.:ll'lcle-

proclucing strains of PseudomC'na$ can be isolated u5ing a 

selective m~dium containlng carbeniclilin (53). 

research, preferably uSlng a chemostat "Wl th NVE or 

mc;nocarboxYlic acid$ as the carbon source, would probably 

lead to the rlevelopment of a process for the produc~ion qf a 

polysaccharide from NVR. 

" ,. 

5 6.4 Crttala$e 

Hydrocarbon stimulate 

microorgariisms (108,158,159). 

catalase productIon in 

NVR greatly stimulates the 

production. of catala::.e by isolate SS2 (a strain of P 

aeruginl)s,? ) (sect. 4.5) . SSz grew well (ln most mét,J" r NVH 

c(\mponents (Table 4.2) . However, the pr-:-s,=,nt market felr , 

catalase i5 5mall ( 9) . 

5.6.f; PHF 

Hydr'Jcarbons ~nd. lipid.=, (snch as carboxy l ic ac iàs are 

(·xidi::::ed by organisms to yield al::;etyl ,,~~me A (39.92). 
1 \, 

PHB" is prefel'entially Pl' :,clncé"\ from 5ub2,trates rt::'l~ted t,) 

acetyl Co-A (146). Thus NVR 3hould be an 3ppropriate 

substrate for the production :)f PHI'.. Indeed NVR. and NVR 
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components were found to stimulate PHB.accumul~~ion in bath 

A .. _ eutrophus and P. _ ~e1?~çiQ. 

The ideal product to make from NVR would probably he 
1 

a plastic. Plast~cs have many uses· outside of the food and 

health industriesl. They could most easlly be purifled and 

marketed by a com~any that produces other polymer~ (such as 

nylon). PRE is the only microblally-produced thermoplastic. 
1 ~ 

The greatest producers of PHB are also 30me of ~he organisms 

whlch grew best on NVR components and were most insensi ti ve 

to NVR toxicity. 

, 
Strains of cA. _ e~~ t,ropnus are known t 0 accumulat..::- more 

PHB than any oth.::-r: microorganism (127). 

accumulates PRB but" the extent of a~cumulatlon had not 

" previously been stlJdied. P .. ~epaG~a was the miCr00rganism 

f0und to be most insensitive t~ NVR toXiQlty (Table 4.3) and 

1 t c')uld use .3.S. many or more maj{)r NVH cc·mponents than any 

other organism studiad (Table 4 ~). If it was found that P. 
--

cepac1.:;t r:::c\1l1d accum~ate large quanti ties "Jf PHB, then i t. 

wculd be the organlsm 0f cholce for PHE productlon from NVR. 

5.7 Batch Growth .and Accqmulatinn of PHB by P __ ~::'_'::-l.?_Q_Ç.;I,.?! 
<J 

As 1s th.::- case ,-lith mr:\'3t stc\r:Jgl~ pc·lYJn0rs. PHB l~. 

( '3 05 III () nit c\ r e cl b v pro t e i n p r 01..111 ct 1 0 n ) ha 5 l~ e :3. .::; e cl ( 1 4 ') ) . 

Therefore sorne medium componeftt which i5 net nec~ssary for 

,1 
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PHB production must be limi ted ( 130 ) . Since i t was not 

po~sible to grow mi9roorganisms in batch culture on useful 

quantities of NVR (ie. NVR i5 toxie even in relatively low 

concentration), P. cepacia was grown on fructose under 

nitrogen-limited conditions. Under these conditions, f..... 

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 furtner study of the production of PHB from NVR. 

The C/N ratio study had shown that 1 mole of nitrogen 
-... 4!.}.... 

was required for every 15 moles of carbon consumed (S'Bct. 

4.10). Since 2 g 1-1 of (NB .. )2504 l'las supplied, 13.6 grams 

of fructose should be used before the ni trogen would be . 
~ ~ 

At this point in the batch fermentations ~ • 
. ~ 

exhausted. 

oxygen uptake rate reached i ts peak, the fructose uptake ' 

rate and biomass production rate became linear, and PRB 

production began. Therefore, it can be assumed that 

ni trogen had become limi ting especially since the mineraI 

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 
, 
production of PHB. It was probably not P, Mg, or 5 because 

these are not needed for PHB production (119). It could be 

idehtified by monitoring ~ymostat pulse experiments using a 

ni trogen limi ted medium at - a low dilution rate. The 

appropriat~ nitrogen concentration and the dilution rate for 

-- - ~ -~-~----------
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this e-xperiment could easily be determined from the batch 

data. The third" growth phase is unclesu'able because li ttle 

PHB is produeed. Therefore identification of this key 

nutrient would be of great value in medium formulation. 

o _ 

5. 8 PH:S __ .Pro_ch~ç'tion _ in __ a 2-:6:t_Q,g_e ___ Chemost..at 

The NVR toxici ty study had shown that a red-batch or .... 

chemostat prod1,lction system necessary t.o avoid 

inhibi tion of growth by toxic NVR components (sect. 5.3) . 
. 

Because i t invol ves less "down -time" and ean be operated 

continuously at close \ to the maximum production rate, 

continuous culture, is mueh more effici~nt than fed-batch 

cul ture (provided toxic produC'ts are' not produced and the 

,yield can be maintained) . Batch fermentations had 

.. demonstrated that growth and production of PHB. occur in 

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

in Figure 5.1, should be the most eff icient method fr)r the 

producition of PHB from NVR. Each stage could be operated ~t 

" optimal lJonditions of pH. temperature and ~edium 

composition. 

TW0~tage chemo.e,tats a.re often useà to provide a non-

growiog stage where secondary metabolite producti0n can 

'),,:-cur (l14). 

of (-:(-amyl ase. 

An eX3mple of th1s 15 seen ln the production 
! 

The rate 0f a-amylase 5ynthesis bv B. 

lichenif0rm15 15 Inversely pr·,:-portic·nal t.o the growth r3t.:: 
\ 

(97) , It. has b~en fcnmà with B. subtili.3 that 2-stage 

production resul ts ir! hlgher l~vel s c,f (:(-amy las,:: th3n 
f:;J 
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• 
FigUre 5.1 Schematic draw1ng nf a 2-stage chemostat. 
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f -

si~gl~-stage production (45). The best results are obtained 

when the growth rate in the first stage is much higher than 

grew 'weIl on .NVR in a si?kle-stage 

chemostat (sect. 4,09). PHB was produced by P •... cepacia fram 

'NVR i n th~ second 
., 

stage of a 2:' st.agé chemostat wi th a 

ni:trogen-limi'ted first. stage (sect. 4.12),' When E .. ('epa.ci~ 

w~s grown on fructose in a 2-stage chemostat with a \ 

nitrosen-limited first stage. PHB acc~mulation approached 

that of the PHB production phàse of batch grdwth '( sect. 

4.12) . Thus the 2-stage chemostat appears'to be a workable 
r 

methoçi of production'. 

The optimization of a 2-stage chemôstat process. for the 

production of PHE from NVR would require a considerable .. 
. 

amount of expe~imentation. The appropriat.e fermentation 

conditions for high yield PHB production have not yet been 
,/!Il, 

det~rmined . 
f"\ 

1 

T'bere are 'several l~ey factorS which determine 
" 

the 

averall productivity of the 2-stage production syst.em. The 

most important 

are il and Yx/s .' 
\, 

< 

parameters governing, f lrst stage operation 
1 • 

~ 
The dilution rate of the first stage should 

be set at clog.e to ilmax. provided that the yield (Yxis), of 

high-protein biomass fr0m NVR coul~~e maintained. The m05t 

important par~~eters gove~riing operation of th~~econd stage " ' -, . 
are t.he SPt;cific prad~c:ti(ln rate (qp) and the p~'oduct yield 

(YP;5 ) . The dilution rate in the se'cond stage shoul(l be set, 
\, " 

" . , \ 



, 

.~ 

1 . " , , ~ . 

, 
174 

'1. 

at near the maximum qp, provided that.the Yie14 of PHB cnuld 
,< 

be maintained. 

( -
5.8 The "Economie;: Feasi hil i tY ___ of _ U.sing NVR to Pr(Jdu~_e PHB 

Yx 19 

W~hout an ~xten5ive stud~ of t.he relationshi;s betwe<n 

anJ u (ie the dilution 'rate) in the first st~ge and 
". 

Yp/~ and qp in thQ secon4 stage, it is impossible ta make an 
~ 

accurate prediction- of the cost of PHE procluct,ion. Other 

unknown.economic fa~tors include the 'cast of PRB extraction 

and t.he ~arket ~alue o~ PHB.\ However. it i5 ~ossiblé tr:J 
( 

make an estima te of the s~bstr~te (carbon) cost. Th~ carbon 

source 15 always a major expense in any fermentation process 

(7.'3) . Thus ,the determination of th~ sub5tra,t.e cast gi vez a ., 

good Indicati6n of whether the overall 

) 

As calculated in Appendix A, iL. would require 10.1 kg 

of ~mcrose or 13.7 kg·of NVR to produce eRch id.l·)gram t)f 
f".-' .. 

PHB. Thus NVR must be worth le53 than 78 % ·)f the cost l)f 
Il 

.3ucro'~e in order for NVR 'E'""o compete wi th sucros .. ) a.:. ;:, carbon 
..J - . 

S(iUree. Although it,. fluctuat~reatly (Fig. 5.2). th-:: 

priee of bulk ~ucr03e 15 currently (June, 10861 8 c~nts' Ib-l . 
or 17 1/2 cents kg- 1 (aIl values are in U.S: ~urreney) (381. 

The value of NVR (as a fuel) t,) Du Pcmt Ine. is cla;351 fied . 
QI "1-

.,..~ 

inforreation. However, NVR i5 much cheaper than bult su~r05~ 

'3nd at the present value of NVR, it.s use in place of sucros~ 
~ . 
w,:>uld r,=;:iUl t in' a S'ubst<lntial cc'st rerjllct~on .. ,~ 

... .~ ""'l ~ 

, .. 

. . 

• 
, . 
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A gr~3t~r yi01d of PHE·from fructose might b~'obtained 

, . .( 

7-=,t jtestr::d (1~;7). Hc'wev~r. f ruet.ose i.=:. much Inore t~/:p~n.:, i "e 

than 3'.lCrose . 

.. 
Defore llS~ by A. eu.tr0phus. 

\. 
Nevertheless. it may b-=-

p0ssible ~o obtain sorne microorganism that produce~ PHB in 

lÜl?;h yield and at a high production r'3.t.f' frorn S1)"crose. It. 

iq certai~ that a process using NVR could al90 b~ improved 
tr 

by' the dD~elop~ent of strains of P. ç~pa.-::.ia which r:::o'lld '.:tge 

higher yi-:ld fi'l)lll the I::,omponents that. i t. all'ead'f ll;:,e'3. Thn3 
o 

a proeeSS u~,lng NVR would likely ffiéllnta.ln i ts ('I:'mpetl ti ve 

~àge . 

The ';'COrlomlC fe3s1blli t,y of using NVR rc-·ther th;=m ::.,I.l~ar 

r~lati0nship between • . 
~ 

h'7a~Ül~ ,i':-tJ 'l~ of NVR \ l '::' . 1 t. '3 '/ ."tJ \~ 

fuel.3) and the 

, 
If t'rIF ln<-::r'=:;:t>~-: 

" 

(1f t.1lL1; <:,ucr':,,:,-,:,. lt HC''lld noi-

\. 
\ 

'J 

.. . 

)--
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Figure 5.3. The relationship between the price of-substrate 
and its codtribution to the cost of producing a specifie 
amount bf PHE. The slope of th~ line is equal to the' 
inv"erse of YP / s 'for a gi ven substrate. 

fA) NVR as a suhstrate. 
1 (B) Sucrose as" a substrate. 
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us~ NVR. Sinl1e 

, 
<;;<~I, 

P. cepacia can use ei ther ~nc~o-se sr NVR as 

a -carbon source, i t mav b',:: possible ta al ternate 0r 'ta u~e a 

b"r ~~H~ of t.l-le; two. depending on their r/nati'~e v31ue The 
/ 

pri.·::e of bull: sbgar 15 presently c0nsldered te' b'=.' 
0 

unreal ist.âlly 10w ( 3~9 ) . In the past, it has s,)1d f·:,r ~ 'etS 

, 
much ai 45 ':::ents Ib-l (9'] ,:::eilts kg- 1 in 19·'30) (Fip-" .. f). 2) . 

'. , 
, 

PRE has many P01ypr(.lpylen.~ 
• 

.;..' proper .... les in common wi th 
• J 

(Table 2.2). PolvproPYlène is a ~h~ap bulk polymer. It· j $ 

/, 

mad~ by the polymeri~ation ?f polypr0~ylene 
, . 

(.3ometimes' wi th .. . '. \ 
sm.:tll quanti ti~ of comonomers) catalY2ed by mètallic -

~ ;> 

ha lides and oxides and aluminum alkyls (54). . It 1.S used t0-. 
·make iniection 'moulded items (especially , -

<1 

for the 

transp~)rtatlon industry), fibers and films. As of .June, 

1985. the 1 list priee for large volum.e of 
, . 

, ~ 

polypropylene hom0polymer varied b~tween 88 çents and $1 05 

kg- 1 

r 

"PHB 

• 

(55)'a5 opposed to 77 to 

(54 L • As c3.n be seen 
1 

or NVR wc·uld hav~ t,) b-=: 1-:::55 
1/" 

t.o with 

::..nb!::l trCttè (!")st 

Recently (Jnne. Hl36) , 

was .sellln~ for 17 1/2 cents 

êents 5L{ 

" th.-ë· "prl,:e .:Jf 
r 

than 5 ~~nt~· kg- 1 

lf t,h~ 

th"" total 

c.llb.:::+,,·..,t.::. l'I- l'~ "rlll'!·,.:.ly t1.-1"'t FRE, "",1;1 ",J, ,~-,(~":"P.~I· ml,·,ll ",t' tll ,''':' .J • ., :.; _ u ,~. '" .::. -< ~'.. _ ~ J " _ _ '-- _ u < - [ -

" o 
markQt pr~5ent~y hald bv p01ypr0pvl~ne. 

In 1984 nylon pro,:1uction Hl tbt; Uni tell Stat~s WQS ah':,ut-

1.1 billion kilograms 

.. 
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(56) . Assuming that. NVR p~oducti0n amountecl 
. 

to 30 01 
I~ (~n 

urrreaiistically hlgh. value) of nylon 6' 6' produ.ction, and 

t.he yield of PHB f rom NVR. W&S . 3 % (a5 calculate~i in Appencllx 

C), t.hen ~rily l~:B million kilograms of PHE could have been . 
proçluced from al'l of -t.he NVR ~n t.he Uni T..ed States_ 

, 
Aiso in 

1984,PO abouti' billion kilograms of polyprop'yl,ene was 
, 

proclucecl .in.. t.he Uni t.ed States o Thqs if PHB was 

produced from NVR. it would requir~ a. mar~et ~f less than 1 
j .. 

o~ that of polypropylel'le. Considering t.he spec'ial properties 

~I PHE. it should]ind ~ niche in the polymer market aven at 

, several times the. priee pf polypropylene .• 

. ~rlon 1s a polymer poS'essing some proPf'rties superior 

tQ those of polYP:oPYlene" Bec~ause of t.his. in 1Q84 i t·s 

. pr~ce rçmged from _ $2,40 kg- 1 to '$2.75 kg- 1 
. 

for carpet 3taple . 
, 

and up 1 to $6,60 kg- 1 fo'r apparel grade 
.~"-

(56) ." PHB could "-
\ 

o 

certainly be produeed at these priees from NVR and ii would 

be targeted at a much smaller.market than nylon. 

fl,10 The. TechnicÇ\l Feas 1, bili ty of' Producing PRB frOIll N,V"R' 

5 10 1 Introauction '/ 

'. 
There would be séveraJ: maj(lr stages invo1 ved i·n the 

", prr)CeS;3 'Or c:onver+.lng NVR Intq a produc t. . incorpor.:rt.ing PRB, 

ar~ and 

the~ê ;::,tages in t<îrder to ,':Iet,ermine if a prI){:.'~:3!3 invol vir,g -

of NVR tr:, PHB 1S pr9ct.ic31, 

. 1 / 
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5.10.2 Eroduct1on 

Much of this thesls has dealt with, the- ~sut>.iect of 

- product iNl. There are, however. two issues which have no~ 

yet been discllssecl. The ('rganism chosen !':'r thi s process i s 

kn,)wn t,") be atl opportuni5ti~ patho,gen (86). , It is not 

paL"ticulari~y virulent but 1 ts use would p':'se i3. hazard t·:, 
J 

workers. " Al"thollgh the> strain used -' in thi::; stucly W"'s f 'jUW 
(t~ ... ~.~ \ 
1ft:i7::: ~ 

i5 resl':3tant t.o ~;:ti 
. 

ta be sensitive to .9-chlorampheni.col, i t 

< 
other antlbiotics. Thus infections would be diffic\ll t te> 

treat. It'wonld be desireable and shoulcl easily be pos':'lble 

ta deve10P an avirulent strain. 

" related ta A . ___ E;'l1t.xoph\,ls (86). It. i5 p'i:"00bable thE~t. stra1ns 
\ 

,..> inr:Orporating the metabolirc vérsatlli ty of P. C'ep~c_Ü1 and 

th~ high PHE Yield and avirulence af À. eutrophlls c0uld b~ 
c 

~s01ated or.engineered. 

It 1s necessary to have some idea (lf the fermentol:" 

cap,:tci ty needed to p,r,oduce PHB f rom N'IR. These calculatir>Ds 

are given in Appendix C. This numberG~as based on a biom&ss .. " 
concent.ration of 15 g 1- 1 in the second stage. ,.:::ent1Y 

fecl-batch fermentatlon3 for' \h~ productic,n of FH hav,::, 

reached biÇ>l)lad 5 cooceotrat io05 \ of up to 206 g l-' . f th 3 

'::!onc(:-mmi tant PRB concentrRtion of 1.36 g 1- 1 (155). Figllre' , 
5 4 Sh·')W5 .,t.he fermerltor capaci ty neè0ed to ll::;e -:tll ,)f t.h,:.. 

NVR production in the United State3 in 19B4 ~5 a f6n~t10n of 

t,:'t a lU. ::" nylon 6' 6 1 pr')dnct ion. For e:-:aülpl,:'. if· th~ 

'- .. 

r, 

; "~" . 
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Figure 5.4. Fermentor capacity requi~ed 
to PHB of aIl of the NVR produced i~ the 
1984. The amount is given as a % of the 
production. 
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. , 
prod~ction of NVR amounted to 30 % of total nylon 6' 6' 

produc\ion (an unrealistically high valueY. then a ferm~ntor 
• 

capaei ty of 8.5. million li ters would be, needed. Thus, the' 
j 

.' - . 
equivaleht of 85~ne hundred thousand liter f~rmentors wou1d 

.be required. This number is practically achievable anJ the 

'\'=lccinon1Y of scale" would aid in reduci.ng their cost. 

,.' 
~ ... : ';. 

• 5.10. 3 Ex.trÇ\cti.o.n. Qi. P..BB • 

-
, " 

. As :'\previous1y discussed, therè' arè many meth6ds for 
f 

extracting PHB from ba,cterial. ce1ls. As. was shown in Table . 
2.1cA3HB is 

f q." 

soluble in sorne solvents but not Jn others. 
. , ' 

Thus. a pl'ocess inval vin&i' :the separat~on of cells frCim the 

whole broth t disruption of ce11s. . and sol vent. extraction i 

woulcr ~robabiy' be u~ed. AlI oi these prGces;'ses are- unit 
, 

op~rations curreni;.ly uséd in the chemical and/or biocl:i€'lnical 

indust_r,i~s al thollgh sorne adaptations-, ~oltld have to .. be made. 

Si~ce mu6h of the process could ·be automated, and the 

solvents recover'f.:d, the major- costs', would be the initial 
1 

capital cost and the energy cost for plant operation. , 

• q 

- PHB w.ou:ld· unGÏergo processing - after extraction. 
~ 

Depending op t~e u1timate use, this may_be as simple as'~he. 

preparat'] on o~ standard sized beads for us~ in injecti0n 
---, . . . 

mcn'llding or more cümplex prOCBsses such as c~P01ymeri8atlon . -
wi t.n petrochemicall:y-de.r~ veel mcmomel.'S in 

, (, 
acl'liE've 

, 1 • 

• l '_ 

-----" 

' .• -{j 
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ce'rtain\ desired characteristics. Cogolymerization processes 
~ ~ , ~ 

; fi • t ')l • 

havé a~ready been developed for 'PHB J137). 

5 . 10 . 5 ;iiqmmarY 

The produètion of PHB from NVR is, technically fe;:lsible 

al though j"jesign of an efficJent pl :mt.: WOtûd" r~quire 
considerable research effort.. 'Th~ economic feasibili ty of 

PHB product.ion depends on the develJlpment c,f sui tabJ e . '-
, 

appl ieations. 

\ 
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CONCLUSIONS 
~ (-

1. Peat run-off water does not contain a suffiolent amount. 
! 

of carbon to be 'of value as a fermentation substrate. 

2. Non-volatil~ residue is toxic to microorganisms. 

3. The most toxic of the major NVR ~omponents are the 

monocarboxylic acids and 6-hexanolactone: 

4. ~~aQi~ and some other microorganisms can ~e the 

, major toxic components of non-volatile 'residue as their 

sore source of carbon. 

6. f. cep&cia can grow oontinuously with non-volatile 

residue as its sole source of carbon. 

6. f. cepaQia can grow in a carbon-lrmited chemostat with 

t?e feed concen\ration of non-volatile residue in excess 
, 0 

df the concentration which ia toxic in batch culture. 

7. Catalase, poly-~-hydroxybutyric acid, and probably 
'-

polysaccharides can be produced biologically from . 
1 

8. Poly-~-hydroxybutyric acld Is the most economically 

suitable product to produce from non-volatile residue. 

9. When grown on fructose in batch culture, P. cepacia 

can accumulate poly-~-hydroxybutyric·&cid in exce~s 
\-

of 50 % of its dry weight. 

~""l î l,>" "~~ 
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. , 

"-10. Po'i-y-~-hydroxybutyric acid can be prod'l,J.ced by L-cepacia 

in the second stage of a 2-stage chemo~tat using either 

fructose or non-volatile residue as the carbon source. 

11. rt is cheaper to produce PHB from non-volatile residue 

than from conventional carbon sources such as sucrose. 
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RECOMMENDATIONS 

1. The kinetio8 of PHS produotion usina a 2-staae ohemoetat 

should be modeled. 

2. The effect of substrate and physiological conditions' on 
! . 

PHB quality should be investigated. 
o r 

-3. The eff,ect of~xtraction .procedures on PHB quali ty should 

be studied. 
,~ 

4. The minor components of NVR not utilized by ~Qepaoia 

,should be' identifted·. ' , 
J 

5. ,The possibility of usina mixed cultures of a small number 

of specifie microorasn'isms to produce PHB from NVR should 

be studied. 

6. The.fed-batch production of PHB should be studied and .. . . 
compared with the 2-stage chemostat method in terms of 

economic feasibility. 

7. The pathoge~ici~y of each strain of microorganism u8~d in 

. these' investigations should be considered before us-e. 

, . , 
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Figure A.l. The biological determination of the maximum 
oxygen transfer rate in a New Brunswick Multigen fermentor. 

\\ /' 
Medium: mineraI salts medium. 
Temperature. 30 oC. 
Agitation. 660 RPM. 
Aeration. 1.1 VVM. 

(.) Dilutjon Rate = 0.,24 h-l. 
(0) Dilution Rate ::l", 0.14 h-l. 
(e) Dilution Rate = 0.09 h-l. 
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Figure A.2. Optfcal density at 560 nanometers versus 
protein concentration ~or 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., Detector response (area) versus fructose 
concentration" (50 ul injections). r 
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Figure A. 5. ,Optical densi ty: at "490, nanometJs versus 
carbohydrate (glucose) conc~ntration for the phenol, test for 
total carbohydrates. 
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FigureA.6. Optical density at 410 nancmeters versus time 
of sonication of Isolate 552. 
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Figure A.7. Detector response (area) versus quantity of 
internaI or external standard injected. 

( .) InternaI standard (ben:301C acid). 
Gy") External standard ((3-hydroxybutyric acid) 
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Figure A.S. The effect of heating time at 105 oC on the 
~easurement of the internaI and extetnal standards used in 
PHB analysis. 

è ' 

( .) Internal standard (benzoic acid). 
CO) Apparent PHB concentration reported by the integrator .. 
( 0) External standard (j3-hydroxybutyr"ic) acid. 
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Append~x B 

A GENERAL PROCEDURE FOR THE DEVELOPMENT OF PROCESSES THAT 
PRODUCE BIOL9GICAL PRODUCTS FROM COMPL~X TOXIC WASTES 

B.l Introduction 

Many biochemical engineering research projects have 
of) 

involved attempts to produce a specific product from a 

specific waste (104,141). Often no set procedure is uséd to 
... 

develop such a project. This May resul t in an attempt at 

the impossible, such as using a production strain that i5 
. 

known to be unable to use MOst components of the waste or 

attempting to produce single c,ell prote in wi th a strain 

known to produce çarci~ogenic Metabolites. The following is 

a simple generalized procedure that should prevent- Most of 

these common errors. 
1. 

B.2 The Dey~lQ~nt PrQcess 

B.2.1 The Cboice. of a Suitabl~ 

Not aIl wastes are suitable for use in biological 

.processes. If the waste contains toxic components that are 
( 

not k~~wn to be metabolized by any microorganisms or réquire 

a complex biological ecosystem for~eir degradation, then, 

without some form of chemical or physical pretreatment, it 

should be classified as being unsui table. However, if a 

small number of microorganisms are capable of utilizing aIl 

of the major toxic components and MOSt of the other 

co~ponents, then this waste can be considered for biological 

conversion into a product of value. 

.. 
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B.2.2 The phoice of a Suitable Prodqct l 

It must first be determined which microorganisms' are 

capable of using Most of the waste components (especially 

the toxic components). This can be determined from 

published data (ie. theoretically) or, if this is 

insufficient, experimentally by identifying the' 

microorganisms that proliferate in enrichment culture using 

the waste as the sole source of the particular element(s) in 
fi 

which the researcher is interested (ie. usually carbon 

and/ OP ni trogen) . The most valuable products that can 

theoretically be produced by these microorganisms .fr~~ these . ..., 
components can then be determined. The potential value of 

the product must outweigh the cost of production and 

recovery. Thus yield is of great importance and the 

theoretical yield should be considered. d 

\ 
B.2.3 Process DeyelopmAnt 

The choice of a fermentation process is the moat 

important consideration at this stage. The economic 

considerations in choosing between a batch and a continuous 

" process have been weIl è.ocumented (3). However, if the 

substrate is toxic, only fed-batch and chemostat meth,ods 

are sui table. These methods to allow for the use of toxic 

substrates as long as they are kept near a growth limiting 

supply. If both substràte and product are toxic, then fed-

batch or multistage chemostat process May be employed. 

, \ 
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'0 B. 3 CPDçlu~l~tJ,s 

Due to the complexity of the problem, the above 

approach i5 n0t specifie. However, i t. does gi ve a slmple 

framework ~0r theoretical process development without 

expensive or time-consuming laboratory experimentation. 

Labcl)'at<:"ry tlme can be used instead to conf irm or d0ny 

predictions, obtain accurate yield and kinetic values and to 

prepare for the commerciali~ation of the process .. 
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~p:2.e)1çlix_Ç 

DETERMINATION OF THE REQUlREMENTS FOR CARBON SOURCE AND 
FERMENTATION CAPACITY 

Data; Yx/s = 18 % (for high-protein biomass from frllctose) 

Yp/s = 14 % (for fructose)!: 

YXfS = 14 % (for high-protein biomass from NVR) 

Since the yield of PHB from NVR was never determined, the 

following estimation was made: Yx/s for NVR = 
(YX/S for NVR / YX/S for fructose) (YP/s for fructose) , 

= (14/18) (14) = Il % .. 

Assumption: PHB accounts for 60 % of the biomass in the 

second 'Stage. 

Therefo~e Yx/s (for biomass with a high PHB content) 

for fructose = (0.4) (18) + (0.6) (14~ = 15.6 % 

and YX/S (for biomass with a high PHB content) 

for NVR = tU. 4) (14) + ( 0 . 6) (11) = 12. 2 • % 

Therefore to produce 1 l);g of PHB requires 

,100 1 ( (15.6) (0.6)) = 10.7 kg of fructose and 

100 / ((12.2) (0.6)) = 13.7 kg of NVR. 

(--

* YX/5 was 16.5 % in batch culture and 13 o{. in 

the second stage of the 2-stage chemostat. 
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0.2 ~r~otlon of the FermentQX Capoolty Roau1romontA 
(, 

Assumptlons:NVR production 15 10 % of the total nylon ~'6t 
" production (the actual valûe i5 higher but is 

a trade secret). 

Only high-protein biomass 15 produced in the 

first stage and onlY PHB is produced in the 

second stage. 

Since U.S. 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. 

Therefore (7.15 X 101 kg) (12.2 X) = 8.72 X 108 kg of 

" high PHB content biomas5 could have been produced. 

The ,annual flrst stage produotion would'have been 
, 

(8.72 X 108 kg) (40 X) = 3.49 X 108 kg of high-

protein biomass. 

The annual second stage produc~lon would~havè been / 

(8.72 X 108 'kg) (60 %) = 5.23 X 108 kg of PHB. 

VA = PA 1 « t ) (DA) (XA) 

where: VA = Total fermentation capaclty needed for 

production of high protein-blomass. 

PA = Quantity of high-proteln blomass to be 

produced annuaIly. 
., 

t = Total annual fermentor operation time. 
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~A = Dilution rate of the firet ataie. 

1 
r 

XA = B1~maee oonoentration ot the tiret eta ••. 

Assumptions: t = 300 d~ys. 

'> XB = 15 g 1- 1 • , 

DA = O. ~ h-l (ie. /JJDa.). 

No PHB !s produced in thé firet stage. 

'" t" 
:KA :: 15 g 1-1 X 40 % = 6 g 1- 1 • 

t = (300 days) (24 h) = 7,200 h. 

VA = (3.61 X 109 g) / «(7,200 h) (0.4 h-l ) (6:0 g 1-1 ) 

= 2.09 X 105 liters. 

V1l :: PB / ( (t) (DB ) (XA) ) 

where PB = amount of PHB produced in the second stage . . - . 
t = Total annual fe&mentor operation time. 

, -

DB = Dilution r~te o:f the second stage. 

~ 

lA = the protein ?~oncentation in the sec~nd stage. 

Asswmption: Da = 0.08 h-l . (ie. the maximum,qp). 

XB = 60 % of the second stage biomass. 
(' 

.. ' 

VB = 5.33 X 109 g / «7,200 h) (0.08 h- 1 )' (6.0 g 1- 1 » 

=-1.54 X 108 l'iters. 

, Total fermentor capacity :: VA + VB 

= 2.09 X 105 + 1.54 X 108 

= 1.75 X 108 liters. 


