
I d e n t i f i c a t i o n  a n d  c h a r a c t e r i s a t i o n  

o f  Y a r r o w i a  l i p o l y t i c a  R P 2  g r o w i n g  

o n  t a l l o w

A thesis submitted to Dublin City University 
in fulfilment of the requirements for the award of the degree of

Doctor of Philosophy

by

Sharon Davin, B.Sc. 
School of Biotechnology, 
Dublin City University, 

Dublin 9,
Ireland

Research Supervisor: Dr. Brid Quilty

J u l y  2 0 0 3



I hereby certify that this material, which I 
now submit for assessment on the 
programme of study leading to the award of 
Ph.D., is entirely my own work and has not 
been taken from the work of others save and 
to the extent that such work has been cited 
and acknowledged within the text of my 
work.

Signed:

I.D. No.: ^ < Q o c\Ol

Date:



'No one  w ill  ever know  o r  u n d ers ta n d  the  f u n  there w as; f o r  there  w as f u n  a n d  

there  w a s  la u g h in g - fo o lish , s illy  fu n  a n d  foo lish , s illy  la u g h in g ; b u t w hat it w as  

a ll a b o u t y o u  can  7 rem em ber, can  y o u ?

J u s t the m e m o ry  o f  it- th a t 's  a ll y o u  have  now - ju s t  the m em ory; a n d  even  now, 

even  so  soon, it is b e in g  d is tille d  o f  a ll  its co a rsen ess; a n d  w h a t's  le ft is g o in g  to

be p re c io u s  g o ld ... ’

[Philadelphia Here 1 Come, Brian Fricl]



ACKNOWLEDEMENTS

I would like to express my deepest thanks to my supervisor, Dr. Brid Quilty, for 
her interest, understanding, help and encouragement throughout the duration of 
this project.

Thanks to all the staff in the department for your help and advice throughout the 
years. Thanks to all the members of the faculty staff and to the technical 
department, especially for all the juicy gossip! and for looking the other way when 
I had to ‘relocate’ a piece of equipment. Big thanks to Daithi for all the CAD 
drawings and last, but not least, to Ben for all his help with the fermenters and the 
lend of a screwdriver (without asking too many questions!).

I would like to thank Dublin Products Ltd., Dunlavin, Co. Wicklow for their kind 
donation of tallow.

My sincerest gratitude to Michael, Irene, Therese, Bernie and all the staff of the 
EPA Regional Water Lab. Kilkenny for their kind use of the TN analyser and 
support. Many thanks to Kilkenny County Council and Enterprise Ireland for their 
support during my studies.

To all my fellow colleagues in the lab, the oldies and the new gang, Al, John, 
Henry, Niamh, Mary and Fakhruddin, thanks for all the memories (anyone for 
cricket?) and pretending to be concerned when I got in a strop about cleaning the 
place! I wish all the new gang every success (even if you do make me feel like 
I’m 102!).

To the original spicy girls, Auds, Viv, Deirdre and Mir, so many nights, too many 
funny stories! Big thanks to all the coffee room girlies, especially Jane F., for the 
million and one reasons to eat chocolate bikkies! Not forgetting the new kids(ish) 
Connor and Isobelle- hope the legacy of the coffee room laughter lives on in you.

To all the girls at No. 32- Susan, P, Jane and Gillian, not forgetting Brian- thanks 
for all the little things, all the hugs, all the laughter and the important things in life 
like a good bottle of vino and SITC nights!

A special word of thanks to Jane- thank for all the million things that you’ve 
helped me with and for all the laughter and memories, especially for Friday pints 
where the problems of the world were solved over a pint of plain! Big thanks to 
the rest of the dwindling original friday night gang- Al, Therese, Henry and 
Kieran.

To my Mam and Dad, what can I say? Your unwavering support and belief in me 
throughout my time in DCU has been my shelter in the storms. To Ned, Irene, 
Catherine and Dave, thanks heaps for the freebies and SOS packs and your 
constant help, advice and love. Not forgetting my three monsters, to Philip, 
Rachel and Claire, thanks for not letting me take myself too seriously and 
remembering my inner child!



Table of Contents

Abstract 

List of Tables 

List of Figures

1.0 Introduction

1.1 Yeast
1.1.1 Yeast classification
1.1.2 Yeast identification
1.1.3 Medical, industrial and environmental importance

1.2 Y arro w ia  lip o ly tica

1.2.1 Nomenclature
1.2.2 Dimorphism
1.2.3 Biotechnological importance

1.3 Lipids

1.4 Waste lipids

1.5 Lipid removal from waste streams
1.5.1 Physical and chemical methods of lipid removal
1.5.2 Biological removal of lipids

1.5.2.1 Anaerobic biological removal
1.5.2.2 Aerobic biological removal

1.6 Biodégradation of lipid
1.6.1 Lipase catalysed hydrolysis
1.6.2 Lipid émulsification
1.6.3 Fatty acid uptake

1.6.4 p- oxidation



1.6.5 L ip id  a c cu m u la t io n 38

1.7 The role of environmental conditions 40
1.7.1 Temperature, pH and dissolved oxygen 40
1.7.2 The role of nutrients 41

1.8 Design of lipid biodégradation systems 44

1.9 By-products of lipid biodégradation 47
1.9.1 Bioconversion of fats 47
1.9.2 Single cell oil 47
1.9.3 Single cell protein 48
1.9.4 Biosurfactant production 50

1.10 Aims of the project 51

2.0 Materials and Methods

2.1 Materials 52

2.1.1 Yeast isolates 52

2.1.2 Source of chcmicals and materials 52

2.1.3 Media 53
- Minimal medium 53
- Nutrient broth 53
- Olive oil agar 53
- Olive oil broth 54

2.1.4 Buffers

- Citrate phosphate buffer

- Potassium phosphate buffer

54

54

54



- Sodium phosphate buffer, N a2H P 0 4 -NaH2PQ 4

- Sodium phosphate buffer, NaOH-NaFbPC^

- Sodium phosphate buffer (inoculum  preparation)

55

55

55

2.1.5 Stains 55

2.2 Methods 56

2.2.1 Identification of yeast isolates 56
2.2.1.1 Tests used in yeast identification

- Ascospore test 56
- Carbon assimilation 56
- Cell morphology 57
- Colony morphology 57
- Cycloheximide resistance 58
- Diazonium Blue B (DBB) colour test 58
- Fermentation of carbohydrates 59

- Growth at 37°C 60
- Growth in 10% sodium chloridc-5% glucose medium 60
- Growth in 50% glucose-yeast extract medium 61
- Liquid morphology 61
- Nitrate assimilation 61
- Production of ammonia from urea (urease test) 62

2.2.1.2 Identification scheme for yeast isolates 63

2.2.2 Yeast maintenance 63

2.2.3 Inoculum preparation 64

2.2.4 Measurement of growth 64
2.2.4.1 Cell number and cell viability 64
2.2.4.2 Cell dry weight 64



2.2 .5  M easu rem en t o f  m y ce liu m  ra t io 65

2.2.6 Growth studies 65
2.2.6.1 Shake flask studies 6 6

2.2.6 .2 2 L bench-top fermenter studies 6 6

- Fermenter configuration 6 6

- Fermenter set-up 67
2.2.6 .3 10 L pilot-scale fermenter studies 6 8

- Fermenter configuration 6 8

- Fermenter set-up 69
2.2.6.4 Scale-up of agitation from 2 L to 10 L fermenter 70

2.2.7 Measurement of glucose 71

2.2.8 Measurement of percentage free fatty acids in tallow 72

2.2.9 Measurement of fat removal 73

2.2.10 Intracellular analysis 73
2.2.10.1 Preparation of freeze-dried cells 73
2.2.10.2 Measurement of intracellular fat 73
2.2.10.3 Cell disruption with glass beads 74
2.2.10.4 Measurement of intracellular protein 74
2.2.10.5 Measurement of cellular total nitrogen 75

2.2.11 Biosurfactant measurement 75
2.2.11.1 Surface tension measurement 75
2.2.11.2 Measurement of relative biosurfactant concentration 76
2.2.11.3 Emulsification measurement 76
2.2.11.4 Validation of biosurfactant measurement 76

2 .2 .12  M e ta l a n a ly s is 77



2 .2 .12  S lu d g e  V o lu m e  Index (S V I ) 77

2.2.14 Data analysis 78
- Growth rate 78
- Specific rate of substrate removal 79
- Yield coefficient 79

3.0 Results

3.1 Identification and selection of yeasl isolates capable of growth on 80
tallow as the sole carbon source

3.1.1 Identi fication of the isolates 80
3.1.1.1 Macroscopic appearance of the isolates 80
3.1.1.2 Microscopic appearance of the isolates 84
3.1.1.3 Physiological characteristics of the isolates 8 8

3.1.1.4 Isolate identification schemes 92

3.1.2 Selection of the isolates 104

3.2 Characterisation and optimisation of the environmental conditions 106
for the degradation of tallow (20 g I /1) by Y arrow ia  lip o ly tica

RP2 in shake flask culture

3.2.1 Characteristics of the growth of Y. lip o ly tica  RP2 on tallow (20 g 106
L'1) in minimal medium

3.2.2 Optimisation of growth temperature 112

3.2.3 Effect o f  chemical surfactant addition on tallow émulsification 114

and biodégradation



3.2.4 Role of pH control 120
3.2.4.1 Optimisation of medium pH between pH 3.0 -  8.0 with 120

0.1 M citrate phosphate buffer
3.2.4.2 Influence of various buffers (0.1 M) at pH 7.0 on tallow 124

biodégradation
3.2.4.3 Optimisation of the concentration of potassium phosphate 125

buffer, pH 7.0 and growth temperature
3.2.4.4 Characteristics of the growth of Y. lip o ly tica  RP2 on tallow 129 

(20 g L'1) at optimised growth temperature, 25°C and pH, 7.0

3.2.5 Effect of agitation on growth and fat removal 133

3.2.6 Influence of the method of inoculum preparation of 7. lip o ly tica  135
RP2

3.2.7 Influence of glucose as an additional carbon source with tallow 137
and as a sole carbon source

3.2.8 Influence of nitrogen source and concentration 144

3.2.9 Summary of the main findings from shake flask studies on the 151
growth of Y. lip o ly tica  RP2 on tallow (20 g L’1)

3.3 Scale-up of the degradation of tallow (20 g L’1) by Y arro w ia  152
lip o ly tica  RP2 in 2 L and 10 L fermenters

3.3.1 2 L fermenter studies 15 2
3.3.1.1 Optimisation of agitation 152
3.3.1.2 Optimisation of aeration 157
3.3.1.3 Effect of the method of pH control to pH 7.0 on tallow 162

biodégradation



3.3.2 10 L fermenter studies 172
3.3.2.1 Effect of agitation on tallow biodégradation 173
3.3.2.2 Comparison of pH control to 7.0 with 0.5 M KOH/HCl and 181

0.1 M potassium phosphate buffer
3.3.2.3 Further characterisation of the growth of Y. lip o ly tica  RP2 on 187

tallow (20 g L'1) with pH control to 7.0 by 0.5 M KOH/HCl

3.3.3 Summary of the main findings from 2 L and 10 L fermentation 189
studies on the growth of Y. lip o ly tic a  RP2 on tallow (20 g L'1)

4.0 Discussion 190

5.0 Conclusions 237
- Further study 238

6.0 Bibliography 239

7.0 Appendix

Appendix A: Identification Key No.l 274
Appendix B: Identification Key No.3 280
Appendix C: Identification report of yeast NF 32 A as Y a rro w ia  287

lip o ly tic a



ABSTRACT

The ability of 10 yeasts, isolated from the waste treatment system at a commercial 
rendering operation, to utilise tallow (20 g L"1) as a sole carbon source was 
investigated. One isolate, identified as Y a rro w ia  lip o ly tica , demonstrated superior 
fat removal ability and consequently was chosen for further studies in the 
development of a microbial-based fat removal system. Initially, the influence of 
temperature, medium pH, agitation and nitrogen source was assessed in shake 
flask studies. Maximum tallow removal of 75% in 168 hours was achieved under 

the optimal conditions of 25°C, pH 7.0, 130 rpm and 0.4 g N L'1, irrespective of 
whether ammonium sulphate, urea or peptone was employed as the nitrogen 
source. Medium pH was controlled using 0.1 M potassium phosphate buffer. 
Addition of glucose (1.0 and 10.0 g L'1) to the medium under optimal 
environmental conditions did not inhibit tallow removal and there was a 
concomitant use of both substrates. Acclimation of the yeast inoculum to lipids 
did not influence fat removal. The fat removal system was scaled-up to 2 L and 10 
L fermentation. Under optimum aeration of 1 VVM and agitation of 500 rpm and 
1 0 0 0  rpm, the time required to achieve maximum tallow removal was 
significantly reduced from 168 to 65 hours in the 2 L and 10 L fermenters, 
respectively. Potassium was key to optimal fat removal with the requirement of 
greater than 60 mM K+ in the medium by the yeast. Cellular potassium levels of 
80 nmol K+ (106 cell) ' 1 corresponded with maximum growth and fat removal. 
Extracellular biosurfactant production was detected under optimal growth 
conditions, which corresponded with émulsification of the tallow in the growth 
vessel. Y. lip o ly tica  is a dimorphic yeast however, mycelial growth was not 
considered to play an important role in fat removal by the yeast.
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3 .3 .4  S u r fa c e  te n s io n , é m u ls if ic a t io n  a c t iv it y  ( A 540) a n d  e m u ls io n  160

s t a b i l i t y  (d e c a y  ra t io , K d) o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2

o n  t a l lo w  (2 0  g  L ' 1) in  2  L  fe rm e n te r  f o r  65  h at a e ra t io n  ra te s  o f  

0, 0 .5 , 1.0 a n d  3 .0  V V M .

3 .3 .5  P e rc e n ta g e  fa t r e m o v a l,  g ro w th  ra te  an d  y ie ld  f o r  Y. lipolytica 163

R P 2  a fte r  65  h  g ro w th  o n  t a l lo w  (2 0  g L ' 1) in  2  L  fe rm e n te r  w it h  

m a n u a l p H  c o n t ro l to  p H  7 .0  b y  v a r io u s  m e th o d s .

3 .3 .6  S u r fa c e  te n s io n , é m u ls if ic a t io n  a c t iv it y  ( A 540) a n d  e m u ls io n  168

s t a b i l i t y  (d e c a y  ra t io ,  K d) o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2

o n  t a l lo w  (2 0  g  L ' 1) in  2 L  fe rm e n te r  fo r  65  h  w it h  p H  c o n t ro l to  

p H  7 .0  b y  v a r io u s  m e th o d s .

3 .3 .7  P e rc e n ta g e  fa t  r e m o v a l,  g ro w th  ra te  an d  y ie ld  a fte r  65  h  g ro w th  175

o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L " 1) in  10 L  fe rm e n te r  w h e re

( A )  1 im p e l le r  a n d  ( B )  2  im p e lle r s  w e re  f it te d  to  th e  b a se  o f  th e  

ag ita to r .

3 .3 .8  S u r fa c e  te n s io n  o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2  o n  t a l lo w  178

(2 0  g L ' 1) in  10 L  fe rm e n te r  fo r  65 h  w h e re  1 o r  2  im p e lle r s  w e re  

f it te d  to  th e  b a se  o f  th e  a g ita to r .

3 .3 .9  E m u ls i f ic a t io n  a c t iv it y  an d  é m u ls if ic a t io n  s t a b i l i t y  (d e c a y  ra t io , 179

K d) o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2  w h e n  g ro w n  o n  

t a l lo w  (2 0  g  L ' 1) in  10 L  fe rm e n te r  f o r  65  h  w h e re  1 o r  2  

im p e lle r s  w e re  f it t e d  to  the  ba se  o f  the  a g ita to r .

3 .3 .1 0  P e rc e n ta g e  fa t r e m o v a l,  g ro w th  ra te  a n d  y ie ld  a fte r  65  b  g ro w th  182

o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) in  10 L  fe rm e n te r  w it h

p H  c o n t ro l to  p H  7 .0  b y  0 .5  M  K O H /  H C 1  a n d  0.1 M  p o ta s s iu m  

p h o sp h a te  b u f fe r .

3 .3 .11  S u r fa c e  t e n s io n  o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2  o n  t a l lo w  184

(2 0  g  L ' 1) in  10 L  fe rm e n te r  f o r  65  h  w it h  p H  c o n t r o l to  7 .0  b y

0.5  M  K O H / H C 1  and  0.1 M  p o ta s s iu m  p h o sp h a te  b u ffe r .

3 .3 .1 2  E m u ls i f ic a t io n  a c t iv it y  ( A 540) a n d  é m u ls if ic a t io n  s t a b i l i t y  (d e c a y  185

ra t io ,  K d )  o f  g r o w th  m e d iu m  o f  Y. lipolytica R P 2  g ro w n  o n  

t a l lo w  (2 0  g  L ' 1) in  10 L  fe rm e n te r  fo r  65  h  w it h  p H  c o n t ro l to

7 .0  b y  0 .5  M  K O H /  H C 1 .

3 .3 .1 3  L o c a t io n  o f  fa t  n o t  r e m o v e d  b y  Y. lipolytica R P 2  a fte r  65  g ro w th  188

o n  t a l lo w  (2 0  g  L " 1) in  10 L  fe rm en te r.
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3 .3 .1 4  T o t a l  n it r o g e n  an d  p r o te in  c o m p o s it io n  o f  Y. lipolytica R P 2  c e l ls  

g ro w n  o n  t a l lo w  (2 0  g L " 1) in  10 L  fe rm e n te r  fo r  65  h.

4 .1  C o m p a r is o n  o f  y ie ld  o f  s in g le  c e l l  p ro te in  p ro d u c e d  b y  v a r io u s  

m ic ro o rg a n is m s  g ro w n  o n  a  v a r ie t y  o f  c a rb o n  so u rce s .

2 3 4

188
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1.1 D iv e r s i t y  o f  o u t le ts  in v o lv in g  y e a s t  b io te c h n o lo g y .

1.2  S t ru c tu re  o f  s te a r ic  a c id  a n d  o le ic  a c id .

1.3 G e n e r a l is e d  s c h e m a t ic  o f  t r ig ly c e r id e  u t i l is a t io n  b y  yea s t.

1 .4  H y d r o ly s is  o f  t r ip a lm it in  b y  lip a s e .

1.5 G e n e r a l s c h e m e  o f  p o s s ib le  ro u te s  f o r  th e  m ic r o b ia l  g ly c o l ip id

s y n th e s is  a n d /o r  g lu c o se .

1.6 p - o x id a t io n  o f  a  fa t ty  a c y l - C o A .

2.1  S c h e m a t ic  o f  th e  2  L  fe rm e n te r  c o n f ig u ra t io n .

2 .2  S c h e m a t ic  o f  th e  10 L  fe rm e n te r  c o n f ig u ra t io n .

2 .3  S ta n d a rd  c u r v e  fo r  g lu c o s e  u s in g  th e  D N S  a ssay .

2 .4  S ta n d a rd  c u r v e  fo r  p r o te in  u s in g  L o w r y  a ssay .

3 .1 .1 a  I l lu s t r a t io n  o f  th e  c o lo n y  m o rp h o lo g y  o f  y e a s t  is o la te s  a fte r  7

d a y s  g r o w th  o n  m a lt  e x t ra c t  a g a r  a t 2 5 ° C .

3 .1 .1 b  I l lu s t r a t io n  o f  th e  c o lo n y  m o rp h o lo g y  o f  y e a s t  is o la te s  a fte r  7

d a y s  g r o w th  o n  m a lt  e x t ra c t  a g a r  a t 2 5 °C .

3 .1 .2 a  I l lu s t r a t io n  o f  is o la te  c e l l  m o r p h o lo g y  a fte r  2  w e e k s  g r o w th  in

m a lt  e x t ra c t  b ro th  a t 2 5 °C .

3 .1 .2 b  I l lu s t r a t io n  o f  is o la te  c e l l  m o r p h o lo g y  a fte r  2 w e e k s  g r o w th  in  

m a lt  e x t ra c t  b ro th  a t 2 5 °C .

3 .1 .3  I d e n t i f ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  10.

3 .1 .4  I d e n t i f ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  C .

3 .1 .5  I d e n t i f ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  12.

3 .1 .6  I d e n t if ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  3 2  A .

3 .1 .7  I d e n t i f ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  27 .

3 .1 .8  I d e n t i f ic a t io n  s c h e m e  fo r  N F  51.

3 .1 .9  I d e n t if ic a t io n  s c h e m e  fo r  N F  52.

L i s t  o f  F ig u r e s



3 .1 .1 0  I d e n t if ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  48 . 99

3 .1 .11  I d e n t if ic a t io n  s c h e m e  fo r  y e a s t  is o la te  N F  9. 101

3 .1 .1 2  I d e n t if ic a t io n  s c h e m e  fo r  N F  32  B .  102

3 .1 .1 3  P e rc e n ta g e  fa t  r e m o v a l b y  10 y e a s t  is o la te s  a fte r  168 h  g r o w th  105

o n  t a l lo w  (2 0  g  L ' 1) in  m in im a l  m e d iu m  a t r o o m  te m p e ra tu re

(2 2 °  - 2 5 ° C )  w it h  a g ita t io n  at 130  rp m  a n d  w it h  n o  a g ita t io n .

3 .2 .1  T a l lo w  c o n c e n t ra t io n  (♦ ), c e l l  n u m b e r  ( • ) ,  d r y  w e ig h t  ( O ) ,  107

m e d iu m  p H  (■ ) a n d  in t r a c e l lu la r  l ip id  c o n te n t ( O )  d u r in g  th e  

g ro w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) f o r  2 4 0  h  w it h

n o  p H  c o n tro l.

3 .2 .2  I l lu s t r a t io n  o f  th e  g r o w th  f la s k s  o f  Y. lipolytica R P 2  o n  t a l lo w  109

(2 0  g  L " 1) w it h  n o  p H  c o n t r o l a fte r  2 4  h , 120  h  a n d  168  h  an d  

c o n t ro l f la s k  (n o  c e l ls )  a fte r  2 4  h  an d  2 4 0  h.

3 .2 .3  P e rc e n ta g e  fa t  r e m o v a l b y  Y. lipolytica R P 2  a fte r  168  g ro w th  113

o n  t a l lo w  (2 0  g  L 4 ) a t 4° , 2 5 ° , 3 0 ° , 37 °  an d  5 5 ° C .

3 .2 .4  C e l l  n u m b e r  ( • ) ,  p e rc e n ta g e  v ia b i l i t y  ( A )  a n d  m e d iu m  p H  (■ ) 113

d u r in g  th e  g r o w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g L ' 1) fo r

168 h  at 4° , 2 5 ° , 30 ° , 3 7 °  a n d  5 5 ° C .

3 .2 .5  P e rc e n ta g e  fa t  r e m o v a l b y  Y. lipolytica R P 2  a fte r  168  h  g ro w th  114

o n  t a l lo w  (2 0  g  L ' 1) in  th e  p re s e n c e  o f  s u r fa c ta n ts  T r i t o n  X - 1 0 0

an d  T w e e n  80  a t c o n c e n t ra t io n s  b e tw e e n  0 - 0 .5%  (w /v ).

3 .2 .6  C e l l  n u m b e r  ( • )  a n d  c e l l  v ia b i l i t y  ( A )  f o r  Y. lipolytica R P 2  116

g ro w n  o n  t a l lo w  (2 0  g L ' 1) f o r  168  h  w it h  su r fa c ta n ts  T r i t o n  X -

100  a n d  T w e e n  80  at c o n c e n t ra t io n s  b e tw e e n  0 .0  -  0 .5%  (w /v ).

3 .2 .7  I l lu s t r a t io n  o f  t a l lo w  (2 0  g  L ' 1) d is p e rs a l in  th e  p re s e n c e  o f  117

su rfa c ta n ts  T r i t o n  X - 1 0 0  a n d  T w e e n  80  at c o n c e n t ra t io n s

b e tw e e n  0 .0 5  - 0 .5  %  (w /v )  p r io r  to  y e a s t  in o c u la t io n .

3 .2 .8  P e rc e n ta g e  fa t  r e m o v a l b y  Y. lipolytica R P 2  a fte r  168 h  g ro w th  121

o n  t a l lo w  (2 0  g L ' 1) w it h  p H  c o n t ro l b e tw e e n  p H  3 .0  -  8 .0  b y

0.1 M  c it ra te  p h o sp h a te  b u f fe r  a n d  w it h  n o  p H  c o n tro l.

3 .2 .9  p H  ( A )  a n d  c e l l  n u m b e r  ( B )  d u r in g  the  g ro w th  o f  Y. lipolytica 121

R P 2  o n  t a l lo w  (2 0  g  L ' 1) f o r  168 h  w it h  p H  c o n t r o l b e tw e e n  p H

3 .0  -  8 .0  b y  0.1 M  c it ra te  p h o sp h a te  b u f fe r  a n d  w it h  n o  p H  

c o n tro l.

3 .2 .1 0  I l lu s t r a t io n  o f  Y. lipolytica R P 2  c e l l  m o rp h o lo g y  a fte r  ( A )  2 4  h  123 

a n d  (B )  168  h  g ro w th  o n  t a l lo w  (2 0  g L ' 1) w it h  p H  c o n t r o l to

7 .0  b y  0.1 M  c it r a te  p h o sp h a te  b u ffe r .
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3 .2 .11  P e rc e n ta g e  m y c e l ia l  r a t io  a fte r  2 4  h  g ro w th  o f  Y. lipolytica R P 2  128 

o n  t a l lo w  (2 0  g L ' 1) w it h  p H  c o n t r o l b y  p o ta s s iu m  p h o sp h a te  

b u f fe r  at c o n c e n t ra t io n s  0 .1 , 0 .2 , 0 .3 , 0 .5  a n d  1.0 M  at 

te m p e ra tu re s  4° , 25 ° , 3 0 °  a n d  3 7 ° C , r e s p e c t iv e ly .

3 .2 .1 2  C e l l  n u m b e r  ( • ) ,  d ry  w e ig h t  ( O ) ,  t a l lo w  c o n c e n t ra t io n  (♦ ) a n d  130

in t r a c e l lu la r  l ip id  ( O )  c o n te n t  o f  Y. lipolytica R P 2  w h e n  g ro w n

o n  t a l lo w  (2 0  g  L ' 1) fo r  2 4 0  h  w it h  p H  c o n t ro l b y  0.1 M  

p o ta s s iu m  p h o sp h a te  b u f fe r ,  p H  7.0 .

3 .2 .1 3  I l lu s t r a t io n  o f  th e  g ro w th  f la s k s  o f  Y. lipolytica R P 2  o n  (2 0  g  IS 131

l) w it h  0.1 M  p o ta s s iu m  p h o sp h a te  b u f fe r ,  p H  7 .0  a f te r  2 4 , 72

and  168 h.

3 .2 .1 4  T a l lo w  c o n c e n t ra t io n  (♦ ) a n d  d r y  w e ig h t  ( O )  d u r in g  g ro w th  o f  133

Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L " 1) f o r  168 h  at a g ita t io n  ra te s

o f  130  rp m , 200 r p m  an d  130  r p m  in  b a f f le d  f la s k s .

3 .2 .1 5  T a l lo w  (♦ ) a n d  g lu c o s e  (▼ )  c o n c e n t ra t io n  an d  d r y  w e ig h t  ( • )  138

fo r  Y. lipolytica R P 2  g ro w n  o n  t a l lo w  (2 0  g  L ' 1) a n d /o r  g lu c o s e

(1 .0  o r  10 .0  g L ' 1) fo r  168  h.

3 .2 .1 6  C o m p a r is o n  o f  in t r a c e l lu la r  l ip id  le v e ls  in  Y. lipolytica R P 2  140

c e l ls  g ro w n  o n  e ith e r  t a l lo w  (2 0  g L ' 1) o r  g lu c o s e  (1 .0  o r  10 .0  g

L " 1) as s o le  c a rb o n  s o u rc e  o r  as m ix e d  substra te .

3 .2 .1 7  I l lu s t r a t io n  o f  Y. lipolytica R P 2  c e l l  m o r p h o lo g y  a fte r  2 4  141

g ro w th  o n  e ith e r  t a l lo w  (2 0  g L ' 1) o r  g lu c o s e  (1 .0  o r  10 .0  g  L ' 1)

as s o le  c a rb o n  s o u rc e  o r  as m ix e d  substra te .

3 .2 .1 8  P e rc e n ta g e  fa t  r e m o v a l b y  Y. lipolytica R P 2  a fte r  168 h  g ro w th  145

o n  t a l lo w  (2 0  g L ' 1) w it h  a d d it io n  o f  ( N H 4)2S 04, u re a  an d  

p e p to n e  at c o n c e n t ra t io n s  o f  0 .5 , 1.0, 2 .0 , 3 .0 , a n d  5 .0  g L~ \

3 .2 .1 9  P e rc e n ta g e  m y c e l iu m  fo rm a t io n  b y  Y. lipolytica R P 2  d u r in g  148

168 h  g ro w th  o n  t a l lo w  (2 0  g  L ' 1) w it h  th e  a d d it io n  o f  

( N H 4)2S 04, u re a  and  p e p to n e  at c o n c e n t ra t io n s  o f  0 .5  to  5 .0  g

L ’ 1.

3 .2 .2 0 a  I l lu s t r a t io n  o f  c e l l  m o rp h o lo g y  o f  Y. lipolytica R P 2  a fte r  2 4  h 149 

g ro w th  on  t a l lo w  (2 0  g  L / 1) w it h  n it ro g e n  a d d it io n  at 0 .5 , 1.0 

an d  2 .0  g  L '1 as ( N R i^ S d i ,  u re a  and  pep tone .

3 .2 .2 0 b  I l lu s t r a t io n  o f  c e l l  m o rp h o lo g y  o f  Y. lipolytica R P 2  a fte r  2 4  h 150

g ro w th  o n  t a l lo w  (2 0  g  L " 1) w it h  n it ro g e n  a d d it io n  at 3 .0  and

5 .0  g  L '1 as (N I-L i)2SC>4, u re a  a n d  pep tone .

3 .3 .1  I n t r a c e l lu la r  l ip id  c o n te n t  o f  Y. lipolytica R P 2  c e l ls  w h e n  g r o w n  154

o n  t a l lo w  (2 0  g  L ' 1) in  2  L  fe rm e n te r  fo r  65  h  a t a g ita t io n  ra te s  

o f  2 5 0 , 5 0 0 , 7 0 0  an d  9 0 0  rp m .
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3 .3 .2  I l lu s t r a t io n  o f  Y. lipolytica R P 2  c e l l  m o rp h o lo g y  a fte r  12 h  154  

g ro w th  o n  t a l lo w  (2 0  g L " 1) in  2  L  fe rm e n te r  at a g ita t io n  ra te s  o f

2 5 0 , 5 0 0 , 7 0 0  an d  9 0 0  rpm .

3 .3 .3  I n t r a c e l lu la r  l ip id  c o n te n t  o f  Y. lipolytica R P 2  c e l ls  g r o w n  o n  158

t a l lo w  (2 0  g  L ' 1) in  2  L  fe rm e n te r  fo r  65  h  at a e ra t io n  ra te s  o f  0,

0 .5 , 1.0 a n d  3 .0  V V M .

3 .3 .4  I l lu s t r a t io n  o f  th e  2  L  fe rm e n te r  se t-u p  a fte r  2 4  h  g ro w th  o f  Y. 161

lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) w it h  p H  c o n t ro l to  p H  7 .0  b y

0.1 M  p o ta s s iu m  p h o sp h a te  b u f fe r .

3 .3 .5  D r y  w e ig h t  o f  Y. lipolytica R P 2  g ro w n  o n  t a l lo w  (2 0  g  L ' 1) f o r  163

65  h  in  2  L  fe rm e n te r  w it h  m a n u a l p H  c o n t ro l to  p H  7 .0  b y  

v a r io u s  m e th o d s .

3 .3 .6  I n t r a c e l lu la r  l ip id  c o n te n t  o f  Y. lipolytica R P 2  c e l ls  g r o w n  o n  164

t a l lo w  (2 0  g L ' 1) fo r  65  h  in  2  L  fe rm e n te r  w it h  v a r io u s  m e th o d s

o f  p H  c o n t ro l to  p H  7.0.

3 .3 .7  I l lu s t r a t io n  o f  th e  g ro w th  m e d iu m  o f  Y. lipolytica R P 2  o n  166

t a l lo w  (2 0  g L ' 1) in  2 L  fe rm e n te r  a fte r  2 4  h  w h e re  p H  w a s  

c o n t r o l le d  to  p H  7 .0  b y  v a r io u s  m e th o d s .

3 .3 .8  C o m p a r is o n  o f  c e l l  n u m b e r  ( • ) ,  in t r a c e l lu la r  K + (■ ) a n d  K + in  170

th e  m e d iu m  ( □ )  d u r in g  g ro w th  o f  Y. lipolytica R P 2  o n  t a l lo w

(2 0  g L ' 1) in  2  L  fe rm e n te r  f o r  65  h  w it h  p H  c o n t ro l to  p H  7 .0  

b y  v a r io u s  m e th o d s .

3 .3 .9  I l lu s t r a t io n  o f  th e  o p e ra t io n a l s e t-u p  o f  th e  10 L  fe rm e n te r  172

d u r in g  the  g ro w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) 

u n d e r  a u to m a te d  p H  c o n t r o l to  p H  7 .0  w it h  0 .5  M  K O H /O .5  M

H C 1 .

3 .3 .1 0  I l lu s t r a t io n  o f  th e  im p e l le r  p o s it io n  o n  th e  a g ita to r  f o r  th e  10 L  173 

fe rm e n te r .

3 .3 .1 1  D r y  w e ig h t  ( • )  a n d  p e rc e n ta g e  d is s o lv e d  o x y g e n  ( A )  d u r in g  175

th e  g ro w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L " 1) in  10 L  

fe rm e n te r  fo r  65  h  w h e re  ( A )  1 im p e l le r  a n d  ( B )  2  im p e lle r s

w e re  f it t e d  to  th e  b a se  o f  th e  a g ita to r .

3 .3 .1 2  I n t r a c e l lu la r  l ip id  c o n te n t  o f  Y. lipolytica R P 2  c e l ls  g ro w n  o n  176

t a l lo w  (2 0  g  L ' 1) f o r  65  h  in  10 L  fe rm e n te r  w h e re  ( A )  1 a n d  (B )

2 im p e lle r s  w e re  f it t e d  to  th e  b a se  o f  th e  a g ita to r .

3 .3 .1 3  I l lu s t r a t io n  o f  Y. lipolytica R P 2  c e l l  m o rp h o lo g y  a fte r  12 h  176

g ro w th  o n  t a l lo w  (2 0  g  L ' 1) in  10 L  fe rm e n te r  w h e re  ( A )  1 

im p e l le r  a n d  ( B )  2 im p e lle r s  w e re  f it t e d  to  th e  b a se  o f  th e  sha ft.
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3 .3 .1 4  C h a n g e  in  su r fa c e  te n s io n  w it h  m e d iu m  c o n c e n t ra t io n  d u r in g  178

the  g r o w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) in  10 L

fe rm e n te r  fo r  65  h  w h e re  ( A )  1 o r  ( B )  2 im p e lle r s  w e re  f it t e d  to

the  ba se  o f  the  ag ita to r .

3 .3 .1 5  K + in  th e  m e d iu m  ( □ ) ,  in t r a c e l lu la r  K + (■ ) an d  c e l l  n u m b e r  180

( • )  o f  Y. lipolytica R P 2  d u r in g  g ro w th  o n  t a l lo w  (2 0  g  L ' 1) in

10 L  fe rm e n te r  f o r  65 h  w it h  ( A )  1 im p e l le r  a n d  ( B )  2  im p e lle r s  

w e re  f it te d  to  th e  b a se  o f  th e  a g ita to r .

3 .3 .1 6  D r y  w e ig h t  ( • )  a n d  d is s o lv e d  o x y g e n  ( A )  d u r in g  th e  g ro w th  o f  182

Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L " 1) f o r  65  h  in  10 L  fe rm e n te r

w it h  p H  c o n t ro l to  p H  7 .0  b y  ( A )  0 .5  M  K O H / H C 1  a n d  ( B )  0.1 

M  p o ta s s iu m  p h o sp h a te  b u f fe r .

3 .3 .1 7  I n t r a c e l lu la r  l ip id  c o n te n t f o r  Y. lipolytica R P 2  c e l ls  g r o w n  o n  183

t a l lo w  (2 0  g  L ' 1) in  10 L  fe rm e n te r  f o r  65 h  w it h  p H  c o n t r o l to

7 .0  b y  ( A )  0 .5  M  K O H / H C 1  an d  ( B )  0 . 1 M  p o ta s s iu m  p h o sp h a te  

b u ffe r .

3 .3 .1 8  C h a n g e  i n  s u r fa c e  t e n s io n  w it h  m e d iu m  c o n c e n t ra t io n  d u r in g  184

th e  g r o w th  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) in  10 L

fe rm e n te r  fo r  65  w it h  p H  c o n t r o l to  7 .0  b y  ( A )  0 .5  M  K O H /

H C 1  and  ( B )  0.1 M  p o ta s s iu m  p h o sp h a te  b u ffe r .

3 .3 .1 9  K + in  th e  m e d iu m  ( □ ) ,  in t r a c e l lu la r  K + (■ ) an d  c e l l  n u m b e r  186

( • )  o f  Y. lipolytica R P 2  d u r in g  g ro w th  o n  t a l lo w  (2 0  g  L ' 1) in

10 L  fe rm e n te r  f o r  65  h  w it h  p H  c o n t ro l to  7 .0  b y  ( A )  0 .5  M  

K O H / H C 1  an d  ( B )  0.1 M  p o ta s s iu m  p h o sp h a te  b u ffe r .
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I N T R O D U C T I O N



1.1 Y e a s t

Y e a s ts  h a v e  b e en  d e s c r ib e d  as u n ic e l lu la r  fu n g i,  w h ic h  re p ro d u c e  v e g e ta t iv e ly  b y  

b u d d in g  o r  f is s io n  a n d  th a t fo rm  s e x u a l s ta te s  w h ic h  a re  n o t  e n c lo s e d  in  a  f r u it in g  

b o d y  (B o e k h o u t  a n d  K u r t z m a n ,  19 96 ) . T h e  d is t in c t io n  b e tw e e n  y e a s ts  and  

f i la m e n to u s  fu n g i h a s  o fte n  b e en  u n c e r ta in  and  th e re  h a s  b e e n  c o n s id e ra b le  

c o n t ro v e r s y  o n  th e ir  o r ig in .  S o m e  h a v e  v ie w e d  the  y e a s ts  as p r im it iv e  fu n g i,  w h i le  

o th e rs  p e rc e iv e d  th e m  to  b e  re d u ce d  fo rm s  o f  m o re  e v o lv e d  t a x a  ( K u r t z m a n  an d  

S u g iy a m a , 2 0 0 1 ) . A l t h o u g h  n o t as u b iq u it o u s  as b a c te r ia , y e a s ts  a re  w id e s p re a d  in  

th e  n a tu ra l e n v iro n m e n t , in c lu d in g  s o i l ,  w a te r , p la n ts  a n d  a n im a ls  a n d  in  e x tre m e  

h a b ita ts  s u c h  as th e  h a lo to le ra n t  a n d  o s m s o p h i l ic  y e a s ts  (W a lk e r ,  1 9 9 8 ) . Y e a s t  

c e l ls  la c k  c h lo r o p h y l l  a n d  a re  s t r ic t  c h e m o o rg a n o th ro p h s  and  as s u c h  re q u ire  

f ix e d ,  o rg a n ic  fo rm s  o f  c a rb o n  f o r  g ro w th . S o u rc e s  o f  c a rb o n  a re  q u ite  d iv e r s e  and  

in c lu d e  s im p le  su g a rs , p o ly o ls ,  o r g a n ic  a n d  fa t ty  a c id s , a l ip h a t ic  a lc o h o ls ,  

h y d ro c a rb o n s  a n d  v a r io u s  p o ly m e r ic  c o m p o u n d s . T h e  d y n a m ic  a n d  d iv e r s e  

a c t iv it ie s  o f  y e a s ts  im p in g e  o n  m a n y  a rea s  o f  s c ie n c e , t e c h n o lo g y  a n d  m e d ic in e . 

O v e r  7 0 0  s p e c ie s  o f  y e a s t  e x is t ,  w it h  th e  c o n t in u e d  id e n t i f ic a t io n  o f  n e w  s tra in s  

( K u r t z m a n  a n d  S u g iy a m a , 2 0 0 1 ) . S o m e  sp e c ie s  p la y  b e n e f ic ia l  r o le s  in  th e  

p r o d u c t io n  o f  fo o d s , b e v e ra g e s  a n d  p h a rm a c e u t ic a ls ,  w h i le  o th e rs  p la y  a 

d e t r im e n ta l r o le  as s p o ila g e  o rg a n is m s  a n d  a gen ts  o f  h u m a n  d ise a se .

1.1.1 Yeast classification

Y e a s ts  a re  c la s s i f ie d  in to  s u b d iv is io n s  b a se d  on  th e ir  m e th o d s  o f  re p ro d u c t io n . 

A s c o m y c o t in a  a n d  B a s id io m y c o t in a  c a n  re p ro d u ce  s e x u a l ly ,  w h e re a s  

D e u te ro m y c o t in a  c a n n o t  (W a lk e r ,  1 998 ). T h e  c la s s i f ic a t io n  o f  y e a s t  is  b a se d  o n  a 

h ie r a r c h ic a l  s y s te m , as d e ta ile d  in  T a b le  1.1. T h e  m o rp h o lo g ic a l,  p h y s io lo g ic a l  

a n d  g e n e t ic  c h a ra c te r is t ic s  o f  th e  y e a s t  f a c i l i t a t e  th e  d e te rm in a t io n  o f  th e  lo w e r  

t a x o n o m ic  c a te g o r ie s . It c a n  b e  e x p e c te d  th a t a p p lic a t io n  o f  m o le c u la r  

id e n t i f ic a t io n  m e th o d s  w i l l  a l lo w  fo r  th e  d e te c t io n  o f  n u m e ro u s  n e w  sp e c ie s , 

le a d in g  to  a b e tte r  u n d e r s ta n d in g  o f  y e a s t  b io d iv e r s it y  ( K u r t z m a n  a n d  S u g iy a m a , 

2 0 0 1 ) .
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T a b le  1 .1 : Classification of the yeasts.

S u b d iv i s io n F a m i l ie s /  S u b f a m i l ie s G e n e r a “

Ascomvcotina
H e m ia s c o m y c e te s

E n d o m y c e ta le s S p e rm o p h th o ra c e a e

S a c c h a ro m y c e ta c e a e

-S c h iz o s a c c h a ro m y c e to id e a e

Coccidascus (1) 

Schizosaccharomyces (3)

Metschnikowia (10) Nematospora (1)

-N a d s o n io n id e a e Hanseniaspora (6) 
Nadsonia (3)

Saccharomycodes (2) 
Wickerhamia (1)

- L ip o m y c e to id e a e Lipomyces (5)

-S a c c h a ro m y c e to id e a e Ambrosiozyma (2) 
Arthroascus (4) 
Arxiozyma (1) 
Citeromyces (1) 
Clavispora (2) 
Cyniclomyces (1) 
Debaromyces (10) 
Dekkera (2) 
Guilliermondella (1)

Hansenula (1) 
Issatchenkia (4) 
Kluveromyces (17) 
Lodderomyces (1) 
Pachysolen (1)
Pichia (87) 
Saccharomyces (16) 
Saccharomycopsis (6) 
Schwanniomyces (1)

Sporopachydermia (3) 
Stephanoascus (2) 
Torulaspora (3)
Wickerhamiella (1) 
Williopsis (5)
Yarrowia (1)
Zygoascus (1) 
Zygosaccharomyces (9) 
Zygozyma (4)

athe number in brackets refers to the number of species in the genera. Adapted from Kreger-van Rij (1984) and Boekhout and Kurtzman (1996)



T a b le  1.1 [co n td .] : Classification of the yeasts.

S u b d iv i s io n F a m i l ie s /  S u b f a m i l ie s G e n e r a 3
Basidiomvotina

U s t i la g in a le s F i lo b a s id ia c e a e Bulleromyces (1) 
Chinosphaera (1) 
Cystofilobasidium (4)

Filobasidiella (1) 
Filobasidium (5) 
Tilletiaria (1)

Udeniomyces (3) 
Xanthophyllomyces (1)

T e lio s p o r e - fo rm in g  y e a s ts Leucosporidium (3) 
Erythrobasidium (1)

Rhodosporidium (9) 
Sporidiobolus (3)

Kondoa (1) 
Mrakia (4)

U n c la s s i f ie d Sterigmatosporidium (1)

T re m e lla le s S iro b a s id ia c e a e  / T re m e lla c e a e Sirobasidium and Tremella (12)

Deuteromvcotina
B la s to m y c e te s C ry p to c o c c a c e a e Aciculoconidium (1) 

Arxula (2) 
Brettanomyces (3) 
Candida (152) 
Cryptococcus (40) 
Itersonilia (1) 
Fellomyces (4)

Kloeckera (1) 
Kurtzmanomyces (2) 
Myxozyma (9) 
Malassezia (7) 
Oosporidium (1) 
Phaffia (1) 
Rhodotorula (37)

Saitoella (1) 
Schizoblastosporion (2) 
Sterigmatomyces (2) 
Sympodiomyces (1) 
Tilletiopsis (6) 
Trichosporon (20) 
Trigonopsis (1)

S p o ro b o lm y c e ta c e a e Bensingtonia (10) Bullera (14) Sporobolomyces (27)

athe number in brackets refers to the number of species in the genera. Adapted from Kreger-van Rij (1984) and Boekhout and Kurtzman (1996)



K r e g e r - v a n  R i j  (1 9 8 7 )  d e s c r ib e d  th e  p r in c ip a l  d is t in g u is h in g  m o rp h o lo g ic a l  

c h a ra c te r is t ic s  o f  th e  th re e  m a in  g ro u p s  o f  yea sts .

T h e  a s c o s p o ro g e n o u s  y e a s ts  a re  c la s s i f ie d  in  th e  H e m ia s c o m y c e te s ,  w h ic h  a re  

A s c o m y c o t in a  th a t la c k  a s c o c a rp s  ( f r u i t in g  b o d ie s )  a n d  a s c o g e n o u s  h y p h a e . In  th e  

c la s s  H e m ia s c o m y c e te s ,  th e  y e a s t  a re  c la s s if ie d  in to  tw o  f a m il ie s ,  th e  

S a c c h a ro m y c e ta c e a e  an d  the  S p e rm o p h th o ra c e a e  o f  th e  o rd e r  E n d o m y c e ta le s .  T h e  

sh ap e  o f  th e  a s c o s p o re s  d is t in g u is h e s  th e  tw o  fa m ilie s .  In  th e  S p e rm o p h th o ra c e a e  

th e  sp o re s  a re  n e e d le -s h a p e d  a n d  in  th e  S a c c h a ro m y c e ta c e a e  th e  sp o re s  h a v e  a 

v a r ie t y  o f  d if fe r e n t  sh apes . T h e  fo u r  s u b fa m il ie s  o f  th e  S a c c h a ro m y c e ta c e a e  d i f f e r  

b a s e d  o n  re p ro d u c t io n  a n d  a s c o s p o re  shape . In  th e  S c h iz o s a c c h a ro m y c e to id e a e ,  

v e g e ta t iv e  r e p ro d u c t io n  is  e x c lu s iv e ly  b y  f is s io n .  In  th e  N a d s o n io n id e a e ,  b u d d in g  

is  b ip o la r .  In  th e  L ip o m y c e to id e a e ,  th e re  is  a  t y p ic a l  p ro c e s s  o f  a s c u s  fo rm a t io n ,  

w it h  2 - 3 0  a m b e r -c o lo u re d  sp o re s  p e r  a scu s . In  th e  S a c c h a ro m y c e to id e a e , 

b u d d in g  is  m u lt i la te ra l.

T h e  B a s id io m y c o t in a  a re  c la s s i f ie d  in to  tw o  m a in  g ro u p s , th e  U s t i la g in a le s  a n d  

th e  T r e m e lla le s .  T h e se  y e a s ts  a re  th e  h a p lo id  p h a se  in  th e  l i f e  c y c le  o f  m o s t ly  

h e t e r o th a l l ic  b a s id io m y c e te s ,  w h ic h  f o rm  b a s id io s p o re s . T h e  T re m e lla c e a e  m a y  

c o n ju g a te  an d  p ro d u c e  a  d ik a r y o t ic  m y c e l iu m  o n  w h ic h  a b a s id io c a rp ,  b a s id ia  an d  

b a s id io s p o r e s  d e v e lo p . T h e  U s t i la g in a le s  a re  d iv id e d  in to  th re e  fa m il ie s .  T h e  

F i lo b a s id ia c e a e  a re  c h a ra c te r is e d  b y  th e  fo rm a t io n  o f  s le n d e r , n o n -s e p ta te  b a s id ia  

w it h  t e rm in a l b a s id io s p o re s . T h e  T e lio s p o r e - f o r m in g  y e a s ts  fo rm  t h ic k - w a l le d  

c e l ls ,  c a l le d  te lio s p o re s , o n  th e  h y p h a e . T h e  la s t  g ro u p  c o n s is ts  o f  

Sterigmatosporidium polymorphum, w h ic h  o n  d ik a r y o t ic  m y c e l iu m  fo rm s  tw o  

ty p e s  o f  c h la m y d o s p o re s ,  r o u n d  a n d  o v a l c y l in d r ic a l  ones.

T h e  D e u te ro m y c o t in a  o r  th e  Im p e r fe c t  y e a s ts  in c lu d e  y e a s ts  th a t d o  n o t  fo rm  

a s c o s p o re s  o r  b a s id io s p o re s . S e v e ra l im p e r fe c t  y e a s ts  c lo s e ly  r e s e m b le  p e r fe c t  

s p e c ie s  a n d  o n ly  d i f f e r  in  th e  a b i l i t y  to  fo rm  s e x u a l sp o re s . G e n e r ic  d if f e r e n t ia t io n  

o f  th e  im p e r fe c t  y e a s ts  is  b a se d  o n  m o rp h o lo g ic a l  c h a ra c te r is t ic s  a n d  o n  a  fe w  

p h y s io lo g ic a l  c h a ra c te r is t ic s .  T h e  D e u te ro m y c to in a  a re  d iv id e d  in to  tw o  fa m il ie s ,  

th e  S p o ro b o lo m y c e ta c e a e ,  w h ic h  fo rm  b a ll is to s p o re s  a n d  th e  C ry p to c o c c a c e a e ,  

w h ic h  d o  no t.
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1 .1 .2  Y e a s t  id en tif ic a tio n

Y e a s t  id e n t i f ic a t io n  a n d  c h a ra c te r is a t io n  is  o f  th e  u tm o s t  im p o r ta n c e  in  y e a s t  

b io te c h n o lo g y .  T h e  a b i l i t y  to  d if fe r e n t ia te  b e tw e e n  w i ld  a n d  c u ltu re d  y e a s ts  is  

e s s e n t ia l in  in d u s t r ia l  p ro ce ss e s . T h is  is  e x e m p l i f ie d  in  b r e w in g  fe rm e n ta t io n s  

w h e re  th e  p re s e n c e  o f  w i ld  y e a s ts  m a y  im p a r t  u n d e s ir a b le  o f f - f la v o u r s  to  the  

p ro d u c t  a n d  a ls o  in  b a k e r ’ s y e a s t  p ro p a g a t io n s  w h e re  w i ld  y e a s ts  l ik e  Candida 

utilis m a y  o u t -g ro w  p u re  b a k in g  s t ra in s  o f  Saccharomyces cerevisiae d u e  to  m o re  

e f f ic ie n t  su g a r  t ra n s p o r t  c a p a b il it ie s  o f  th e  w i ld  y e a s t  (W a lk e r ,  1998). 

I d e n t if ic a t io n  o f  y e a s t  g e n e ra  c a n  b e  a c h ie v e d  b y  b o th  m o r p h o lo g ic a l  a n d  

p h y s io lo g ic a l  tests. K e y s  a re  re q u ir e d  f o r  th e  id e n t i f ic a t io n  o f  y e a s ts . W it h  the 

in c re a s e  in  th e  n u m b e r  o f  y e a s t  sp e c ie s , th e  k e y s  h a v e  b e c o m e  m o re  c o m p le x .  A  

k e y  m a y  f o l lo w  th e  t a x o n o m ic  c la s s i f ic a t io n  and  f ir s t  le a d  to  g e n e ra , a n d  th e n  to  

th e  s p e c ie s  w it h in  th e  g e n u s  o r  m a y  f o l lo w  p h y s io lo g ic a l  re sp o n se s  o f  th e  y e a s t  to  

le a d  to  id e n t i f ic a t io n  o f  b o th  g e n u s  a n d  sp e c ie s .

T h e  c h ie f  c h a ra c te r is t ic s  o f  y e a s t  in c lu d e  th e  m a c ro s c o p ic  a n d  m ic r o s c o p ic  

a p p e a ra n ce  o f  th e  o r g a n is m  (B a rn e t t  et al., 1983). E x a m in a t io n  o f  th e  

m a c r o s c o p ic  a p p e a ra n ce  o f  y e a s t  c a n  b e  u s e fu l in  its  id e n t if ic a t io n .  I f  th e  y e a s t  

fo rm s  b a l l is t o c o n id ia  o r  b a l l is to s p o re s ,  th e  m ir r o r  im a g e  c a n  b e  se en  in  th e  l id  o f  

th e  P e t r i  d is h , w h ic h  is  in d ic a t iv e  o f  th e  Sporobolomycetaceae. C o lo u r e d  c o lo n ie s  

are  fo rm e d  b y  y e a s t  o f  c e r ta in  gene ra . T h e  p re s e n ce  o f  re d , y e l lo w  a n d  o ra n g e  

c a ro te n o id  p ig m e n ts  a re  c h a ra c te r is t ic  o f  th e  g e n e ra  Rhodotorula,

Sporobolomyces, Phaffia, Rhodosporidium a n d  Sporodiobolus, w h i le  th e  

p r o d u c t io n  o f  n o n - c a r te n o id  p ig m e n ts  is  t y p ic a l  o f  o n ly  c e r ta in  y e a s ts  in c lu d in g  

Metschnikowia pulcherrima (v a n  d e r  W a lt  a n d  Y a r r o w ,  1 984 ). T h e  m a jo r it y  o f  

y e a s ts , h o w e v e r ,  p ro d u c e  g ro w th  r a n g in g  f r o m  w h ite  to  c re a m . S l im y  c o lo n ie s  are 

a  c h ie f  c h a ra c te r is t ic  o f  g e n e ra  Cryptococcus, Filobasidiella a n d  Filobasidium 

(B a rn e t t  et al., 1 983 ). E x a m in a t io n  o f  th e  m ic r o s c o p ic  a p p e a ra n ce  o f  th e  y e a s t 

in c lu d e s  its  m o d e  o f  r e p r o d u c t io n  a n d  c e l l  m o rp h o lo g y .  F o r  th e  a s c o s p o ro g e n o u s  

y e a s ts , th is  g e n e r a lly  m e a n s  th a t c h a ra c te r is t ic s  o f  th e  a s c o p o re s  a re  o f  th e  u tm o s t  

im p o r ta n c e  in  t h e ir  id e n t if ic a t io n .  In  th e  im p e r fe c t  y e a s ts , th e  ty p e  o f  v e g e ta t iv e  

r e p r o d u c t io n  is  o f te n  d e c is iv e  f o r  g e n e r ic  d if fe re n t ia t io n .
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T h e  p h y s io lo g ic a l  re sp o n se s  o f  y e a s t  to  a v a r ie t y  o f  te s ts , in c lu d in g  the

a s s im i la t io n  o f  c a rb o n s  a n d  n itra te , fe rm e n ta t io n  o f  su ga rs , re sp o n se  to  u rease , 

D ia z o n iu m  B lu e  B  c o lo u r  te s t a n d  g ro w th  w it h  a n t ib io t ic s  are  im p o r ta n t  t o o ls  in  

th e  id e n t i f ic a t io n  o f  th e  g e n u s  a n d  s p e c ie s  o f  yeast.

It is  p r a c t ic a b le  to  d is t in g u is h  b e tw e e n  m a n y  y e a s t  s p e c ie s  b y  th e ir  d if f e r in g

a b i l i t ie s  to  a s s im ila te  c e r ta in  o rg a n ic  c o m p o u n d s  as th e  s o le  c a rb o n  so u rc e  u n d e r  

a e ro b ic  c o n d it io n s .  T h e se  c o m p o u n d s  in c lu d e  su g a rs , a ld i t o ls  a n d  o rg a n ic  a c id s  

(B a rn e t t  et al., 1983 ). In  th e  s ta n d a rd  d e s c r ip t io n  o f  th e  s p e c ie s  th e  re s u lt  o f  18 -  

3 0  c o m p o u n d s  is  re c o rd e d . H o w e v e r ,  c o m p o u n d s  w it h  a lo w  d if f e r e n t ia t in g  v a lu e  

a n d  th o se  th a t a re  o fte n  w e a k ly  a n d  s lo w ly  a s s im ila te d  m a y  g iv e  in c o n s is te n t  

re su lts . In  t h e ir  s ta n d a rd  d e s c r ip t io n ,  v a n  d e r  W a lt  a n d  Y a r r o w  (1 9 8 4 )  o m it te d  

th e se  c o m p o u n d s  a n d  th e ir  a s s im ila t io n  m e th o d  c o m p r is e d  ju s t  18 te st

c o m p o u n d s . T h e  a b i l i t y  o f  a  y e a s t  to  u s e  n itra te  as th e  so le  s o u rc e  o f  n it r o g e n  is  a 

v a lu a b le  a id  in  id e n t i f y in g  y e a s ts  s in c e  a b o u t o n e  q u a rte r  o f  a l l  s p e c ie s  u t i l is e  

n it ra te  a n d  th is  is  u s u a lly  a  u n if o rm  fe a tu re  o f  a l l  th e  s t ra in s  in  th e  s p e c ie s  (B a rn e tt  

et al., 1 983 ).

Y e a s t s  v a r y  in  th e ir  a b i l i t y  to  fe rm e n t  suga rs . F o r  e x a m p le , th e  g e n e ra  

Kluveromyces a n d  Saccharomyces a re  c h a ra c te r is e d  b y  th e  v ig o r o u s  fe rm e n ta t io n  

o f  at le a s t  g lu c o se , o th e r  g e n e ra  s u c h  as Lipomyces a re  s t r ic t ly  n o n - fe rm e n ta t iv e , 

w h i le  o th e r  g e n e ra  h a v e  a n  e n t ire  ra n g e  f r o m  n o n - fe rm e n ta t iv e  to  s t ro n g ly  

fe rm e n ta t iv e  s p e c ie s  as in  th e  c a se  o f  Hansenula (v a n  d e r  W a l t  a n d  Y a r ro w ,  

1 984 ). A  la rg e  v a r ie t y  o f  s p e c ie s  c a n  g r o w  w e l l  in  g lu c o s e  c o n c e n t ra t io n s  o f  u p  to  

4 0 %  b y  w e ig h t ,  w h i le  o n ly  a  f e w  sp e c ie s  a re  c a p a b le  o f  d e v e lo p m e n t  w it h  su ga r 

c o n c e n t ra t io n s  b e tw e e n  50  -  7 0 %  (w /v )  (v a n  d e r  W a l t  a n d  Y a r r o w ,  1984). 

S im i la r ly ,  o n ly  a  n u m b e r  o f  y e a s ts  a re  c a p a b le  o f  g ro w th  in  h ig h  sa lt  

c o n c e n t ra t io n s .

T w o  te s ts  u s e d  in  th e  s ta n d a rd  d e s c r ip t io n  a re  o f  im p o r ta n c e  f o r  th e  d is t in c t io n  o f  

b a s id io m y c e to u s  y e a s ts , th e  D ia z o n iu m  B lu e  B  ( D B B )  c o lo u r  te s t  a n d  th e  u rease  

te s t  ( K r e g e r - v a n  R i j ,  1 9 87 ) . T h e  b a s id io m y c e te s  p ro d u c e  an  in te n se  re d  c o lo u r  in  

th e  p re s e n c e  o f  D B B  d y e , a lth o u g h  th e  m e c h a n is m  o f  th is  m e th o d  h a s  n o t  b e en  

f u l ly  e lu c id a te d  (v a n  d e r  W a l t  a n d  Y a r r o w ,  1984 ). S o  fa r , o n ly  o n e  e x c e p t io n  to
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th e  te s t  h a s  b e e n  fo u n d , th e  a s c o m y c e te  Sporopachydermia quercuum. U r e a  c a n  

b e  u t i l is e d  as a  s o le  so u rc e  o f  n it r o g e n  b y  p r a c t ic a l ly  a l l  y e a s ts , w h e n  p re s e n t  in  

lo w  c o n c e n t ra t io n s . H o w e v e r ,  in  h ig h e r  c o n c e n t ra t io n s , as in  th e  u re a se  test, the  

a c t iv it y  is  la c k in g  in  th e  a s c o g e n o u s  s p e c ie s  a n d  a  s t ro n g  r e a c t io n  is  n o rm a l ly  

a s s o c ia te d  w it h  th e  b a s id io m y c e te s , a lth o u g h  th e re  a re  s o m e  e x c e p t io n s .

W h if f e n  (1 9 4 8 )  w a s  th e  f ir s t  to  r e p o r t  th a t y e a s ts  v a r ie d  in  t h e ir  s e n s it iv it y  

to w a rd s  th e  a n t ib io t ic  a c t id io n e  ( c y c lo h e x im id e ) .  C y c lo h e x im id e  s to p s  th e  g ro w th  

o f  e u k a ry o te s  b y  in h ib i t in g  p ro te in  s y n th e s is  in  th e  80  S  r ib o s o m e s . Y e a s t s  m a y  be  

d iv id e d  in to  th re e  c a te g o r ie s  o n  th e  b a s is  o f  th e ir  s e n s it iv it y  to  th e  a n t ib io t ic :  

s p e c ie s  th a t  a re  m a r k e d ly  s e n s it iv e  ( in h ib ite d  b y  1 j ig  m l ' 1) s u c h  as 

Saccharomyces cerevisiae, th o se  th a t  a re  m o d e ra te ly  s e n s it iv e  ( in h ib it e d  b y  25  |ag 

m l" 1) s u c h  as Schizosaccharomyces pombe a n d  th o se  th a t a re  to le r a n t  to  le v e ls  o f  

1 0 00  (j,g m l"1 s u ch  as Kluveromyces lactis. B e c a u s e  o f  th e  p o s s ib i l i t y  th a t  s t ra in s  

m a y  b e c o m e  ad ap te d  to  lo w  c o n c e n t ra t io n s  o f  c y c lo h e x im id e ,  y e a s ts  a re  a sse ssed  

f o r  t o le r a n c e  in  100  a n d  1000  p p m  c o n c e n t ra t io n s  (v a n  d e r  W a l t  a n d  Y a r r o w ,

1984 ).

In  a d d it io n  to  m o rp h o lo g ic a l  a n d  p h y s io lo g ic a l  c h a ra c te r is t ic s ,  y e a s t  sp e c ie s  

c la s s i f ic a t io n  a n d  s t ra in  id e n t i f ic a t io n  c a n  b e  p e r fo rm e d  th ro u g h  im m u n o lo g ic a l  

a n d  m o le c u la r  c h a ra c te r is t ic s .  I m m u n o lo g ic a l  m e th o d s  in c lu d e  s e ro lo g y ,  im m u n o -  

e le c t r o p h o re s is  a n d  im m u n o f lo u r e s c e n c e  m ic ro s c o p y .  M o le c u la r  m e th o d s  in c lu d e  

r R N A  a n d  r D N A  p h y lo g e n y ,  D N A  b a se  c o m p o s it io n  (m o l %  G  + C ) ,  k a ry o ty p e  

a n a ly s is ,  D N A  h y b r id iz a t io n  a n d  r a n d o m  a m p li f ic a t io n  o f  p o ly m o rp h ic  D N A  

( R A P D )  (W a lk e r ,  1998).

1.1.3 Medical, industrial and environmental importance

Y e a s t s  a re  o f  m a jo r  e c o n o m ic ,  s o c ia l a n d  h e a lth  s ig n if ic a n c e .  Y e a s t  e x p lo ita t io n  

h a s  b e e n  a p p lie d  to  m a n y  fe rm e n ta t io n  in d u s t r ie s ,  in c lu d in g  fo o d , c h e m ic a l a n d  

h e a lth  c a re  a n d  y e a s t  p la y  an  im p o r ta n t  r o le  in  e n v iro n m e n ta l te c h n o lo g ie s  a n d  in  

fu n d a m e n ta l b io lo g ic a l  a n d  b io m e d ic a l  re s e a rc h  ( F ig .  1.1).

7



(e.g. Brewing, bioethanol, novel processes and 
fermentation products)

Fermentation \
Industries )

F o o d / C h e m ic a l

In d u s tr ie s

(e.g. Savoury flavours, 
enzymes, baking, pigments, 
food acidulants, chemical)

(e.g. Cancer, AIDS, drug 
metabolism, genotoxicity screens, 
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H e a lth c a re

In d u s tr ie s
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factors)

(e.g. Cell biology, genetics, 
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Figure 1.1: D iv e r s i t y  o f  o u t le ts  in v o lv in g  y e a s t  b io te c h n o lo g y  (W a lk e r ,  1998 ).

Y e a s t s  a re  im p o r ta n t  f r o m  a  m e d ic a l  p e rs p e c t iv e . T h e  p r in c ip a l  y e a s ts  p a th o g e n ic  

fo r  h u m a n s  a re  Candida albicans a n d  Filobasidiella (Cryptococcus) neoformans. 

C. albicans is  e n d o g e n o u s  in  th e  o ra l,  g a s t ro in te s t in a l a n d  u r io g e n it a l t ra c ts  o f  

h u m a n s  a n d  o th e r  w a rm -b lo o d e d  a n im a ls  (Jo n e s , 1990). O v e r  9 0 %  o f  de ep  y e a s t  

in fe c t io n s  a re  a t t r ib u te d  to  C . albicans.

Y e a s t s  a re  in v o lv e d  in  fo u r  o f  th e  w o r ld s  le a d in g  in d u s t r ia l  fe rm e n ta t io n  

p ro c e s s e s , in c lu d in g  b e e r  (6 0  m i l l i o n  to n s /y e a r) , w in e  (3 0  m i l l i o n  ton s /y e a r) , 

s in g le  c e l l  p r o te in  a n d  fo d d e r  (8 0 0 ,0 0 0  to n s /y e a r)  a n d  b a k e rs  y e a s t  (6 0 0 ,0 0 0  

to n e s /y e a r)  ( K u r t z m a n  an d  S u g iy a m a , 2 0 0 1 ) . A n o th e r  im p o r ta n t  y e a s t  

f e rm e n ta t io n  is  th e  p r o d u c t io n  o f  r ib o f la v in  ( v ita m in  B 12) b y  Eremothecium

E n v ir o n m e n ta l

T e c h n o lo g ie s

(e.g. Bioremediation, waste 
utilisation, crop protection, 

biosorption of metals)
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gossypii, E. ashbyii a n d  m o re  re c e n t ly ,  b y  Candida famata (H e e fn e r  et al., 1992). 

F u e l a lc o h o l,  e th a n o l p r o d u c t io n  f o r  m o to r  fu e l,  h a s  b e c o m e  in c r e a s in g ly  

im p o r ta n t  a n d  p r o d u c t io n  is  p r im a r i ly  b y  Saccharomyces cerevisiae w it h  

h y d ro ly s e d  c o rn  s ta rch  as th e  su b s tra te  ( M a  an d  H a n n a , 1 999 ). Y e a s t s  a re  

in c r e a s in g ly  e x p lo it e d  fo r  e x p re s s io n  o f  r e c o m b in a n t  D N A  p ro d u c ts . E x a m p le s  o f  

h e te ro lo g o u s  g e n e s  c lo n e d  in  Saccharomyces cerevisiae a n d  se c re te d  b y  

r e c o m b in a n t  y e a s t  in c lu d e  h u m a n  in te r fe ro n  (H it z e m a n  et al., 1 9 8 3 ) a n d  h u m a n  

e p id e rm a l g ro w th  fa c to r  (B ra k e  et al., 1984).

T h e  s p o ila g e  o f  fo o d s  a n d  b e ve ra g e s  f r o m  g ro w th  o f  c o n ta m in a t in g  y e a s ts  re su lts  

in  m a jo r  e c o n o m ic  lo s s e s  w o r ld w id e  ( F le e t ,  1 990 ). H o w e v e r ,  y e a s ts  re s p o n s ib le  

f o r  fo o d  s p o ila g e  a re  n o t  k n o w n  to  c a u se  fo o d  p o is o n in g .  P ro d u c t s  w it h  a h ig h  

su g a r  c o n te n t  a re  c o m m o n ly  s p o ile d  b y  s p e c ie s  o f  Zygosaccharomyces. C e r ta in  

ch e e se s  a n d  m e a t p ro d u c ts ,  s u c h  as s a la m i m a y  be  s p o ile d  b y  Debaromyces 

hansenii a n d  Yarrowia lipolytica. S p e c ie s  o f  Brettanomyces, Dekkera a n d  Pichia 

a re  o f te n  r e s p o n s ib le  fo r  th e  t u r b id it y  a n d  o f f - f la v o u r s  in  w in e s ,  b e e r  a n d  so ft  

d r in k s  ( K u r t z m a n  a n d  S u g iy a m a , 2 0 0 1 ) .

Y e a s t s  a re  e m p lo y e d  in  v a r io u s  e n v iro n m e n ta l t e c h n o lo g ie s ,  in c lu d in g  

b io r e m e d ia t io n  a n d  b io s e n so rs .  B io r e m e d ia t io n  t e c h n o lo g y  c a p ita l is e s  o n  c e r ta in  

g r o w th  c h a ra c te r is t ic s  o f  th e  y e a s t, s u ch  as a s s im ila t io n  o f  r e c a lc it r a n t  c a rb o n s , 

b io s o r p t io n  o f  t o x ic  m e ta ls  a n d  s e c re t io n  o f  m e ta b o lite s ,  s u c h  as e n z y m e s  and  

b io s u r fa c ta n ts .  Yarrowia lipolytica a n d  Candida maltosa h a v e  b e e n  e m p lo y e d  fo r  

b io r e m e d ia t io n  o f  w a s te  h y d ro c a rb o n s  and  c ru d e  o i ls ,  Schwanniomyces 

occidentalis m e ta b o lis e s  s ta rch e s  c o m p le t e ly  an d  Pichia methanolica can  

m e ta b o lis e  m e th a n o l (S p e n c e r  et al., 2 0 0 2 ) . S p e n t  b r e w e r ’ s y e a s t  c a n  e f f e c t iv e ly  

r e m o v e  h e a v y  m e ta ls  ( A g ,  U ,  C o ,  C u ,  C d )  f r o m  in d u s t r ia l  e f f lu e n ts  ( S im m o n s  et 

al., 1 995 ). Trichosporon cutaneum m a y  b e  u s e fu l in  b io s e n s o r  m o n it o r in g  o f  

b io c h e m ic a l  o x y g e n  d e m a n d  ( B .O .D . )  o f  w a s te w a te rs , c a rb o h y d ra te  a n a ly s is ,  

a m p e ro m e t r ic  d e te rm in a t io n  o f  a m m o n iu m  io n s  an d  p h e n o l d e te rm in a t io n  (R e is e r  

et al., 1 994 ).
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O v e r a l l ,  y e a s ts  a re  c e n tra l to  m a n y  p re s e n t -d a y  a g r ic u lt u r a l a n d  in d u s t r ia l  

p ro c e s s e s  and  w it h  th e  d e v e lo p m e n t  o f  r e c o m b in a n t  D N A  te c h n o lo g ie s ,  as w e l l  as 

n e w  n ee d s  b y  s o c ie ty ,  th e  ro le  o f  y e a s t  in  h u m a n  a d v a n c e m e n t  c a n  b e  e x p e c te d  to  

in c re a s e  ( K u r t z m a n  a n d  S u g iy a m a , 2 0 0 1 ) . M o le c u la r  s y s te m a t ic s  w i l l  h a v e  a k e y  

ro le  in  fu tu re  u ses. A p p l i c a t io n  o f  m o le c u la r  m e th o d s  fo r  s t ra in  id e n t i f ic a t io n  w i l l  

a s s is t  m e d ic a l d ia g n o s t ic s  as w e l l  as d e f in e  in d u s t r ia l ly  a n d  a g r ic u lt u r a l ly  

im p o r ta n t  sp e c ie s , in c lu d in g  th o se  im p o r ta n t  in  b io re m e d ia t io n .

1.2 Yarrowia lipolytica

Yarrowia lipolytica is  o n e  o f  th e  m o s t  e x t e n s iv e ly  s tu d ie d  n o n - c o n v e n t io n a l y e a s ts  

as i t  is  q u ite  d if fe r e n t  f r o m  o th e r  in t e n s iv e ly  s tu d ie d  c o n v e n t io n a l y e a s ts  l ik e  

Saccharomyces cerevisiae o r  Schizosaccharomyces pombe. T h e  e c o lo g ic a l  n ic h e  

fo r  Y. lipolytica e n co m p a ss e s  l ip id - r i c h  fo o d  l ik e  m a rg a r in e , o l iv e  o i l  a n d  ch ee se  

a n d  in  m e a t o r  s h r im p  p ro d u c ts  a n d  i t  is  a ls o  fo u n d  in  se w a g e  a n d  o i l  p la n ts  (B a r th  

a n d  G a i l la r d in ,  1997 ; C a s a r e g o la  et ah, 2 0 0 0 ) . T h e  in a b i l i t y  o f  th e  y e a s t  to  s u rv iv e  

u n d e r  a n a e ro b ic  c o n d it io n s  p e rm it s  it s  e l im in a t io n  f r o m  d a ir y  p ro d u c ts .  O th e r  

c a rb o n  s o u rc e s  u t i l is e d  b y  Y. lipolytica in c lu d e  g lu c o se , a lc o h o ls ,  a ce ta te  an d  

h y d r o p h o b ic  su b s tra te s  s u ch  as fa t ty  a c id s  and  a lk a n e s , b u t n o t  s u c ro se  ( B a r th  and  

G a i l la r d in ,  1 9 9 6  &  1997 ). Y. lipolytica is  n o n -p a th o g e n ic  to  h u m a n s  a n d  h a s  b e en  

a p p ro v e d  f o r  s e v e ra l G R A S  ( g e n e r a l ly  re g a rd e d  as sa fe ) in d u s t r ia l  p ro c e s s e s  

(C a s a re g o la  et ah, 2 0 0 0 ) . T h e  u n u s u a l b io c h e m ic a l  p ro p e r t ie s  o f  Y. lipolytica, its  

a b i l i t y  to  p ro d u c e  s e v e ra l b io t e c h n o lo g ic a l ly  im p o r ta n t  m e ta b o lite s ,  in te n s iv e  

p ro te in  s e c re t io n , its  d im o rp h is m  a n d  a m e n a b i l i t y  to  m o le c u la r  te c h n iq u e s  h a v e  

c o m b in e d  to  m a k e  th is  a v e r y  w e l l  s tu d ie d  o rg a n is m  (B a r th  a n d  G a i l la r d in ,  1996).

1 .2 .1  N o m e n c la t u r e

Y. lipolytica is  th e  o n ly  s p e c ie s  re c o g n is e d  w it h in  th e  Yarrowia g e nu s . It has , 

h o w e v e r , h a d  an  in te re s t in g  h is t o r y  an d  h a s  u n d e rg o n e  a n u m b e r  o f  c h a n g e s  o f  

g e n u s  in  th e  p a s t  3 0  y e a r s  w it h  th e  a d v e n t  o f  im p r o v e d  g e n e t ic  a n d  c la s s i f ic a t io n  

t e c h n o lo g y .  T h e  s p e c ie s  w a s  o r ig in a l ly  c la s s i f ie d  as a  Candida, s in c e  n o  s e x u a l 

s ta te  h a d  b e e n  d e s c r ib e d . T h e  p e r fe c t  f o rm  o f  th e  y e a s t  w a s  id e n t if ie d  o n  the
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o b s e rv a t io n  o f  a s c i fo rm a t io n . T w o  m a t in g  ty p e s , c a l le d  A  an d  B  w e re  id e n t i f ie d  

a n d  n e a r ly  a l l  o th e r  w i ld  ty p e  is o la te s  f r o m  th e  s p e c ie s  w o u ld  m a te  to  o n e  o f  th e se  

tw o  ty p e s , a lb e it  at lo w  f re q u e n c y , s u g g e s t in g  th a t  m o s t  n a tu ra l is o la te s  a re  

h a p lo id .  T h e  p e r fe c t  f o rm  w a s  r e c la s s i f ie d  as Endomycopsis lipolytica ( B a r t h  an d  

G a i l la r d in ,  1 997 ). H o w e v e r ,  Endomycopsis w a s  s h o w n  to  b e  a n  o b lig a te  s y n o n y m  

o f  Saccharomycopsis g en u s  a n d  c o n s e q u e n t ly ,  th e  y e a s t  w a s  re n a m e d  as 

Saccharomycopsis lipolytica ( v a n  d e r  W a l t  a n d  V a n  A r x ,  1 980 ). H o w e v e r ,  th e  

y e a s t  d if f e r e d  f r o m  o th e r  sp e c ie s  in  th e  g e n e ra  in  it s  C o -e n z y m e  Q  sy s te m . S. 

lipolytica a ls o  d if fe r e d  f r o m  o th e r g e n e ra  in  th e  s t ru c tu re  o f  its  a s c o s p o re s , w h ic h  

a re  v a r ia b le  in  b o th  s iz e  an d  shape . S im i la r ly ,  th e  p o s it iv e  u re a se  r e a c t io n  a n d  a 

G + C  c o n te n t  o f  4 9 .5  - 5 0 .2 %  re p o r te d  as h ig h  fo r  a s c o m y c e te o u s  y e a s t  p r o v id e d  

n o  c lu e  as to  its  p o s s ib le  f i l ia t io n .  C o n s e q u e n t ly ,  i t  ta k e s  an  is o la te d  p o s it io n  in  the  

g e n u s  Yarrowia (v a n  d e r  W a lt  a n d  V a n  A r x ,  1980 ). A s  a  r e s u lt  o f  t h is  f re q u e n t  

n a m e  c h a n g in g , Candida (p e r fe c t  fo rm ) ,  Endomycopsis a n d  Saccharomycopsis 

lipolytica a re  th e  sam e  o rg a n ism , Yarrowia lipolytica.

1.2.2 Dimorphism

Y. lipolytica is  d im o rp h ic .  Y e a s t  d im o rp h is m  is  th e  a b i l i t y  o f  fu n g a l c e l ls  to  g ro w  

in  tw o  d is t in c t  m o r p h o lo g ic a l  fo rm s , y e a s ts  a n d  h ig h ly  e lo n g a te d , f i la m e n t -  

f o rm in g  m y c e l ia ,  w h ic h  a re  in  th e  f o rm  o f  p s e u d o m y c e lia  o r  sep ta te  o r  tru e  

m y c e l ia  ( B a r th  a n d  G a i l la r d in ,  1997 ; S z a b o  a n d  S to fa n ik o v a ,  2 0 0 2 ) . T ru e  

m y c e l iu m  c o n s is t s  o f  sep ta te  h y p h a e  3 to  5 p m  in  w id th  a n d  u p  to  s e v e ra l m m  in  

le n g th . A p i c a l  c e l ls  o fte n  e x c e e d  100  p m , w h e re a s  se g m e n ts  a re  50  to  7 0  p m  lo n g  

( W a lk e r ,  1998 ). D im o r p h is m  a ttra c ts  m u c h  a t te n t io n  d u e  to  a  p ro p o s e d  l in k  to  

v ir u le n c e  o f  s e v e ra l im p o r ta n t  fu n g a l p a th o g e n s  in c lu d in g  Candida albicans 

( K lo t z ,  1 989 ; M a d h a n i a n d  F in k ,  1 998 ). Y. lipolytica a p p ea rs  to  b e  a  u s e fu l m o d e l 

f o r  th e  s tu d y  o f  d im o r p h is m  in  fu n g i,  s in c e  in  c o n tra s t  to  o th e r  d im o r p h ic  sp e c ie s , 

i t  h a s  a  s e x u a l c y c le  ( W ic k e r h a m  et al., 1 9 70 ) a n d  c a n  b e  u s e d  as a  s u b je c t  fo r  

g e n e t ic  m a n ip u la t io n  a n d  t ra n s fo rm a t io n  ( G a i l la r d in  a n d  H e s lo t ,  1 988 ). H o w e v e r ,  

th e  p r o p o r t io n  o f  th e  d if fe r e n t  c e l l  fo rm s  is  d e p e n d e n t o n  th e  s t ra in  o f  th e  yea s t.
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C e r ta in  c o n d it io n s  f o r  th e  p re fe re n t ia l fo rm a t io n  o f  e ith e r  th e  y e a s t  o r  m y c e l iu m  

fo rm  in  Y. lipolytica h a v e  b e en  re p o rte d . S o m e  o f  th e se  c o n d it io n s  a re  d e ta i le d  in  

T a b le  1.2. T h e  c o n t r a d ic to r y  in f lu e n c e  o f  g lu c o s e  o n  m y c e l ia l  fo rm a t io n  

( R o d r ig u e z  a n d  D o m in g u e z ,  1984 ; N o v o t n y  et al., 1 994 ; S z a b o , 1 9 9 9 ) u n d e r lin e s  

th e  r e la t io n s h ip  b e tw e e n  the  s t ra in  o f  th e  y e a s t  a n d  d im o rp h is m . O l iv e  o i l  a n d  

o le ic  a c id , th e  fa t ty  a c id  p re s e n t  in  th e  o i l ,  w e re  re p o r te d  to  in d u c e  m y c e l ia l  

g ro w th  (O ta  et al., 1 984 ). H o w e v e r ,  n o t  a l l  fa t ty  a c id s  w e re  m o rp h o g e n s  a n d  w h e n  

Y. lipolytica w a s  c u lt iv a t e d  o n  s te a r ic  and  p a lm it ic  a c id , o n ly  y e a s t -sh a p e d  c e l ls  

w e re  p re s e n t  (O ta  et al., 1984).

P h y s io lo g ic a l  c h a n g e s  o c c u r r in g  d u r in g  y e a s t -m y c e l ia  t r a n s it io n  h a v e  b e en  

s tu d ie d  b y  m a n y  in v e s t ig a to r s  in c lu d in g ,  V e g a  a n d  D o m in g u e z  (1 9 8 6 ) , R o d r ig u e z  

et al. (1 9 9 0 )  a n d  G u e v a r a -O lv e r a  et al. (1 9 9 3 ) . In  th e  c o m p a r is o n  o f  the  

c o m p o s it io n  o f  y e a s t  a n d  m y c e l ia l  c e l ls ,  m y c e l ia l  c e l ls  e x h ib it e d  a  h ig h e r  c o n te n t  

o f  a m in o  su g a rs  a n d  a  r e d u c e d  c o n te n t  o f  p r o te in  ( V e g a  an d  D o m in g u e z ,  1986 ). 

F u r th e rm o re , o r n ith in e  d e c a rb o x y la s e  a c t iv it y  a n d  p o ly a m in e  c e l l  p o o ls  in c re a s e d  

in  h y p h a l c e l ls  g r o w n  o n  N - a c e ty lg lu c o s a m in e - c o n ta in in g  m e d iu m  (G u e v a ra -  

O lv e r a  et al., 1993). A  p h o s p h a t id y l in o s it o l/  p h o s p h a t id y lc h o l in e  t ra n s fe r  p ro te in  

is  r e q u ire d  f o r  d if f e r e n t ia t io n  f r o m  the  y e a s t  to  m y c e l ia l  f o rm  ( L o p e z  et al., 1 994 ). 

A lt h o u g h  th e  e x a c t  m e c h a n is m  o f  th e  y e a s t  to  m y c e l ia l  t r a n s it io n  is  n o t  k n o w n ,  a 

n u m b e r  o f  g enes , in c lu d in g  SEC14, GRP1 a n d  th e  d e le t io n  o f  XPR5 a n d  CIA4 

genes  h a v e  s t ro n g  e f fe c ts  o n  th e  t ra n s it io n  ( B a r th  a n d  G a i l la r d in ,  1997 ; S z a b o , 

2 0 0 1 ) .
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T a b le  1 .2 : Effect of nutrition and environmental growth conditions on the

m o rp h o lo g y  o f  Yarrowia lipolytica.

N u t r ie n t /  g r o w th  c o n d i t io n C e l l  m o r p h o lo g y R e fe r e n c e

L ip id s /

h y d r o ­

c a rb o n s

o l iv e  o i l  

o le ic  a c id  

p a lm it ic  a c id  

s te a r ic  a c id  

h e x a d e c a n e

7 7 %  m y c e l ia  

79%o m y c e l ia  

n o  m y c e l ia  

n o  m y c e l ia  

n o  m y c e l ia

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

R o d r ig u e z  and  

D o m in g u e z  (1 9 8 4 )

M e ta l

io n s

2 0 0  fj.M  m a g n e s iu m  

5 0  ( iM  i r o n  

c a lc iu m

70 %  m y c e l ia  

72%o m y c e l ia  

n o  e f fe c t

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )

S u g a rs g lu c o s e

m a lto s e

f ru c to s e

68%  m y c e l ia  

4 0 %  m y c e l ia  

n o  m y c e l ia

n o  m y c e l ia

6 1 %  m y c e l ia

S z a b o  (1 9 9 9 )  

N o v o t n y  et al. (1 9 9 4 )  

R o d r ig u e z  an d  

D o m in g u e z  (1 9 8 4 )  

R o d r ig u e z  and  

D o m in g u e z  (1 9 8 4 )  

N o v o t n y  et al. (1 9 9 4 )

O th e r

c a rb o n s

N - a c e t y lg lu c o s a m in e m a in ly  m y c e l ia  

72%o m y c e l ia  

m a in ly  m y c e l ia

K im  et al. (2 0 0 0 a )  

N o v o t n y  et al. (1 9 9 4 )  

R o d r ig u e z  and  

D o m in g u e z  (1 9 8 4 )

s o d iu m  ace ta te m y c e l ia  an d  y e a s t R o d r ig u e z  and  

D o m in g u e z  (1 9 8 4 )

P ro te in s c a l f  s e ru m  

b o v in e  m i l k  c a e s in  

y e a s t  e x t ra c t  

p e p to n e  

m a lt  e x t ra c t

m a in ly  m y c e l ia  

50-70%o m y c e l ia  

5 -3 0 %  m y c e l ia  

5-30%o m y e c l ia  

n o  m y c e l ia

K im  et al. (2 0 0 0 a )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )  

O ta  et al. (1 9 8 4 )

N it r o g e n a m m o n iu m  su lp h a te3 
0 m g  L ’1 

5 0  m g  L '1 
2 5 0  m g  L '1 

5 0 0 0  m g  L '1

m y c e lia l- s h a p e d  (%>) 

1.0 ± 0 .2 8  

2.8 ± 1 .6 0  

4.1 ± 2 .3 0  

6.6 ± 2.10

S z a b o  (1 9 9 9 )

p H n o  c o n t r o l

p H  c o n t r o l f r o m  5 .0  

to  7 .0

y e a s t  sh ape  o n ly  

in c re a s e  in  m y c e l ia

R o d r ig u e z  an d  

D o m in g u e z  (1 9 8 4 )

S z a b o  (1 9 9 9 )

aa d d e d  to  a y e a s t  n it r o g e n  b ro th  d e v o id  o f  a n y  o th e r  n it r o g e n  so u rc e
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1 .2 .3  B io te ch n o lo g ic a l im p o rtan ce

Y. lipolytica is  an  e x c e l le n t  m o d e l o rg a n is m  a n d  is  th e  fo c u s  o f  m a n y  m o le c u la r  

s tu d ie s  in c lu d in g  d e te rm in a n ts  o f  th e  m a t in g  ty p e , a lk a n e  a n d  fa t ty  a c id  

m e ta b o lis m , s tru c tu re  a n d  fu n c t io n  o f  re tra n sp o so n s , g ly o x y l i c  p a th w a y  and  

p e ro x is o m e  b io g e n e s is  ( B a r th  a n d  G a i l la r d in ,  1997 ). F u r th e rm o re , fu n d a m e n ta l 

s tu d ie s  a re  n o w  d ire c te d  o n  the  s t ru c tu re  a n d  fu n c t io n in g  o f  th e  g e n o m e , w h ic h  is  

in  s o m e  a sp e c ts  v e r y  d if fe r e n t  f r o m  th a t o c c u r r in g  in  o th e r  y e a s t, s u c h  as the  

w id e ly  s tu d ie d  Saccharomyces cerevisiae.

Y. lipolytica is  n o t o n ly  o f  in te re s t  fo r  fu n d a m e n ta l re se a rc h , b u t  a ls o  fo r  

b io te c h n o lo g ic a l  a p p lic a t io n s .  Y. lipolytica is  a b le  to  u t i l is e  s e v e ra l u n u s u a l c a rb o n  

s o u rc e s  in c lu d in g  p a ra f f in s ,  v a r io u s  a lc o h o ls  a n d  ace ta te . In d e ed , in te re s t  in  th is  

y e a s t  b e g a n  b e ca u se  o f  its  a b i l i t y  to  m e ta b o lis e  p a r a f f in  h y d ro c a rb o n s  w it h  

c o n se q u e n t  p r o d u c t io n  o f  s in g le  c e l l  p ro te in  ( S C P )  (T s u g a w a  et ah, 1969). 

H o w e v e r ,  d e v e lo p m e n t  o f  S C P  in d u s t r ie s  w a n e d  in  th e  1 9 7 0 ’ s a n d  la rg e -s c a le  

p r o d u c t io n  o f  S C P  o n  c ru d e  o i ls  c e a se d  du e  to  th e  a c c u m u la t io n  o f  a t o x ic  

c o m p o n e n t  in  th e  c e l ls ,  w h ic h  c o u ld  n o t  b e  re m o v e d  (R a t le d g e , 1988 ). H o w e v e r ,  

th e re  h a s  b e e n  a re c e n t  re su rg e n c e  in  th e  in v e s t ig a t io n  o f  p o te n t ia l o f  S C P  

p r o d u c t io n  f r o m  w a s te  s tre a m s  ( R h is h ip a l  a n d  P h i l ip ,  1 998 ; C h o i  a n d  P a r k ,  1999 ; 

N ig a m  an d  K a k a t i ,  2 0 0 2 ;  P a u l et al., 2 0 0 2 ) .

O n e  o f  th e  c h a ra c te r is t ic  fe a tu re s  o f  Y. lipolytica is  its  a b i l i t y  to  se c re te  la rg e  

a m o u n ts  o f  v a r io u s  m e ta b o lite s  a n d  e n z y m e s . T h e  s e c re t io n  o f  c it ra te  an d  

is o c it ra te , w h e n  c u lt iv a t e d  o n  c h e a p  h y d ro c a rb o n  w a s te s  w a s  c o m m e rc ia l is e d  an d  

p r o v e d  m o re  s u c c e s s fu l th a n  S C P  p r o d u c t io n  ( B a r th  an d  G a i l la r d in ,  1996 ). 

In d e e d , c i t r ic  a c id  p r o d u c t io n  is  o n e  o f  th e  m a in  c o m m e rc ia l a p p lic a t io n s  o f  th e  

yea s t. T h e re  is  a c o n t in u e d  in te re s t  in  th is  m e ta b o lite  w it h  an  in v e s t ig a t io n  in to  the  

p o te n t ia l o f  g ly c e r o l  as a su b s tra te  fo r  c it ra te  p r o d u c t io n  ( P a p a n ik o la o u  et al., 

2 0 0 2 b ) . Y. lipolytica h a s  a ls o  b e e n  e x p lo ite d  fo r  th e  p r o d u c t io n  o f  a n o th e r  

c o m m e r c ia l ly  im p o r ta n t  m e ta b o lite ,  ly s in e  (B a r th  a n d  G a i l la r d in ,  1997 ). L ip a s e ,  

w h ic h  is  s e c re te d  w h e n  g r o w n  o n  l ip id  su b s tra te s , m a y  b e  o f  in te re s t  f o r  s y n th e s is  

o f  2 ,4 - d im e th y lg lu t a r ic  a c id  m o n o e s te rs , t r a n s e s te r if ic a t io n  o f  m e s o -c y c lo p e n ta n e  

d io ls  ( T h ie le  et al., 1 9 9 1 )  o r  in  th e  le a th e r  in d u s t r y  o r  ch e e se  m a n u fa c tu r in g
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(B a r th  an d  G a i l la r d in ,  1997 ). C u l t iv a t io n  o n  a r ic h  m e d iu m  a t p H  6.8 re su lte d  in  

th e  s e c re t io n  o f  la rg e  a m o u n ts  (1 - 2  g  L ' 1) o f  an  a lk a l in e  e x t r a c e l lu la r  p ro te a se  

( A E P )  a n d  R N a s e  (B a r th  an d  G a i l la r d in ,  1996).

Y. lipolytica is  a  p o te n t ia l ly  u s e fu l h o s t  f o r  h e te ro lo g o u s  p r o te in  p r o d u c t io n  

th ro u g h  a c o m b in a t io n  o f  a  s t ro n g  in d u c ib le  p ro m o te r  a n d  its  a b i l i t y  to  se c re te  

la rg e  a m o u n ts  o f  p ro te in  (C a s a re g o la  et al., 2 0 0 0 ;  K im  et al., 2 0 0 0 b ) . H o w e v e r ,  

d e sp ite  it s  p o te n t ia l fo r  c o m m e r c ia l ly  v a lu a b le  p ro te in  p ro d u c t io n ,  v e r y  l it t le  

re se a rc h  o n  the  d e v e lo p m e n t  o f  e f f ic ie n t  c u ltu re  te c h n iq u e s  h a s  b e en  p e r fo rm e d  

(C h a n g  et al., 1 9 97  &  19 98 ) . O v e r a l l ,  th e  p o te n t ia l o f  th is  im p o r ta n t  y e a s t  fo r  

b io te c h n o lo g ic a l,  e n v iro n m e n ta l a n d  c o m m e rc ia l a p p lic a t io n s ,  w it h  th e  e x c e p t io n  

o f  c i t r ic  a c id  p ro d u c t io n ,  h a s  n o t y e t  b e e n  f u l ly  in v e s t ig a te d  a n d  d e v e lo p e d .

1 .3  L i p id s

L ip id s  a re  b io m o le c u le s  c o m p o s e d  o f  fa t ty  a c id s ,  o r  c lo s e ly  re la te d  s tru c tu re s  

b o u n d  to  a lc o h o ls  (G u n s to n e , 1 996 ). W h e n  th e  a lc o h o l in v o lv e d  is  g ly c e ro l,  th e  

m o s t  c o m m o n  a lc o h o l c o m p o n e n t  in  l ip id s ,  g ly c e r id e s ,  p h o s p h o l ip id s  and  

g ly c o s y lg ly c e r id e s  a re  fo rm e d . O th e r  a lc o h o ls  fo u n d  le s s  c o m m o n ly  in  l ip id s  

in c lu d e  s te ro ls  in  s te ro l e s te rs  a n d  lo n g  c h a in  a lc o h o ls  in  w a x  este rs. L ip id s  fo rm  

an  e s s e n t ia l p a r t  o f  l i v in g  c e l ls .  P h o s p h o l ip id s ,  s te ro l e s te rs , g ly c o s y lg ly c e r id e s  

a n d  s p h in g o l ip id s  a re  s t ru c tu ra l l ip id s  a n d  fo rm  c e l lu la r  a n d  o rg a n e lle  m e m b ra n e s . 

L ip id s  a ls o  a c t as e n e rg y  a n d  s to ra g e  m o le c u le s .  L ip id s  a re  th e  m o s t  e s s e n t ia l 

n u t r ie n t  o f  h u m a n  a n d  a n im a l d ie ts . T h e y  p r o v id e  th e  m o s t  c o n c e n tra te d  e n e rg y  (9 

k c a l  g "1) o f  a n y  fo o d s tu f f ,  s u p p ly  e s s e n t ia l fa t ty  a c id s  (w h ic h  a re  p re c u r s o r s  fo r  

h o rm o n e s  a n d  p ro s ta n o id s ) ,  se rv e  as c a r r ie r s  fo r  fa t  s o lu b le  v it a m in s  a n d  m a k e  

fo o d  m o re  p a la ta b le  ( S h u k la ,  1994 ). T h e  m a jo r  re se rv e  l ip id s  in  l iv in g  o rg a n is m s  

a re  th e  g ly c e r id e s ,  m a in ly  t r ig ly c e r id e s ,  w it h  m o n o -  a n d  d ig ly c e r id e s  p re se n t  as 

m in o r  c o m p o n e n ts  (G u n s to n e , 1996). G ly c e r id e  l ip id s  a re  c o m p r is e d  o f  fa ts , o i ls  

a n d  g re a se s , w h ic h  is  d e p e n d e n t  o n  th e ir  s o u rc e  (T a b le  1 .3). L ip id s  tha t a re  s o l id  

at r o o m  te m p e ra tu re  a re  re fe r re d  to  as fa ts , th o se  th a t  a re  l iq u id  a re  o i ls  a n d  th o se  

th a t a re  so ft , b u t  n o t  l iq u id  c o m p r is e  th e  g rea se s  ( M e t c a l f  a n d  E d d y ,  1991 ).
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T a b le  1 .3 : Source of major oils and fats.

C a t e g o r y E x a m p le s

Plant sources v e g e ta b le  o i ls b ra n  o i l ,  c o rn  o i l ,  c o t to n se e d  o i l ,  ra p e se e d  o i l ,  

r ic e  o i l ,  s o y b e a n  o i l ,  s u n f lo w e r  o i l

t re e  c ro p  o i ls c o c o n u t  o i l ,  p a lm  o i l ,  o l iv e  o i l

in d u s t r ia l  o i ls c a s to r  o i l ,  l in s e e d  o i l

Animal sources la n d  a n im a ls t a l lo w ,  la rd , m i l k  fa t

m a r in e  a n im a ls f is h  o i l

A d a p te d  f r o m  G u n s to n e  (1 996 ).

T h e  c o n s t itu e n t  fa t ty  a c id s  d e te rm in e  th e  c h e m ic a l a n d  p h y s ic a l  c h a ra c te r is t ic s  o f  

th e  l ip id .  A n im a l  fa ts  c o n s is t  o f  m a in ly  sa tu ra te d  fa t ty  a c id s ,  o r  w it h  l im it e d  

a m o u n ts  o f  m o n o -  o r  p o ly u n s a tu ra te d  fa t ty  a c id s . P la n t  fa t ty  a c id s  m a y  be  m o re  

c o m p le x  a n d  c o n ta in  a  v a r ie t y  o f  o th e r  fu n c t io n a l g ro u p s  s u c h  as a c e ty le n ic  

b o n d s , e p o x y l,  h y d r o x y l  a n d  k e to  g ro u p s . S a tu ra te d  g ly c e r id e s  p a c k  v e r y  w e l l  

to g e th e r , r e s u lt in g  in  s t ro n g e r  m o le c u la r  fo rc e s , w h ic h  in  tu rn  re s u lt s  in  th e  h ig h  

m e lt in g  p o in t  o f  fa ts . O i ls  d i f f e r  f r o m  fa ts  in  th a t th e y  c o n ta in  m a in ly  u n sa tu ra te d  

fa t ty  a c id s . T h e  d o u b le  b o n d s  in  u n sa tu ra te d  fa t ty  a c id s  a re  u s u a l ly  in  th e  cis 

ra th e r  th a n  th e  trans fo rm , w h ic h  le a d s  to  la rg e r  m o le c u le s  th a t  p a c k  p o o r ly  

to g e th e r. T h is  le a d s  to  w e a k e r  fo rc e s  b e tw e e n  m o le c u le s  a n d  lo w e r  m e lt in g  p o in t s  

( S h u k la ,  19 94 ) . A n  i l lu s t r a t io n  o f  th e  sa tu ra te d  s te a r ic  a c id  a n d  u n sa tu ra te d  o le ic  

a c id  is  p re s e n te d  in  F ig .  1.2. T h e  fa t ty  a c id  c o m p o s it io n  o f  th e  m a jo r  o i ls  and  fa ts  

is  d e ta ile d  in  T a b le  1.4.

H H H H H H H H H H H H H H H H H  0
H H H H H H H H  0 
i i i i i i i i jf'

*  X -C -C -C -C -C -C -C -C.................... i i i i ............................   ̂ ^
H-C-C -C -C -C -C -C -C -C -C -C -C -C -C -C -C -C -C  H H H H H H H OH

i i i i i i i i i i i i i i i i i S»
H H H H H H H H H H H H H H H H H  OH

Stearic acid O le ic  acid

*  ' t /

*

F ig u r e  1 .2 : S t ru c tu re  o f  s te a r ic  a c id  a n d  o le ic  a c id . S te a r ic  a c id  is  a  sa tu ra ted  

fa t ty  a c id  a n d  h a s  a  l in e  c o n f ig u r a t io n .  O le ic  a c id  is  a  m o n o u n s a tu ra te d  fa t ty  a c id  

w it h  a  cis c o n f ig u r a t io n  in  its  d o u b le  b o n d .



T a b le  1 .4 : Fatty  ac id  com position  o f  m ajor oil and fat so u rces (% ).

O i l  o r  f a t

la u r i c

1 2 :0

m v r is t i c

Ï 4 : 0

p a lm i t i c

16 :0

s t e a r ic

1 8 :0

a r a c h id ic

2 0 :0

p a lm i t o le ic

16 :1

o le ic

18 :1

g a d o le ic

2 0 :1

l in o le ic

18 :2

Saturated

C o c o n u t  o i l 4 7 18 9 3 6 2

P a lm  o i l 1 45 4 4 0 10

M i l k  fa t 3 11 27 12 2 2 9 2

C o c o a  b u tte r 26 35 1 35 3

B e e f  t a l lo w 3 24 19 4 43 3

M u t to n  t a l lo w 6 2 7 32 2 31 1 2

L a rd 2 26 14 J 4 4 1 10

Mono-unsaturated

O l iv e  o i l 13 3 1 1 71 10

R a p e se e d  o i l 4 2 62 2 2

Polyunsaturated

S u n f lo w e r  o i l 7 2 19 68

S o y b e a n  o i l 11 4 24 54

C o r n  o i l 11 2 28 58

A d a p te d  f r o m  S h u k la  (1 9 9 4 ) .



F a ts  a re  u s u a lly  o f  a n im a l o r ig in  an d  te r re s t r ia l a n im a ls  a re  th e  s o u rc e  o f  the  h a rd  

fa ts  s u c h  as t a l lo w s  a n d  la rd . T h e s e  a re  p ro d u c e d  f r o m  th e  p r o c e s s in g  an d  

re n d e r in g  o f  a n im a l ca rca sse s . T h e  h a rd e s t  fa ts , as m e a su re d  b y  io d in e  v a lu e , are 

b e e f  a n d  sh eep  t a l lo w s  (G ru m m e r ,  1 992 ). N a tu r a l fa ts  c o n s is t  m a in ly  o f  

t r ig ly c e r id e s ,  w it h  lo w e r  le v e ls  o f  d ig ly c e r id e s ,  m o n o g ly c e r id e s ,  fre e  fa t ty  a c id s , 

s te ro ls , s te ro l e s te rs , t o c o p h e ro ls  a n d  tra c e  a m o u n ts  o f  o th e r  c o m p o n e n ts  

(G u n s to n e , 1 9 96 ) . N o n - l ip id  m a te r ia l,  in  th e  fo rm  o f  m o is tu re , im p u r i t ie s  and  

u n s a p o n if ia b le s  c a n  a ls o  b e  p re s e n t at u p  to  4%  (w /w )  in  t a l lo w ,  d e p e n d in g  o n  its  

p u r it y  g ra d e  (G ru m m e r ,  1992). In  la rd  a n d  b e e f  t a l lo w ,  sa tu ra te d  fa t ty  a c id s  

a c c o u n t  f o r  a p p ro x im a te ly  4 0 %  o f  to ta l fa t ty  a c id s , w h i le  in  m u tto n  t a l lo w  th is  can  

b e  as h ig h  as 65% . T h e  m o s t  s ig n if ic a n t  sa tu ra te d  fa t ty  a c id s  p re s e n t  a re  p a lm it ic  

a n d  s te a r ic  a c id s . O le ic  a c id  is  th e  m a jo r  u n sa tu ra te d  fa t ty  a c id  in  a l l  th e  fa ts . 

L in o le i c  a c id  is  p re s e n t  in  s ig n if ic a n t  q u a n t ity  in  la rd  a n d  p a lm it o le ic  a p p e a rs  in  

h ig h e r  le v e ls  in  b e e f  t a llo w .

1 .4  W a s t e  l ip id s

F a ts , o i l s  a n d  g rea se s , c o m m o n ly  k n o w n  as F O G ,  p re sen t a m a jo r  d is p o s a l 

p r o b le m  in  o u r  s o c ie ty .  T h e y  c o n tr ib u te  to  th e  p o l lu t io n  lo a d  in  w a s te w a te r  

t re a tm e n t p la n ts  an d  c o m e  f r o m  a  v a r ie t y  o f  so u rc e s  in c lu d in g  b o th  m u n ic ip a l  and  

in d u s t r ia l  w a s te s . U n p ro c e s s e d  u rb a n  d o m e s t ic  w a s te w a te rs  c a r r y  a  la rg e  a m o u n t 

o f  o r g a n ic  m a tte r. L ip id s  m a k e  u p  b e tw e e n  10 a n d  25%o o f  th is  o rg a n ic  m a te r ia l 

w it h  c o n c e n t ra t io n s  ra n g in g  f r o m  4 0  to  150 m g  L '1 ( F o n g  a n d  T a n , 2 0 0 0 ;  H a m m e r  

and  H a m m e r ,  2 0 0 1 ) . K i t c h e n  w a s te s  c o n ta in  14 to  3 6%  l ip id s  d e r iv e d  f r o m  

v e g e ta b le  o i l s  a n d  a n im a l fa ts , w h e re a s  fa e ce s  c o n ta in  14 to  23%> l ip id  

(Q u e m e n e u r  a n d  M a r t y ,  1994). In  in d u s t r ia l w a s te s , l ip id s  a re  p re s e n t at 

c o n c e n t ra t io n s  o f  5 0 0  m g  L ' 1, o r  h ig h e r  ( F o n g  and  T a n , 2 0 0 0 ) . T h e  ty p e s  o f  

in d u s t r y  th a t  m a y  p ro d u c e  h ig h - l ip id  w a s te w a te r  a re  n u m e ro u s  a n d  so m e  are  

d e ta ile d  in  T a b le  1.5.

F a ts , o i l s  a n d  g re a se s  a re  n o t  e a s i ly  d e c o m p o se d  b io lo g ic a l ly  w h i le  t re a tm e n t b y  

o th e r  c o n v e n t io n a l m e a n s  is  h a m p e re d  b e ca u se  o f  th e ir  c o n s is t e n c y  ( S t o l l  a n d  

G u p ta , 19 97 ) . B e in g  s t ic k y  in  n a tu re , th e se  l ip id s  te n d  to  c lo g  d ra in  p ip e s  an d
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se w e r  lin e s , c a u se  an  o d o u r  n u is a n c e  an d  le a d  to  th e  c o r r o s io n  o f  s e w e r  l in e s  

u n d e r a n a e ro b ic  c o n d it io n s .  W h e n  re a c h in g  the  m u n ic ip a l  w a s te w a te r  t re a tm e n t 

p la n t  th e y  f lo a t  as a la y e r  o n  to p  o f  th e  w a te r  and  s t ic k  to  p ip e s  an d  w a lls .  

C o n s e q u e n t ly ,  th e y  b lo c k  s t ra in e rs  a n d  f i lt e r s  an d  th e re fo re  in te r fe re  w it h  

t re a tm e n t u n it  o p e ra t io n s  in  th e  p la n t . A s  th e y  r e m a in  p e rs is te n t  d u r in g  the  

t re a tm e n t p ro c e s s , th e y  a re  p re se n t in  th e  s lu d g e  at th e  en d  o f  th e  t re a tm e n t an d  

m a k e  th e  h a n d lin g  o f  s lu d g e  v e r y  d i f f ic u l t  ( S t o l l  a n d  G u p ta , 1997 ). T h is  

a c c u m u la t io n  is  m o re  a p p a re n t in  la rg e  se w e rs  an d  w a s te w a te r  t re a tm e n t p la n ts  

th an  in  s m a lle r  o n e s  du e  to  th e  la rg e r  v o lu m e  o f  w a s te w a te r  p ro c e s s e d . A l s o ,  i f  

l i p id  m a te r ia l is  n o t  re c o v e re d  f r o m  th e  f in a l  e f f lu e n t ,  i t  c a n  in te r fe re  w it h  

b io lo g ic a l  a c t iv it y  in  r e c e iv in g  w a te rs  a n d  is  u n s ig h t ly  an d  a e s th e t ic a l ly  

u n p le a sa n t  ( M e t c a l f  a n d  E d d y ,  1991).

T a b le  1.5: L ip id  c o n te n t  o f  w a s te w a te r  f r o m  so m e  l ip id  re la te d  in d u s t r ie s

I n d u s t r y L i p i d  c o n te n t  

(m g  L 1)

R e fe r e n c e

B a k e r y  w a s te w a te r 1512 K e e n a n  an d  S a b e ln ik o v  (2 0 0 0 )

D a ir y 4 0 0 0 H a n a k i et al. (1 9 8 1 )

M e a t  p ro c e s s in g 2 3 0 0 O k u d a  et al. (1 9 9 1 )

R e s ta u ra n t  an d  fo o d  p ro c e s s in g 2000 S to l l  a n d  G u p ta  (1 9 9 7 )

S la u g h te rh o u s e s  a n d  a b a t to ir s 2100 B o r ja  et al. (1 9 9 8 )

V e g e ta b le  o i l  p r o d u c t io n 1 6 0 0 0 D e F e l ic e  et al. (1 9 9 7 )

W o o l  s c o u r in g 10000 A n g  an d  H im a w a n  (1 9 9 4 )

L e g a l ly ,  a l l  in d u s t r ie s  a re  re s p o n s ib le  f o r  e n s u r in g  th e  p ro p e r  t re a tm e n t o f  w a s te s  

r e s u lt in g  f r o m  th e ir  o p e ra t io n s . In  m o s t  c it ie s  in  d e v e lo p in g  c o u n t r ie s ,  r e g u la t io n s  

re la te d  to  l ip id s  in  w a s te w a te r  d o  n o t  e x is t  o r  a re  n o t  e n fo rc e d  ( S t o l l  and  G u p ta , 

1 997 ). E m is s io n s  f r o m  in d u s t r ie s  in  I re la n d  a re  re g u la te d  b y  th e  E n v ir o n m e n ta l 

P r o te c t io n  A g e n c y  ( E P A ) .  T h e  E P A  se ts m a x im u m  le v e ls  fo r  fa t, o i l  a n d  g rease  

e m is s io n s  as a s in g le  p a ra m e te r . T h is  le v e l c a n  v a ry  f r o m  in d u s t r y  to  in d u s t r y  and  

is  d e p e n d e n t o n  th e  n a tu re  o f  th e  w a s te w a te r  a n d  the  u lt im a te  d is p o s a l lo c a t io n  o f  

th e  r e s u lt in g  e f f lu e n t .  T h e  l im it s  se t f o r  d is c h a rg e  in to  r iv e r s  a re  b e tw e e n  10 an d  

15 m g  L '1 w it h  e m is s io n s  to  m a r in e  e n v iro n m e n ts  l im it e d  to  30  m g  L ' 1. A d h e r in g  

to  th e se  l im it s  is  a  c h a lle n g e  fo r  th e se  in d u s t r ie s ,  w h ic h  c a n  p ro d u c e  c o n s id e ra b le
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a m o u n ts  o f  l ip id - c o n ta in in g  w a s te w a te r  a n d  u n d e r lin e s  th e  re q u ire m e n t  fo r  

e f f ic ie n t  r e m o v a l a n d  d is p o s a l o f  w a s te  l ip id s .

1 .5  L i p i d  r e m o v a l  f r o m  w a s te  s t r e a m s

F a ts  a re  a m o n g  the  m o s t  n o n -d e g ra d a b le  c o m p o u n d s  e n c o u n te re d  in  w a s te w a te r  

t re a tm e n t  an d  h a v e  to  b e  re m o v e d  b y  e ith e r  p h y s ic o - c h e m ic a l  o r  b io lo g ic a l  m e an s . 

T h is  p re se n ts  a  p r o b le m  d u e  to  t h e ir  in s o lu b le  n a tu re  an d  r e c a lc it r a n c e  an d  in  th e  

c a se  o f  p h y s ic o - c h e m ic a l  r e m o v a l,  b y  th e  la rg e  q u a n t it ie s  r e c o v e re d  (R a t le d g e , 

1 992 ).

1 .5 .1  P h y s ic a l  a n d  c h e m ic a l  m e th o d s  o f  l i p i d  r e m o v a l

M a n y  w a s te w a te r  t re a tm e n t  p la n ts  e m p lo y  p h y s ic o - c h e m ic a l  p r im a r y  t re a tm e n t 

f o r  fa t  r e m o v a l p r io r  to  p a s s in g  th e  w a s te  s tre a m  to  th e  b io lo g ic a l  stage . T h is  can  

b e  as s im p le  as a fa t  tra p  o r  m o re  in v o lv e d  s u c h  as D is s o lv e d  A i r  F lo a ta t io n  

( D A F )  sy s tem .

F a t  tra p s  a re  a  lo w - t e c h n o lo g y  m e th o d  o f  r e m o v in g  fa t  f r o m  w a s te  s tream s . 

W a s te w a te r  f lo w s  in to  th e  tra p  a n d  p a s se s  th ro u g h  a  s e r ie s  o f  b a f f le s  to  re d u ce  

tu rb u le n c e  a n d  in c re a s e  re s id e n c e  t im e , c a u s in g  fa t  to  se pa ra te  f r o m  the  

w a s te w a te r . T h e  fa t  f lo a t s  to  th e  to p  o f  th e  u n it  d u e  to  its  lo w e r  d e n s ity ,  w h i le  the  

e f f lu e n t  is  ta k e n  f r o m  th e  c la r i f ie d  l iq u id .  T h e  fa t  is  th e n  p h y s ic a l ly  r e m o v e d  

p e r io d ic a l ly  f r o m  th e  to p  o f  th e  tra p . T h e s e  u n it s  r e q u ire  c o n s ta n t  m a in te n a n c e  

a n d  th e  re c o v e re d  fa t  p re se n ts  an  a d d it io n a l d is p o s a l p ro b le m . P o o r ly  m a in ta in e d  

tra p s  r e s u lt  in  re d u ce d  e f f ic ie n c y  in  fa t  r e m o v a l a n d  c o n tr ib u te  to  o d o u r  and  

h y g ie n e  n u is a n c e s . F a t  t ra p s  are  c o n s id e re d  to  b e  u n s a t is fa c to r y  f o r  fa t  r e m o v a l 

( W a k e l in  an d  F o r s te r ,  1 9 9 7 ) , a lth o u g h  th e y  h a v e  b e e n  e m p lo y e d  as p a r t  o f  an  

o v e r a l l  p h y s ic o - b io lo g ic a l  t re a tm e n t s y s te m  (d e  V i l l i e r s  an d  P re to r iu s ,  2 0 0 1 ) . 

A t t e m p t s  h a v e  b e en  m a d e  to  im p ro v e  d e s ig n  w it h  th e  a d d it io n  o f  f lo c c u la n t s  and  

a c id s  im p ro v e d  r e m o v a l ( A n g  an d  H im a w a n ,  1994 ). H o w e v e r ,  in c re a s e d  c h e m ic a l 

a d d it io n s  to  w a s te w a te rs  c a n  p o s e  fu r th e r  p ro b le m s  fo r  th e  b io lo g ic a l  s tage  in  

tre a tm e n t a n d  as s u c h  a re  u n d e s ira b le .

20



D A F  sy s te m s  u se  b o th  p h y s ic a l a n d  c h e m ic a l m e a n s  to  re m o v e  l ip id s .  T h e ir  

o p e ra t io n  c o m p r is e s  b o th  the  u se  o f  a  c o m b in a t io n  o f  f lo c c u la t in g  c h e m ic a ls  and  

th e  sa tu ra t io n  o f  a l l  o r  p a r t  o f  th e  w a s te  s tre am  w it h  a ir  u n d e r  s e v e ra l a tm o sp h e re s  

p re s su re . T h e  f lo c c u la t in g  agen ts , su ch  as f e r r ic  c h lo r id e  an d  p o ly e le c t r o ly te s ,  are  

a d d e d  to  fo rm  la rg e r  p a r t ic le s ,  w h ic h  c a n  tra p  a ir  b u b b le s  m o re  e a s ily .  T h e  f in e  

b u b b le s  f lo a t  to  th e  to p  o f  th e  ta n k , c a r r y in g  th e  p a r t ic u la te  a g g reg a te s , w h e re  th e y  

c a n  be  re m o v e d  an d  c o lle c te d  in  a r e c e iv in g  v e s s e l.  T h e  c o u rs e  o f  th e  D A F  

p ro c e s s  in  t re a t in g  l ip id  w a s te w a te rs  d e p e n d s  m a in ly  on: th e  v o lu m e  o f  a ir  

c o r r e s p o n d in g  to  th e  u n it  m a ss  o f  r e m o v e d  su sp e n d e d  s o l id s ,  th e  d o se s  a n d  ty p e s  

o f  f lo c c u la t in g  a gen ts  and  th e  f lo a t a t io n  la y o u t  (W a s o w s k i,  1 995 ). A l t h o u g h  

e f fe c t iv e  w it h  c o n s ta n t  s tre am s , th e se  s y s te m s  a re  p ro n e  to  s h o c k  o v e r lo a d in g  an d  

c a n  be  in e f fe c t iv e  w it h  h ig h  c o n c e n t ra t io n s  o f  l ip id s  ( F o rs te r , 1 992 ; C h u  an d  H s u , 

1999 ).

T re a tm e n t  w it h  p h y s ic o - c h e m ic a l  t e c h n o lo g y  re s u lt s  in  th e  r e c o v e r y  o f  l ip id ,  

w h ic h  s t i l l  p re s e n ts  a d is p o s a l p ro b le m . R e -u s e  o f  th is  w a s te  l ip id  is  o fte n  n o t  

p r a c t ic a l b e ca u se  o f  it s  lo w -g ra d e  c o m p o s it io n  a n d  p o s s ib le  c o n ta m in a t io n  w it h  

t is s u e  o r  s o i l  ( B ro u g h to n  et al., 1 998 ). D is p o s a l  o f  th e  w a s te  l ip id s  to  la n d f i l l  is  

c o m in g  u n d e r  in c r e a s in g  o p p o s it io n  and  in d e e d  is  n o w  b a n n e d  in  m a n y  c o u n t r ie s  

(N a k o n a  a n d  M a t s u m u a , 2 0 0 1 ) . I n c in e ra t io n  is  a n o th e r  o p t io n  f o r  d is p o s a l.  

H o w e v e r ,  in c in e r a t io n  c a n  b e  e x p e n s iv e  d u e  to  th e  h ig h  w a te r  c o n te n t  in  th e  

re c o v e re d  l ip id  w a s te s . M o r e o v e r ,  th e  u se  o f  in c in e ra to r s  is  c o n t r o v e r s ia l d u e  to  

s e c o n d a ry  p o l lu t io n  at e le v a te d  te m p e ra tu re s  a n d  th e  p r o d u c t io n  o f  d io x in s .  

B io lo g ic a l  s y s te m s , h o w e v e r ,  a re  an  a t t ra c t iv e  a lte rn a t iv e  to  p h y s ic o - c h e m ic a l  

m e th o d s  a n d  th e ir  a s s o c ia te d  d is p o s a l p ro b le m s . B io lo g ic a l  s y s te m s  o f fe r  th e  

p o te n t ia l f o r  n e a r  c o m p le te  r e m o v a l o f  th e  w a s te  l ip id  a n d  th e ir  o p e ra t io n  at n e a r  

a m b ie n t  c o n d it io n s  e f f e c t iv e ly  r e m o v e s  th e  r is k  o f  th e  g e n e ra t io n  o f  h a rm fu l 

su b s ta n ce s .

1 .5 .2  B io lo g ic a l  r e m o v a l  o f  l ip id s

B o t h  a n a e ro b ic  an d  a e r o b ic  s y s te m s  h a v e  b e en  s tu d ie d . B io lo g ic a l  r e m o v a l o f  

l ip id s  c a n  be  in c lu d e d  in  c o n v e n t io n a l a n a e ro b ic  o r  a c t iv a te d  s lu d g e  s y s te m s  o r  

c a n  be  d e a lt  w it h  s e p a ra te ly  f r o m  the  m a in  t re a tm e n t s y s te m  f o l lo w in g  r e m o v a l
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w it h  p h y s ic o - c h e m ic a l  m e th o d s . B o t h  a n a e ro b ic  a n d  a e ro b ic  s y s te m s  fa c e  a 

c h a l le n g in g  su b s tra te  w h e n  fe d  h ig h  c o n c e n t ra t io n s  o f  fa ts . T h e  l im it e d  

b io a v a i la b i l i t y  o f  fa ts  th ro u g h  th e ir  f o rm a t io n  o f  h y d ro p h o b ic  m a sse s  an d  the  

h y d r o p h o b ic i t y  o f  m a n y  fa tty  a c id s  c a n  in h ib i t  th e ir  b r e a k d o w n  a n d  u t i l is a t io n .  

B io d é g ra d a t io n  is  d e p e n d e n t o n  th e  u p ta k e  o f  p r im a r y  m e ta b o lite s ,  s u ch  as lo n g  

c h a in  fa t ty  a c id s ,  in to  th e  m ic r o b ia l  c e l l.  T h e re fo re , h y d r o ly t ic  o rg a n is m s  m u s t  be 

p re s e n t an d  e x t r a c e l lu la r  h y d r o ly t ic  a c t iv it y  is  re q u ire d .

1 .5 .2 .1  A n a e r o b i c  b io lo g ic a l  r e m o v a l

A n a e r o b ic  d ig e s te rs  h a v e  b e en  e x t e n s iv e ly  u se d  in  fo o d  p ro c e s s in g  in d u s t r ie s  to  

re d u ce  th e  c h e m ic a l o x y g e n  d e m a n d  o f  w a ste s . H o w e v e r ,  fa ts , o i ls  a n d  g rea se s 

te n d  to  a c c u m u la te  in  a n a e ro b ic  u n its , in c lu d in g  d ig e s te rs  and  la g o o n s  (H u b a n  and  

P lo w m a n ,  1997 ). T h e  d e g ra d a t io n  o f  l ip id s  is  n o t  e n e rg e t ic a lly  f a v o u ra b le  in  t r u ly  

a n a e ro b ic  e n v iro n m e n ts .  T h is  is  as a  r e s u lt  o f  th e  lo n g  re te n t io n  t im e s  o f  3 0  to  60  

d a y s  w it h  th e se  s y s te m s , w h ic h  c re a te s  o p e ra t io n a l p r o b le m s  w it h  th e  fo rm a t io n  o f  

a  s u b s ta n t ia l fa t  la y e r  o n  the  su r fa c e  o f  th e  l iq u id .  A lt h o u g h  an  a n a e ro b ic  la g o o n  

w a s  e m p lo y e d  s u c c e s s fu l ly  f o r  th e  t re a tm e n t o f  w o o l- s c o u r in g  w a s te w a te r , la rg e  

a reas o f  la n d  w e re  r e q u ir e d  a n d  th e  re su lta n t  e m is s io n  o f  o d o u rs  an d  its  

u n s ig h t l in e s s  w e re  d is t in c t  d is a d v a n ta g e s  ( A n g  a n d  H im a w a n ,  1994).

R e c e n t  d e v e lo p m e n ts  in  a n a e ro b ic  tre a tm e n t t e c h n o lo g y  h a v e  o v e rc o m e  m a n y  o f  

th e  c o n s t ra in ts  o f  c o n v e n t io n a l s y s te m s , s u c h  as s h o c k  lo a d s  and  lo n g  h y d r a u l ic  

t im e s  a n d  h a v e  in c lu d e d :  p h a se  s e p a ra t io n  o f  the  a n a e ro b ic  p ro c e s s , the  a d o p t io n  

o f  u p f lo w  a n a e ro b ic  s lu d g e  b la n k e t  re a c to rs , th e  d e v e lo p m e n t  o f  f ix e d - f i lm  

s y s te m s  s u c h  as a n a e ro b ic  f i l t e r s  and  f lu id iz e d - b e d  re a c to rs  ( B o r ja  et al., 1 998 ). In  

th e se  m o re  a d v a n c e d  s y s te m s  re te n t io n  t im e s  w e re  t y p ic a l ly  re d u ce d  to  15 d a y s  o r  

le s s  (N a k o n a  an d  M a ts u m u ra ,  2 0 0 1 ) . H o w e v e r ,  th e  p re s e n c e  o f  h ig h ly  

c o n c e n tra te d  l ip id  w a s te  c a n  s e r io u s ly  in h ib i t  th e se  p ro c e s s e s  an d  c a n  b e  

p r o b le m a t ic  w it h  th e  p r o d u c t io n  o f  a h ig h  l ip id  e f f lu e n t .

H ig h  l ip id  c o n c e n t ra t io n  in  a n a e ro b ic  e f f lu e n t  c a n  r e s u lt  in  a  n u m b e r  o f  

p h e n o m e n a  in c lu d in g  th e  a b se n ce  o f  h y d r o ly s is ,  th e  a c c u m u la t io n  o f  fa t ty  a c id s  

an d  t o x ic i t y  o f  fa t ty  a c id s . H y d r o ly s is  o f  t r ig ly c e r id e s ,  e s p e c ia l ly  fa ts  m a y  be
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in h ib i t e d  w h e n  a p p lie d  in  la rg e  c o n c e n t ra t io n s  ( V id a l  et al., 2 0 0 0 ) . A  lo n g  la g  

p h a se  o f  50  d a y s  re s u lte d  d u r in g  s o l id  fa t  r e m o v a l in  a  b a tc h  a n a e ro b ic  re a c to r , 

w it h  2 5 %  l ip id  r e m a in in g  a fte r  3 0 0  d a y s  ( T e ra s h im a  a n d  L in ,  2 0 0 0 ) . In  

la b o ra to r y - s c a le  in v e s t ig a t io n s  in to  m i l k  fa t  d e g ra d a t io n , th e  m a jo r i t y  o f  th e  l ip id  

w a s  a b s o rb e d  o n to  the  b io m a s s  an d  o n ly  22%  o f  th e  in i t ia l  fa t  lo a d in g  w a s  

c o m p le te ly  m e ta b o lis e d  a fte r  2 7  d a y s  (P e t ru y  an d  L e t t in g a ,  1997 ).

T h e  p ro d u c ts  o f  t r ig ly c e r id e  h y d r o ly s is ,  lo n g  c h a in  fa t ty  a c id s , c a n  a ls o  

a c c u m u la te  in  a n a e ro b ic  s y s te m s  ( H a n a k i et al., 1981 ; B r o u g h to n  et al., 1998). 

S a tu ra te d  fa t ty  a c id s  c a n  b e  m o re  r e c a lc it r a n t  th a n  u n sa tu ra te d  a c id s  a n d  th e ir  

p re s e n c e  m a y  in h ib i t  t h e ir  o w n  o x id a t io n .  O le ic ,  l in o le ic  a n d  p a lm it o le ic  a c id s  

w e re  a l l  r e a d i ly  c o n v e r te d  to  sa tu ra te d  fa t ty  a c id s  w h e n  p re s e n te d  to  b io m a s s  

( L a lm a n  an d  B a g le y ,  2 0 0 0 ) . S te a r ic  a c id  d e g ra d a t io n  w a s  v e r y  s lo w  w it h  5 0%  

r e m a in in g  a fte r  50  d ay s . In  th e se  ca se s , th e  c o m p le te  o x id a t io n  o f  th e  fa t ty  a c id s  

d id  n o t  o c cu r. T h e  a c c u m u la t io n  o f  lo n g  c h a in  fa t ty  a c id s  c a n  b e  t o x ic  to  th e  

b io m a s s ,  in h ib i t in g  n o t  o n ly  th e ir  o w n  b re a k d o w n  b u t a ls o  th a t  o f  o th e r  n u tr ie n ts  

in  th e  w a s te  s tream . M e th a n o g e n ic  a n d  a c e to g e n ic  b a c te r ia  a re  e s p e c ia l ly  p ro n e  to  

fa t ty  a c id  t o x ic i t y  (H a n a k i et al., 1981 ; B e c k e r  et al., 1 9 99 ) . O le ic  a c id  h a s  b e e n  

fo u n d  to  be  re s p o n s ib le  f o r  th e  f a i lu r e  o f  t re a tm e n t sy s te m s . In  a n a e ro b ic  f ix e d -  

b e d  sy s te m s , o le ic  a c id  w a s  t o x ic  at c o n c e n t ra t io n s  o f  80  m g  L ’1 o r  h ig h e r  ( A lv e s  

et al., 2 0 0 1 ) . I n  su sp e n d e d  b io m a s s  s y s te m s , c o n c e n t ra t io n s  o f  o le ic  a c id  as lo w  as 

30  m g  L "1 w e re  t o x ic  w h i le  c o n c e n t ra t io n s  o f  s te a r ic  a c id  u p  to  100  m g  L '1 w e re  

n o t  ( L a lm a n  an d  B a g e ly ,  2 0 0 0 ) . O v e r a l l ,  a n a e ro b ic  s y s te m s  h a v e  a l im it e d  u se  in  

th e  t re a tm e n t o f  h ig h  l ip id  w a s te w a te rs .

1 .5 .2 .2  A e r o b i c  b io lo g ic a l  r e m o v a l

A e r o b ic  b io lo g ic a l  r e m o v a l o f  l ip id s  c a n  b e  c o n s id e re d  o n  a  n u m b e r  o f  le v e ls .  

T h e s e  in c lu d e  t re a tm e n t  o f  w a s te  w it h  c o n v e n t io n a l a c t iv a te d  s lu d g e  s y s te m s , 

t re a tm e n t  w it h  d e f in e d  m ix e d  m ic r o b ia l  p o p u la t io n s , a d d it io n  o f  b io a u g m e n ta t io n

p ro d u c ts  to  s y s te m s  an d  tre a tm e n t  w it h  p u re  m ic r o b ia l  c u ltu re s .
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C o n v e n t io n a l b io lo g ic a l  w a s te  t re a tm e n t p la n ts  h a v e  b e e n  c o n s id e re d  c a p a b le  o f  

s u c c e s s fu l g re a se  a n d  o i l  r e m o v a l f r o m  w a s te w a te r  ( Y o u n g ,  1979). A c t iv a t e d  

s lu d g e  re m o v e d  u p  to  8 0%  o f  a 2 0  g  L '1 lo a d in g  o f  fa s t  fo o d  re s ta u ra n t g rea se  

( W a k e l in  a n d  F o rs te r ,  1 9 98 ) a n d  u p  to  7 0 %  o f  a 2  g  L '1 lo a d in g  o f  o l iv e  o i l  w a s te  

( V e l io g lu  et al., 1 992 ). A c t iv a t e d  s lu d g e  h a s  th e  a b i l i t y  to  adap t i t s e l f  to  v a r ia t io n s  

in  th e  p re s e n c e  a n d  c o n c e n t ra t io n s  o f  l ip id s  in  th e  w a s te  s tream . T h is  a d a p ta t io n , 

h o w e v e r , s o m e t im e s  re s u lt s  in  e lo n g a te d  p e r io d s  f o r  a c c l im a t is a t io n  to  th e  w a ste , 

w h ic h  in  th e  m e a n t im e  c a n  le a d  to  o p e ra t io n a l p ro b le m s  ( F ra n z  an d  M a ts c h e ,

1994).

T h e  p re s e n c e  o f  l ip id s  in  a c t iv a te d  s lu d g e  a e ra t io n  ta n k s  c a n  le a d  to  th e  p ro b le m  

o f  s ta b le  fo a m  fo rm a t io n .  F i la m e n to u s  o rg a n is m s  a s s o c ia te d  w it h  fo a m in g  su ch  as 

Microthrix parvicella, c a n  u t i l is e  a n d  s to re  l ip id  w h ic h  in d u c e s  h y d r o p h o b ic i t y  o n  

the  c e l l  su r fa c e s  (F o rs te r ,  1 992 ). Rhodococcus rubra is  a ls o  a s s o c ia te d  w it h  

a e ra t io n  ta n k  fo a m in g  w h e n  a  l ip id  su b s tra te  is  p re s e n t  in  th e  w a s te w a te r . F o a m  

fo rm a t io n  is  p r o b le m a t ic  as i t  can  f lo a t  la rg e  a m o u n ts  o f  a c t iv a te d  s lu d g e  s o l id s  to  

th e  s u r fa c e  o f  t re a tm e n t u n its  a n d  c a u se  an  in c re a s e  in  e f f lu e n t  b io c h e m ic a l 

o x y g e n  d e m a n d  ( B O D )  a n d  su sp e n d e d  s o l id s  c o n c e n t ra t io n  d u e  to  fo a m  e s c a p in g  

f r o m  s e c o n d a ry  c la r i f ie r s  ( F ra n z  a n d  M a ts c h e ,  1994). S p i l la g e  o f  th e  fo a m  f r o m  

a e ra t io n  ta n k s  c a n  a ls o  c a u se  o d o u r  n u is a n c e  d u r in g  h o t  w e a th e r  a n d  p ro b le m s  

w it h  s u r fa c e  f r e e z in g  a n d  m e c h a n ic a l d a m a g e  o f  s u r fa c e  a e ra to rs  d u r in g  w in te r . 

O th e r  o rg a n is m s  in  a c t iv a te d  s lu d g e  m a y  a ls o  be  a f fe c te d  b y  l ip id  w aste . 

P r o to z o a n  le v e ls  in  a c t iv a te d  s lu d g e  d e c re a se d  o n  the  a d d it io n  o f  a h ig h  l ip id  

lo a d in g  to  th e  s y s te m  (H ru d e y ,  1982 ). In  th e  d e s ig n  o f  a  m ic r o b ia l  c o n s o r t iu m  fo r  

l ip id  d e g ra d a t io n  in  w a s te w a te rs , th e se  p ro b le m s  o u t l in e d  w o u ld  h a v e  to  be 

c o n s id e re d .

A n  a lte rn a t iv e  to  t re a tm e n t  w it h  a c t iv a te d  s lu d g e  is  th e  e m p lo y m e n t  o f  a d e f in e d  

m ix e d  m ic r o b ia l  c o n s o r t iu m , s e le c te d  fo r  th e ir  l ip o ly t i c  a b i l i t y .  T h is  w o u ld  a lso  

r e m o v e  th e  p re s e n c e  o f  o rg a n is m s  tha t a g g ra va te  fo a m  fo rm a t io n . A  d e f in e d  

m ix e d  c u ltu re  o f  15 b a c te r ia l s p e c ie s  re m o v e d  b e tw e e n  2 4  to  7 3 %  o f  a  100  g  L '1 
lo a d in g  o f  v a r io u s  o i l s  a fte r  14 d a y s  (T a n o -D e b ra h  et al., 1 999 ). T h e  u se  o f  a 

m ix e d  c u ltu re  o f  y e a s t  s p e c ie s  fo r  l ip id  r e m o v a l w a s  re p o r te d  (C h ig u s a  et al., 

1 9 9 6 ) . T h e  n in e  y e a s t  is o la te s ,  m o s t ly  Candida sp e c ie s , re d u ce d  an  o i l  lo a d in g  o f
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10 ,0 0 0  m g  L '1 in  w a s te w a te r  to  100  m g  L '1 in  th e  e f f lu e n t .  A  B io m a s te r  G  s y s te m  

w a s  d e v e lo p e d  fo r  th e  h a n d lin g  o f  fa t c o n ta in in g  w a s te w a te r  w it h  8 0 %  re m o v a l o f  

u p  to  2  g L "1 l ip id  in  a m u n ic ip a l  w a s te w a te r  ( G r u lo is  et al., 1 992  &  1993 ). T h e  

s y s te m  c o n s is te d  o f  an  a e ra t io n  b a s in  in to  w h ic h  the  w a s te w a te r  w a s  p u m p e d  and  

an  in o c u lu m  o f  a  d e f in e d  c o n s o r t iu m  o f  m ic ro o rg a n is m s  w a s  added .

B io a u g m e n ta t io n  f o r t i f ie s  b io m a s s  w it h  m ic o o rg a n is m s  a n d  in  so m e  ca se s  

b io lo g ic a l  m a te r ia l,  s u c h  as e n z y m e s , th a t h a v e  b e en  s e le c t iv e ly  a d ap te d  to  

d e g ra d e  s p e c if ic  c o m p o u n d s  (H u b a n  a n d  P lo w m a n ,  1997 ). A d d e d  to  a  w a s te w a te r  

tre a tm e n t sy s te m , th e  m ic ro b e s  e n h a n ce  th e  a b i l i t y  o f  th e  b io m a s s  to  re s p o n d  to  

c e r ta in  s itu a t io n s  o r  to  t a c k le  c o n ta m in a n ts  n o t  b ro k e n  d o w n  b y  t h e ir  in d ig e n o u s  

c o u n te rp a r ts . T h is  m a y  r e s u lt  in  im p r o v e d  trea tm en t. T h e  u se  o f  o n ly  e n z y m e -o n ly  

p re p a ra t io n s  fo r  d e g ra d a t io n  o f  l ip id s  ca n  b e  p ro b le m a t ic .  E n z y m e s  r e s u lt  in  th e  

p r o d u c t io n  o f  fa t ty  a c id s  o n ly  w h e re a s  m ic ro b e s  c a n  f a c i l i t a t e  c o m p le te  

d e g ra d a t io n  o f  th e  l ip id s .  A ls o ,  fa c to rs  in  th e  w a s te w a te r  e n v iro n m e n t ,  su ch  as p H ,  

te m p e ra tu re  an d  s a lt  c o n c e n t ra t io n  c a n  a c c e le ra te  d e n a tu ra t io n  o f  the  e n z y m e s  

(K e e n a n  an d  S a b e ln ik o v ,  2 0 0 0 ) . In  c o n tra s t , m ic r o b ia l  c e l ls  a re  p ro te c te d  f r o m  the  

e n v iro n m e n t  b y  t h e ir  c e l l  e n v e lo p e s  a n d  w a l ls  a n d  th u s  h a v e  a  g re a te r  to le ra n c e  to  

e x t re m e  e n v iro n m e n ta l c h a n g e s  th a t m a y  b e  e n c o u n te re d  in  w a s te w a te rs .

C o m m e r c ia l  b io a u g m e n ta t io n  p ro d u c ts  h a v e  b e e n  fo rm u la te d  fo r  th e  d e g ra d a t io n  

o f  a n im a l a n d  v e g e ta b le  fa ts  a n d  g rea se s  at c e r ta in  lo c a t io n s  in  th e  w a s te w a te r  

sy s te m , in c lu d in g  p u m p s  a n d  su m p s . ( B io fu tu r e  L td . ,  2 0 0 2 ) . T h e  a b i l i t y  o f  s e v e ra l 

c o m m e rc ia l b io a d d it iv e s  to  b io d e g ra d e  50  g L '1 e m u ls if ie d  o l iv e  o i l  w a s  

in v e s t ig a te d  (C h a p p e  et al., 1994). H o w e v e r ,  n o n e  o f  th e  p ro d u c ts  w e re  c a p a b le  o f  

c o m p le te  fa t  r e m o v a l.  A l t h o u g h  b io a u g m e n ta t io n  p ro d u c ts  a re  a v a ila b le  o n  the 

m a rk e t , t a l lo w  an d  o th e r  a n im a l fa ts  s t i l l  p re s e n t a s ig n if ic a n t  p ro b le m  in  

w a s te w a te r  t re a tm en t. A l s o ,  in  so m e  ca se s  th e  d e g ra d a t iv e  a b i l i t y  o f  th e se  

p ro d u c ts  w a s  s im i la r  to  m ix e d  m ic r o b ia l  a c t iv it y  (M e n d o z a -E s p in o s a  and  

S te p h e n so n , 1996 ). T h is  w o u ld  in d ic a te  th a t b io a u g m e n ta t io n  p ro d u c ts  w o u ld  no t 

be a c o m m e r c ia l ly  v ia b le  o p t io n  fo r  l ip id  r e m o v a l o n  a la rg e  sca le .

T h e  u se  o f  p u re  m ic r o b ia l  c u ltu re s  fo r  l ip id  d e g ra d a t io n  o f fe r s  a  n u m b e r  o f  

a d v a n ta g e s  o v e r  m ix e d  m ic r o b ia l  c u ltu re s  and  b io a u g m e n ta t io n  p ro d u c ts . T h e
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o rg a n is m  c a n  b e  s e le c te d  b a se d  o n  it s  a b i l i t y  to  d e g ra d e  a  h ig h  c o n c e n t ra t io n  o f  a 

s p e c if ic  l ip id  th a t m a y  b e  p re s e n t in  th e  w a s te w a te r , s u c h  as t a l lo w ,  in  a  r e la t iv e ly  

s h o rt  t im e  p e r io d . T h is  w o u ld  b e  a d v a n ta g e o u s  i f  th e  s y s te m  w a s  p ro n e  to  s h o c k  

lo a d s  o f  l ip id .  B io d e g ra d a t iv e  a b i l i t y  o f  c o n v e n t io n a l s y s te m s  is  s ig n if ic a n t ly  

r e d u c e d  w h e n  s h o c k  lo a d s  a re  a p p lie d . T h e  e m p lo y m e n t  o f  a  p u re  c u ltu re  w o u ld  

re d u ce  a n y  s ta r t-u p  t im e  o r  a c c l im a t is a t io n  p e r io d  th a t w o u ld  b e  re q u ir e d  fo r  

c o n v e n t io n a l a c t iv a te d  s lu d g e  s y s te m s . A ls o ,  th e  p u re  c u ltu re  c a n  b e  e x p lo it e d  fo r  

th e  p r o d u c t io n  o f  s p e c if ic  b y -p ro d u c ts  f r o m  l ip id  m e ta b o lis m , s u ch  as 

b io s u r fa c ta n ts .  In  m ix e d  p o p u la t io n s ,  p r o d u c t io n  an d  r e c o v e r y  o f  b y -p ro d u c ts  m a y  

b e  h a m p e re d  b y  n u t r it io n a l re q u ire m e n ts  o f  o th e r  o rg a n ism s , d e g ra d a t io n  o f  the 

p ro d u c ts  b y  o th e r  o rg a n is m s  o r  in d e e d , th e  b y -p ro d u c t  m a y  be  t o x ic  o r  in h ib i t o r y  

to  th e  o th e r  o rg a n ism s . A l t h o u g h  e m p lo y m e n t  o f  p u re  c u ltu re s  is  a d v a n ta g e o u s  in  

th e  t re a tm e n t o f  fa ts  a n d  th e y  f o rm  a la rg e  s e g m e n t o f  l ip id  b io d é g ra d a t io n  

re se a rc h , t h e ir  c o m m e rc ia l p o te n t ia l h a s  n o t  y e t  b e en  e x p lo ite d .

T h e  e m p lo y m e n t  o f  b a c te r ia , y e a s t  a n d  to  a le s s e r  d e g re e  f i la m e n to u s  fu n g i,  fo r  

th e  d e g ra d a t io n  o f  o i l s  and  g rea se s  h a s  b e en  w id e ly  d o cu m e n te d . S o m e  o f  th e se  

o rg a n is m s  a n d  th e  l ip id  s o u rc e  e m p lo y e d  a re  d e ta ile d  in  T a b le  1.6. T h e  m a jo r it y  

o f  th e  o i ls  u sed , o l iv e ,  s o y b e a n , s u n f lo w e r  an d  f is h  o i ls  in c lu d e  th o se  c o m m o n ly  

fo u n d  in  w a s te  s tre a m s  o f  fo o d  p ro c e s s in g  in d u s tr ie s .

T h e  h a rd  fa ts , s u c h  as t a l lo w ,  h a v e  n o t  b e en  in v e s t ig a te d  to  th e  sam e  deg ree . A  

Bacillus sp . w a s  s u c c e s s fu l ly  e m p lo y e d  fo r  th e  r e m o v a l o f  t a l lo w ,  9 0 %  in  24  

h o u rs , f r o m  m e a t p ro c e s s in g  w a s te w a te r  (O k u d a  et al., 1 991 ). In  a tw o -p h a se  

a q u e o u s -o rg a n ic  s y s te m , Pseudomonas putida a c h ie v e d  u p  to  80%  h y d r o ly s is  o f  

b e e f  t a l lo w  ( K im  a n d  R h e e , 1993). T h e  y e a s t  Yarrowia (Saccharomycopsis) 

lipolytica fe a tu re d  p r e d o m in a n t ly  in  fa t  d e g ra d a t io n  s tu d ie s  (T a n  an d  G i l l ,  1985; 

M a r e k  an d  B e d n a r s k i,  1 9 96 ; P a p a n ik o la o u  et al., 2 0 0 1 , 2 0 0 2 a  &  2 0 0 3 ) . F a t  

r e m o v a l v a lu e s  in  e x c e s s  o f  7 0 %  h a v e  b e en  re p o r te d  f o r  Y. lipolytica (T a n  and  

G i l l ,  1 985 ), a lth o u g h  th is  s tu d y  w a s  p e r fo rm e d  in  sh a k e  f la s k  c u ltu re . T h re e  fu n g i,  

Geotrichum candidum, Aspergillus niger a n d  Mucor miehei a l l  d e m o n s tra te d  fa t 

d e g ra d a t io n  a b i l i t y  o n  p o u lt r y  a n d  b e e f  t a l lo w ,  w it h  u p  to  7 0 %  r e m o v a l o f  p o u lt r y  

fa t  b y  G. candidum ( B e d n a r s k i  et al., 1993).
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T a b le  1 .6 : Bacteria, yeast and fungi studied for oil and grease degradation.

O r g a n is m W a s t e  l i p i d  s o u r c e R e fe r e n c e

B a c te r ia  Acinetobacter sp. s u n f lo w e r  an d  o l iv e  o i l C h a p p e  et al. (1 9 9 4 )

re s ta u ra n t g rease W a k e l in  and  F o r s te r  ( 1997)

Pseudomonas sp. o l iv e  o i l  a n d  w a s te  

f r y in g  o i l

F ia b a  el al. (2 0 0 0 )

Pseudomonas s o y b e a n  o i l S h a b a t i (1 9 9 1 )

aeruginosa

Pseudomonas o l iv e  o il T a n  and  G i l l  (1 9 8 7 )

flour escens

Y e a s t  Candida so , s a rd in e  o i l O ta  a n d  K u s h id a  (1 9 8 8 )

Candidia e v e n in g  p r im ro s e  o i l A g g e l is  et al. (1 9 9 7 )

lipolytica

Candida tropicalis e v e n in g  p r im ro s e  o il A g g e l is  el al. (1 9 9 7 )

Yarrowia o l iv e  o i l  a n d  la rd T a n  and  G i l l  (1 9 8 4 )

lipolytica
o l iv e  o i l D e F e l ic e  el al. (1 9 9 7 )  S c io l i  

a n d  V o l la r o  (1 9 9 7 )

f is h  o i l H o t t in g e r  el al. ( 1 9 7 4  a & b )

c ru d e  o i l Z in ja r d e  and  P a n t  (2 0 0 0 )

d ie s e l o i l A s h y  an d  A b o u - Z e id  (1 9 8 4 )  

M a r g e s in  a n d  S c h in n e r  

(1 9 9 7 )

rapeseed  o i l M a r e k  and  B e d n a r s k i 

(1 9 9 6 )

p a lm  o i l O s w a l et al. (2 0 0 2 )

F u n g i Mucorales sp. s u n f lo w e r  o i l C e r t ik  el al. (1 9 9 7 )

Mucor s u n f lo w e r  o i l J e f f e r y  et al. (1 9 9 9 )

circinelloides

Mortierella alpina f i s h  o i l S h in m e n  el al. (1 9 9 2 )
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1 .6  B io d é g r a d a t io n  o f lip id

T h e  b io d é g ra d a t io n  o f  g ly c e r id e  l ip id s  c o n s is t s  o f  tw o  m a in  steps: l ip a s e  c a ta ly s e d  

h y d r o ly s is  o f  th e  g ly c e r id e s  a n d  th e  m e ta b o l is m  o f  th e  r e s u lt in g  fa t t y  a c id s  a fte r  

t h e ir  t ra n s p o r t  in to  th e  c e l l .  D i f f e r e n t  e n z y m e  s y s te m s  a re  r e s p o n s ib le  f o r  e a c h  

s te p , so  th e  a b i l i t y  o f  a  m ic r o o r g a n is m  to  c a r r y  o u t  o n e  s tage  o f  th e  m e ta b o l is m  

d o e s  n o t  c o n fe r  o n  i t  th e  a b i l i t y  to  c a r r y  o u t  th e  o th e r  s ta g e  a s  s u c c e s s fu l ly .  T h e  

p ro c e s s  o f  s o l id  l i p i d  u t i l is a t io n ,  s u c h  a s  th e  fa ts , m a y  a ls o  in c lu d e  b io s u r fa c ta n t  

p r o d u c t io n  to  e m u ls if y  th e  s o l id  s u b s tra te  to  m a k e  i t  m o re  a v a i la b le  f o r  m ic r o b ia l  

a tta ck . A  g e n e ra lis e d  s c h e m a t ic  o f  th e  b io d é g ra d a t io n  o f  t r ig ly c e r id e  b y  y e a s t  is  

p re s e n te d  i n  F ig .  1.3.

CELL

(3 -o x id a t io n  

e n e r g y  &  g r o w th

L ip id

A c c u m u la t io n

g ly c e r o l  + 1
**2

R i

F a t t y  a c id  

a s s im i la t io n

glycerol - R| - R2 - Rj ^  Lipase

l i p id  

h y d r o ly s is

B io s u r f a c t a n t  a n d .  

e m u ls i f ie r s

/
S O L I D  ► E M U L S I F I E D

TRIGLYCERIDE

F i g u r e  1 .3 :  G e n e r a l is e d  s c h e m a t ic  o f  t r ig ly c e r id e  u t i l is a t io n  b y  yea s t. R j ,  R 2 a n d  

R 3 re p re s e n t  th e  fa t t y  a c id s  i n  th e  t r ig ly c e r id e .
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1 .6 .1  L ip a s e  c a ta ly s e d  h y d ro ly s is

T h e  b io d é g ra d a t io n  o f  l ip id s  b e g in s  w it h  t h e ir  h y d r o ly s is  b y  l ip a s e s , r e le a s in g  fre e  

fa t ty  a c id s  a n d  g ly c e r o l  ( F ig .  1.4). In  g e n e ra l, th is  o c c u rs  e x t r a c e l lu la r ly  as 

g ly c e r id e s  a re  h ig h  m o le c u la r  w e ig h t  m o le c u le s ,  w h ic h  c a n n o t  e a s i ly  p e n e tra te  th e  

c e l l  w a l l  o r  m e m b ra n e . T h is  b r e a k d o w n  to  th e  m o re  e a s i ly  a s s im ila te d  m o le c u le s  

o f  fa t t y  a c id s  is  n e c e s s a ry  b e fo re  th e  y e a s t  c a n  u t i l is e  th e  su b s tra te  f o r  e n e rg y  an d  

g r o w th  (H a m m e r  a n d  H a m m e r ,  2 0 0 1 ) .

M ic r o b ia l  l ip a s e s  m a y  be d iv id e d  in to  tw o  g ro up s: n o n - s p e c i f ic  a n d  s p e c if ic  

l ip a s e s  ( S z ta je r  a n d  Z b o in s k a ,  1988 ; T h o m p s o n  et al., 1 999 ). E n z y m e s  f r o m  the  

f i r s t  g ro u p  do  n o t  d is t in g u is h  b e tw e e n  th e  th re e  p o s it io n s  o f  th e  g ly c e r o l  esters. 

T h e s e  n o n - s p e c i f ic  l ip a s e s  b r in g  a b o u t a  to ta l h y d r o ly s is  o f  t r ig ly c e r id e s  to  fa tty  

a c id s  a n d  g ly c e ro l.  T h e  s p e c if ic  lip a s e s , o r  r e g io s p e c if ic  l ip a s e s , h y d r o ly s e  es te rs  

in  th e  1 a n d  2 p o s it io n s  o f  g ly c e r id e s ,  g iv in g  f re e  fa t ty  a c id s  an d  a m ix tu r e  o f  

m o n o -  a n d  d i- g ly c e r id e s .  T h e  2 -m o n o g ly c e r id e s  and , to  a  le s s e r  d e g re e , th e  1 ,2- o r  

2 ,3 - d ig ly c e r id e s  a re  u n s ta b le  an d  th e re fo re  th e  e n z y m a t ic  h y d r o ly s is  is  f o l lo w e d  

b y  a c y l  g ro u p  m ig ra t io n s .  T h is  le a d s  to  1-m o n o g ly c e r id e s  a n d  1 ,3 -d ig ly c e r id e s .  

T h e re fo re ,  th e  e x te n s io n  o f  th e  in c u b a t io n  t im e  m a y  r e s u lt  in  a  to ta l s p l i t t in g  o f  

t r ig ly c e r id e s  ( S z ta je r  a n d  Z b o in s k a ,  1 988 ). S te r e o s e le c t iv it y  o f  a  ra n g e  o f  

m ic r o b ia l  l ip a s e s  w a s  d e s c r ib e d  b y  R o g a ls k a  et al. (1 993 ).

2HjO 

Lipase
f

H2C —OH 

H C -O H
I

C -O H
h2

F ig u r e  1 .4 : Schematic of tripalmitin hydrolysis by lipase (Kallel et al., 1994)
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L ip a s e s  c a n  a ls o  be s p e c if ic  to  p a r t ic u la r  fa t ty  a c id s . L ip a s e  p ro d u c e d  b y  

Geotrichum candidum e x h ib it s  a h ig h  s p e c if ic i t y  to  o le ic  a c id  an d  l in o le ic  a c id , 

in d e p e n d e n t  o f  th e ir  p o s it io n s  in  th e  t r ig ly c e r id e  (Jen sen , 1983). In  c o n tra s t , l ip a s e  

p ro d u c e d  b y  Yarrowia lipolytica a c ts  p r e fe r e n t ia lly  o n  o le y l  r e s id u e s  at the  1, 3 

p o s it io n s  o f  g ly c e r id e s  ( A l f o r d  et al., 1 964 ). T h is  s p e c if ic i t y  w a s  n o t  d e e m e d  to  be 

l im it in g  to  l ip id  h y d ro ly s is .  D u r in g  th e  c u lt iv a t io n  o f  Y. lipolytica. o n  o l iv e  o i l ,  the  

r a p id  a c c u m u la t io n  o f  h y d r o ly s is  p ro d u c ts  a n d  the  m a in te n a n c e  o f  h ig h  

c o n c e n t ra t io n s  o f  p r e fe r e n t ia l ly  u t i l is e d  fa t ty  a c id s  in d ic a te d  th e  l ip a s e  w o u ld  n o t 

l im i t  g ro w th  u n d e r  o p t im a l g ro w th  c o n d it io n s  (T a n  an d  G i l l ,  1 984 ). H o w e v e r ,  th e  

u se  o f  t r ig ly c e r id e s  w it h  a c y l  g ro u p s  r e f ra c to ry  to  l ip a s e  a t ta c k  a n d  th e  re le a se  o f  

fa t ty  a c id s  le s s  r e a d i ly  m e ta b o lis e d  th a n  o le ic  a c id  m a y  im p o s e  c o n s t ra in ts  on  

m ic r o b ia l  b io d é g ra d a t io n  o f  fa ts .

L ip a s e  a c t iv it y  is  n o t  l im it e d  to  e x t r a c e llu la r  p r o d u c t io n  in  th e  g ro w th  m e d iu m . 

L ip a s e  a c t iv it y  h a s  b e e n  d e te c te d  o n  b o th  th e  c e l l  s u r fa c e  an d  in t r a c e l lu la r ly  (O ta  

et al., 1982 ; P e r e ir a -M e ir e l le s  et al., 2 0 0 0 ) . A n  e x t r a c e llu la r  a n d  tw o  c e l l- b o u n d  

lip a s e s , c o r r e s p o n d in g  to  l ip a s e  I (3 9  k D a )  an d  lip a s e  II (4 4  k D a )  w e re  d e s c r ib e d  

f o r  Yarrowia lipolytica (O ta  et al., 1 982 ). T h e  e x t r a c e l lu la r  l ip a s e  re q u ir e d  o le ic  

a c id  as a  s t a b i l is e r - a c t iv a to r ,  w h e re a s  th e  c e l l- b o u n d  l ip a s e s  d id  n o t. T h e  ra te s  o f  

p r o d u c t io n  o f  th e  e x t r a c e l lu la r  a n d  c e l l- b o u n d  l ip a s e s  w e re  re p o r te d  to  be  

d e p e n d e n t o n  th e  c a rb o n  a n d  n it r o g e n  c o m p o s it io n  o f  th e  m e d iu m . T h e  gene  

w h ic h  c o d e s  fo r  e x t r a c e l lu la r  l ip a s e  p r o d u c t io n  in  Y. lipolytica, LIP2 gene , w a s  

re c e n t ly  e lu c id a te d  (P ig n è d e  et al., 2 0 0 0 ) . L ip a s e  p r o d u c t io n  w a s  re p re s se d  b y  

g lu c o s e  a n d  in d u c e d  b y  o l iv e  o i l  a n d  o le ic  a c id . A  p a tte rn  o f  e x t r a c e l lu la r  lip a s e  

p r o d u c t io n  w a s  re p o r te d  fo r  7. lipolytica w h e n  c u lt iv a te d  o n  o l iv e  o i l  (P e re ira -  

M e ir e l le s  et al., 2 0 0 0 ) . L ip a s e  p r o d u c t io n  w a s  in d u c e d  in t r a c e l lu la r ly  w h e n  the  

y e a s t  w a s  e x p o s e d  to  o l iv e  o i l .  T h e  l ip a s e  th e n  m o v e d  to  th e  s u r fa c e  o f  the c e l l  

a n d  w a s  re le a s e d  e x t r a c e l lu la r ly .

T h e  s y n th e s is  o f  m ic r o b ia l  l ip a s e s  is  a f fe c te d  b y  g ro w th  c o n d it io n s ,  in c lu d in g  the  

a v a i la b i l i t y  o f  c a rb o n  a n d  n it r o g e n  so u rce s , th e  p re s e n ce  o f  a c t iv a to rs ,  s t im u la to rs  

a n d  in h ib it o r s ,  s u rfa c ta n ts , te m p e ra tu re , p H  an d  the  s o u rc e  o f  th e  in o c u lu m  

(H a d e b a l l,  1 991 ; T h o m p s o n  et al., 1999 ). O x y g e n  te n s io n  ca n  a ls o  in f lu e n c e  

lip a s e  p r o d u c t io n  ( C h a r t r a in  et al., 1993). C e r ta in  l ip id s  in  th e  c u ltu re  m e d iu m
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m a y  in f lu e n c e  the  p r o d u c t io n  a n d  a c t iv it y  o f  m ic r o b ia l  l ip a s e s . G e n e r a l ly ,  the  

a c t iv it y  o f  in t ra -  a n d  e x t r a c e l lu la r  l ip a s e s  in c re a s e s  w it h  in c re a s in g  l ip id  

c o n c e n t ra t io n s  ( M a r e k  a n d  B e d n a r s k i,  1 996 ). H o w e v e r ,  w h e n  fa ts  a re  p re s e n t as 

su b s tra te s , th e  a c t iv it y  o f  l ip a s e s  is  a  f u n c t io n  o f  b o th  the  c h a in  le n g th  and  the  

s a tu ra t io n  ra t io  o f  th e  fa t ty  a c id s  p re s e n t  ( S z ta je r  a n d  Z b o in s k a ,  19 88 ) . T h e  l ip a s e  

re a c t io n  ra te  v a r ie s  d ir e c t ly  w it h  th e  s u r fa c e  a rea  o f  su b s tra te  a v a i la b le  to  the  

e n z y m e  (H a d e b a ll,  1 991 ). S h o r t  c h a in  t r ia c y lg ly c e r o ls  c a n  be  p o o r  su b s tra te s  fo r  

l ip a s e  as th e y  h a v e  a d e c re a se d  te n d e n c y  to  fo rm  m ic e l le s  and  th e  s u r fa c e  te n s io n  

is  s u b o p t im a l f o r  a c t iv it y  ( K o r d e l et ah, 1991 ). C o n v e r s e ly ,  lo n g - c h a in ,  sa tu ra ted  

t r ia c y lg ly c e r o ls  are  p a c k e d  v e r y  d e n s e ly  b e cau se  o f  s t ro n g  h y d ro p h o b ic  

in te ra c t io n s  b e tw e e n  th e  h y d ro c a rb o n  c h a in s  w h ic h  p re v e n ts  th e  l ip a s e  c o m in g  

in to  c lo s e  c o n ta c t  w it h  th e  su b s tra te  m o le c u le s  (T h o m p s o n  et ah, 1 999 ). S im i la r ly ,  

u n sa tu ra te d  t r ig ly c e r id e s  a re  g o o d  in d u c e r s  o f  l ip a s e  p r o d u c t io n  w h i le  sa tu ra ted  

t r ig ly c e r id e s  are  n o t (O ta  et ah, 1 968 ). T h e  p ro b le m s  a s s o c ia te d  w ith  p h y s ic a l 

n a tu re  o f  th e  l ip id  m a y  b e  o v e rc o m e  th ro u g h  e m u ls if ic a t io n  (b y  a c t io n  o f  

su r fa c ta n ts  o r  b io s u r fa c ta n ts ) ,  b le n d in g  o r  v ig o ro u s  s h a k in g . T h is  en su re s  

su b s tra te  d is p e r s io n  a n d  a n  o p t im u m  su b s tra te  s u r fa c e  f o r  l ip o ly s is .

A l t h o u g h  the  p r im a r y  f u n c t io n  o f  l ip a s e s  is  the  h y d r o ly s is  o f  l ip id s  a n d  re la te d  

m o le c u le s ,  l ip a s e s  a ls o  c a ta ly s e  o th e r  r e a c t io n s  a s so c ia te d  w it h  a c y l  g ro u p s . T h e se  

r e a c t io n s  m a y  b e  e x p lo ite d  in  fa t  b io te c h n o lo g y  and  in c lu d e :

•  h y d r o ly s is :  r e a c t io n  o f  e s te r w it h  w a te r  p r o d u c in g  a c id  a n d  a lc o h o l a n d  w it h

h y d ro g e n  p e ro x id e  to  g iv e  p e ro x y  a c id s .

• e s te r if ic a t io n :  th e  re v e rs e  o f  h y d r o ly s is -  p ro d u c t io n  o f  e s te r  f r o m  a c id  an d  

a lc o h o l.

• a lc o h o ly s is :  re a c t io n  o f  an  e s te r  w it h  a m o n o h y d r ic  a lc o h o l s u ch  as e th an o l, 

la u r ic  a lc o h o l o r  a p o ly h y d r ic  a lc o h o l s u ch  as g ly c e r o l  to  p ro d u c e  an es te r 

w it h  a  d if fe r e n t  a lk y l  g ro u p . S im i la r  r e a c t io n  w it h  a m in e s  le a d s  to  a m id e s .

• a c id o ly s is :  r e a c t io n  o f  an  e s te r  w it h  an  a c id  le a d in g  to  a c y l g ro u p s .

•  in te re s te r if ic a t io n :  r e a c t io n  o f  o n e  e s te r w it h  a n o th e r  le a d in g  to  ra n d o m  a c y l

a n d  a lc o h o l m o ie t ie s .

T h e s e  p ro c e s s  c a n  b e  s e le c te d  b y  c h o o s in g  a p p ro p r ia te  su b s tra te s  a n d  re a c t io n  

c o n d it io n s  (G u n s to n e , 1999 ).
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1 .6 .2  L ip id  ém u lsif ica tio n

M ic r o b e s  th a t  d e g ra d e  h y d ro p h o b ic ,  w a te r - in s o lu b le  su b s tra te s  s u c h  as 

h y d ro c a rb o n  l iq u id s  o r  s o l id s  a n d  fa ts , o i l s  o r  g rea se s  u s u a lly  p ro d u c e  su r fa c ta n t  

su b s ta n ce s  o r  b io  su rfa c ta n ts  (G e r s o n , 1 992 ). I n s o lu b i l i t y ,  h a v in g  a v e r y  lo w  

s a tu ra t io n  c o n c e n t ra t io n  in  w a te r , l im it s  th e  a v a ila b le  a q u e o u s  c o n c e n t ra t io n  o f  

th e se  su b s tra te s  a n d  th e  ra te  o f  l ip o ly s is .  B io s u r fa c ta n t s  im p ro v e  th e  a v a i la b i l i t y  o f  

th e  su b s tra te s  to  c e l ls  b y  f a c i l i t a t in g  e m u ls io n  fo rm a t io n . T h e  te rm s  b io s u r fa c ta n t  

an d  b io e m u ls if ie r  a re  f r e q u e n t ly  u se d  in te rc h a n g e a b ly  (F ie c h te r ,  1 9 92 ) . T h e  te rm  

b io e m u ls if ie r  is  o f te n  u se d  in  an  a p p lic a t io n -o r ie n te d  m a n n e r  to  d e s c r ib e  the 

c o m b in a t io n  o f  a l l  th e  s u r fa c e -a c t iv e  c o m p o u n d s  th a t c o n s t itu te  th e  e m u ls io n  

se c re te d  b y  th e  c e l l  to  f a c i l i t a t e  u p ta k e  o f  an  in s o lu b le  su b s tra te  ( H o m m e l,  1990). 

M o s t  b io s u r fa c ta n ts  a re  l ip id s  a n d  s o m e  o f  th e  m a jo r  ty p e s  a n d  s o u rc e s  a re  l is te d  

in  T a b le  1.7.

T a b le  1 .7 : M ic r o b ia l  su rfa c ta n ts

S u r f a c t a n t s O r g a n is m s  (g e n u s )

F a t ty  a c id s Acinetobacter, Aspergillus, Candida, Corynebacterium,

Mycococcus, Norcardia, Pénicillium, Pseudomonas

N e u t r a l  l ip id s Acinetobacter, Arthrobacter, Mycobacterium,

Thiobacillus

P h o s p h o l ip id s Candida, Corneybacterium, Micrococcus,

Thiobaccillus

G ly c o l ip id s

R h a m n o l ip id s Arthrobacter, Corynebacterium, Norcardia,

Pseudomonas

S o p h o ro l ip id s Candida, Torulopsis

T r e h a lo l ip id s Arthrobacter, Brevibacterium, Corynebacterium,

Mycobacterium, Norcardia

L ip o p e p t id e s Bacillus, Candida, Corynebacterium, Mycobacterium,

Norcardia, Streptomyces

G ly c o s y ld ig ly c e r id e s Lactobacillus

Adapted from Gerson (1992)
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U n l i k e c h e m ic a l ly  s y n th e s is e d  s u rfa c ta n ts , w h ic h  a re  c la s s if ie d  a c c o rd in g  to  th e  

n a tu re  o f  t h e ir  p o la r  g ro u p in g , b io s u r fa c ta n ts  a re  c a te g o r is e d  m a in ly  b y  th e ir  

c h e m ic a l c o m p o s it io n  (D e a s i a n d  B a n a t ,  1997 ). M ic r o b ia l  b io s u r fa c ta n ts  c o m b in e  

h y d r o p h i l ic  a n d  l ip o p h i l i c  fu n c t io n a l g ro u p s  to  fo rm  a m p h ip h i l ic  s t ru c tu re s  

( S e k e ls k y  a n d  S h re v e , 1998). T h e  h y d r o p h i l ic  m o ie ty  c o n s is t s  o f  a m in o  a c id s  o r  

p e p t id e s , a n io n s  o r  c a t io n s , m o n o - , d i- ,  o r  p o ly s a c c h a r id e s  an d  th e  l ip o p h i l i c  

m o ie t y  c o n s is t s  o f  u n sa tu ra te d  o r  s a tu ra te d  fa t ty  a c id s . M o s t  b io s u r fa c ta n ts  a re  

e ith e r  n e u tra l,  s u ch  as th e  n e u tra l l ip id s  o r  n e g a t iv e ly  c h a rg e d , s u ch  as 

s o p h o ro l ip id s .

B io s u r fa c ta n t  a c t iv it ie s  c a n  b e  d e te rm in e d  b y  m e a su r in g  the  c h a n g e s  in  su r fa c e  

te n s io n  a n d  b y  th e  s t a b i l is a t io n  o r  d e s ta b i l is a t io n  o f  e m u ls io n s . W h e n  a  su rfa c ta n t 

is  a d d e d  to  o il/w a te r  s y s te m s  at in c re a s in g  c o n c e n t ra t io n s , a  r e d u c t io n  o f  the  

s u r fa c e  te n s io n  is  o b s e rv e d  u p  to  a  c r i t ic a l  le v e l,  a b o v e  w h ic h  a m p h ip h i l ic  

m o le c u le s  a s s o c ia te  r e a d i ly  to  fo rm  s u p ra m o le c u la r  s tru c tu re s  l ik e  m ic e l le s ,  

b i la y e r s  a n d  v e s ic le s  (D e s a i a n d  B a n a t ,  1997 ). T h is  v a lu e  is  k n o w n  as th e  c r i t ic a l  

m ic e l le  c o n c e n t ra t io n  ( C M C ) .  C M C  is  d e f in e d  b y  th e  s o lu b i l i t y  o f  a s u r fa c ta n t  

w it h in  an  a q u e o u s  p h a se  a n d  is  c o m m o n ly  u sed  to  m e a su re  the  e f f ic ie n c y  o f  a 

su rfa c ta n t. A n  e m u ls io n  is  fo rm e d  w h e n  o n e  l iq u id  p h a se  is  d is p e rs e d  as 

m ic r o s c o p ic  d ro p le ts  in  a n o th e r  l iq u id  c o n t in u o u s  phase . B io s u r fa c ta n t s  m a y  

s t a b i l is e  ( e m u ls if ie r s )  o r  d e s ta b il is e  ( d e e m u ls if ie r s )  th e  e m u ls io n .

S e v e ra l b a c te r ia  a n d  y e a s t  p ro d u c e  la rg e  q u a n t it ie s  o f  fa t ty  a c id  a n d  p h o s p h o l ip id  

s u r fa c ta n ts  d u r in g  g ro w th  o n  n -a lk a n e s  (D e s a i a n d  B a n a t ,  1997 ). A  p o te n t 

b io s u r fa c ta n t ,  p h o s p h a t id y le th a n o la m in e  w a s  p ro d u c e d  b y  an  Acinetobacter sp . 

w h ic h  fo rm e d  o p t ic a l ly  c le a r  m ic r o e m u ls io n s  o f  a lk a n e s  in  w a te r  ( K a p p e l i  a n d  

F in n e r t y ,  1979 ). M o s t  k n o w n  b io  su r fa c ta n ts  a re  g ly c o l ip id s  an d  in c lu d e  

r h a m n o l ip id s ,  t r e h a lo l ip id s  a n d  s o p h o ro l ip id s .  T h e  b io s u r fa c ta n t  p ro d u c e d  b y  

Yarrowia lipolytica d u r in g  c u lt iv a t io n  on  a lk a n e s  w a s  e lu c id a te d  as a  g ly c o l ip id  

a n d  w a s  c o m p o s e d  o f  5%  p ro te in ,  2 0 %  c a rb o h y d ra te  a n d  75 %  l ip id  ( Z in ja rd e  et 

al., 1 9 97 ) .
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S o m e  o rg a n is m s  p ro d u c e  g ro w th -a s s o c ia te d  e x t r a c e llu la r  e m u ls if ie r s  w h e n  

c u lt iv a t e d  o n  fa ts /h y d ro c a rb o n s  ( Z in ja rd e  an d  P a n t, 2 0 0 2 a )  w h i le  o th e rs  p ro d u ce  

c e l l- a s s o c ia te d  e m u ls if ie r s  tha t m a k e  th e  c e l l  s u r fa c e s  h y d r o p h o b ic  a n d  en h an ce  

su b s tra te  u p ta k e  ( K a p p e l i  a n d  F ie c h te r ,  1977 ). I o n ic  b io s u r fa c ta n ts ,  s u ch  as 

r h a m n o l ip id s  o r  s o p h o ro l ip id s  e m u ls if y  th e  su b s tra te , w h ic h  in c re a s e s  th e  su r fa c e  

a re a  a v a ila b le  f o r  m ic r o b ia l  a t ta c k  ( S y ld a t k  et al., 1984). N e u t r a l b io s u r fa c ta n ts ,  

s u ch  as t re h a lo s e  l ip id s  re n d e r  th e  ch a rg e d  su r fa c e  o f  th e  c e l l  h y d ro p h o b ic  

(R a t le d g e , 1 988 ; K im  et al., 2 0 0 0 d ) . H o w e v e r ,  th e se  m e c h a n is m s  o f  su b stra te  

e m u ls if ic a t io n  a re  n o t m u tu a l ly  e x c lu s iv e .  B o t h  c e l l- a s s o c ia te d  an d  e x t r a c e llu la r  

e m u ls if ie r  p r o d u c t io n  w a s  o b s e rv e d  in  a  m a r in e  s t ra in  o f  Y. lipolytica ( Z in ja rd e  

a n d  P a n t, 2 0 0 2 a ) . M o re o v e r ,  K im  et al. (2 0 0 0 d )  d e s c r ib e d  th e  c e l l  s u rfa ce  

e m u ls if ie r  as a  p o ly s a c c h a r id e  fa t ty  a c id  c o m p le x  a n d  i t  w a s  d e te rm in e d  to  be  p a rt 

o f  th e  a lk a n e -b in d in g  sy s tem . T h e  m e c h a n is m  o f  m ic r o b ia l  a lk a n e  u t i l is a t io n  is  

s im i la r  to  th a t fo r  fa t ty  a c id s  ( K a js  a n d  V a n d e r z a n t ,  1980 ; W a lk e r ,  1998 ). Y. 

lipolytica e x h ib it e d  in te re s t in g  c e l l  s u r fa c e  c h a ra c te r is t ic s  w h e n  g ro w n  on  

h y d ro c a rb o n s  ( K a p p e l i  et al., 1978 ; K im  et al. 2 0 0 0 d ) . T h e re  w e re  r a d ia l 

p ro t ru s io n s  o n  th e  c e l l  s u r fa c e  and  a t h ic k e n in g  o f  th e  p e r ip la s m ic  la y e r ,  w h ic h  

w e re  n o t  o b s e rv e d  d u r in g  c u lt iv a t io n  o n  g lu c o se . T h e se  p ro t r u s io n s  w e re  

a s s o c ia te d  w it h  a lk a n e  b in d in g  a f f in it y .

In  th e  b io s y n th e s is  o f  b io s u r fa c ta n ts ,  tw o  p r im a r y  m e ta b o l ic  p a th w a y s  are 

in v o lv e d ,  a fa t ty  a c id  an d  a  c a rb o h y d ra te  p a th w a y  fo r  th e  l ip o p h i l i c  and  

h y d r o p h i l ic  m o ie t ie s  ( S y ld a t k  an d  W a g n e r ,  1987). A  n u m b e r  o f  p o s s ib i l i t ie s  e x is t  

f o r  th e  s y n th e s is  o f  th e se  m o ie t ie s  a n d  in c lu d e :  ( i)  de  n o v o  s y n th e s is  o f  b o th  

m o ie t ie s  b y  in d e p e n d e n t  p a th w a y s , ( i i)  de n o v o  s y n th e s is  o f  th e  l ip o p h i l i c  m o ie t y  

w it h  su b s tra te  d e p e n d e n t s y n th e s is  o f  the  h y d r o p h i l ic ,  ( i i i )  de  n o v o  s y n th e s is  o f  

th e  h y d r o p h i l ic  m o ie t y  w it h  su b s tra te  d e p e n d e n t s y n th e s is  o f  th e  l ip o p h i l i c  and  

( iv )  su b s tra te  d e p e n d e n t s y n th e s is  o f  b o th  m o ie t ie s  (D e s a i a n d  D e s a i,  1993). A  

c o m m o n  s c h e m e  o f  p o s s ib le  g ly c o l ip id  b io s y n th e t ic  ro u te s  is  p re s e n te d  in  F ig .  

1.5.
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T R I G L Y C E R I D E C A R B O H Y D R A T E

G ly c e r o l F a t ty  a c id M o d if ic a t io n ,  A c e t y l - C o A  

t ra n s fo rm a t io n

A c e t y l  G lu c n e o -  A c e t y l  I n c o rp o ra t io n ,

- C o A  gene se  - C o A  e lo n g a t io n ,

I I m o d if ic a t io n

I 1
fa t ty  ▼▼ fa tty

a c id  s u g a r  a c id n e w  su g a r  fa t ty  a c id

Ii
G ly c o l ip id G ly c o l ip id G ly c o l ip id

Figure 1.5: G e n e ra l s c h e m e  o f  p o s s ib le  ro u te s  fo r  th e  m ic r o b ia l  g ly c o l ip id  

s y n th e s is  a n d /o r  g lu c o s e  ( L a n g  a n d  W a g n e r ,  1992 ).

T h e  k in e t ic s  o f  b io s u r fa c ta n t  p r o d u c t io n  e x h ib it  m a n y  v a r ia t io n s  a m o n g  sy s te m s  

b u t  c a n  be  g e n e ra lis e d  as: ( i)  g ro w th -a s s o c ia te d  p ro d u c t io n ,  w it h  a  p a r a l le l  

r e la t io n s h ip  b e tw e e n  g ro w th , su b s tra te  u t i l is a t io n  an d  b io s u r fa c ta n t  p ro d u c t io n ,  

( i i)  p r o d u c t io n  u n d e r  g r o w th - l im it in g  c o n d it io n s ,  ( i i i )  p r o d u c t io n  b y  r e s t in g  c e l ls  

a n d  ( iv )  p r o d u c t io n  w it h  p re c u r s o r  s u p p le m e n ta t io n , su ch  as l ip o p h i l i c  c o m p o u n d s  

(D e s a i a n d  B a n a t ,  1 997 ). T h re e  m e c h a n is m s  ope ra te  in  th e  r e g u la t io n  o f  

b io s u r fa c ta n t  p r o d u c t io n  an d  in c lu d e  in d u c t io n ,  r e p re s s io n  a n d  c o n c e n t ra t io n s  o f  

n it r o g e n  a n d  m u lt iv a le n t  io n s  ( L a n g  a n d  W a g n e r ,  1992 ). T h e  c a rb o n  su b s tra te  is  

k e y  to  b o th  in d u c t io n  a n d  re p re s s io n . L ip id s  and  h y d ro c a rb o n s  in d u c e  

b io s u r fa c ta n t  p r o d u c t io n  ( R o y  et al., 1979 ; C i r ig l ia n o  a n d  C a rm a n , 1984 ; F ie c h te r ,  

1 9 9 2 ) w h e re a s  o r g a n ic  a c id s  an d  g lu c o s e  c a n  re p re s s  its  p r o d u c t io n  ( D u v n ja k  et 

al., 1 983 ). In  th e  c a se  o f  n it r o g e n -  o r  m e ta l io n -d e p e n d e n t  r e g u la t io n ,  th e ir  e f fe c t  

is  l in k e d  to  th e  o rg a n is m  i t s e l f  (G u e r ra -S a n to s  et al., 1 984 ; M u l l ig a n  a n d  G ib b s ,

O v e r a l l ,  th e  p r o d u c t io n  o f  b io s u r fa c ta n ts  b y  m ic ro o rg a n im s  g r o w in g  o n  l ip id s  

fa c i l i t a t e s  th e  d is p e r s io n  o f  l ip id  in to  th e  a q u e o u s  p h a se  th ro u g h  e x t r a c e l lu la r  

a n d /o r  c e l l- a s s o c ia te d  p ro p e r t ie s .  T h is  in  tu rn  fa c il it a te s  e x t r a c e l lu la r  a n d /o r  c e l l-

1992 ).
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a s s o c ia te d  l ip o ly t i c  c le a v a g e  o f  t r ig ly c e r id e s  in to  fa t ty  a c id s . T h e se  fa t t y  a c id s  a re  

th e n  a s s im ila te d  in to  th e  c e l l  fo r  b io d é g ra d a t io n  o r  a c c u m u la t io n .

1.6.3 Fatty acid uptake

In  y e a s t , u t i l is a t io n  o f  e x t r a c e llu la r  fa t t y  a c id s  re q u ire s  th e ir  t ra n s fe r  f r o m  the 

u p ta k e  s ite  to  p e ro x is o m e s  ( D e l l ’ A n g e l i c a  et al., 1992 ). P e r o x is o m e s  a re  s in g le  

m e m b ra n e d -d e lim ite d  o rg a n e lle s  in  w h ic h  th e  fa t ty  a c id s  u n d e rg o  o x id a t io n  

(W a lk e r ,  1 998 ). S e v e ra l a lte rn a t iv e s  h a v e  b e e n  p ro p o s e d  f o r  th e  t ra n s p o r t  o f  fa tty  

a c id s  a c ro s s  th e  p la s m a  m e m b ra n e  to  o rg a n e lle s  in c lu d in g  p ro te in - c a ta ly s e d  

t ra n s fe r  a n d  d i f f u s io n  (S le ig h t ,  1987 ). F a t ty  a c id  b in d in g  p ro te in s  w e re  e lu c id a te d  

in  y e a s t  w h e n  c u lt iv a te d  o n  l ip id s  a n d  w e re  n o t  d e te c te d  d u r in g  g r o w th  o n  

g lu c o s e , im p l ic a t in g  th e ir  r o le  in  fa t ty  a c id  t ra n s fe r  ( D e l l ’ A n g e l ic a  et al., 1 992  &

1996). T h e s e  c a r r ie r -m e d ia te d  fa t ty  a c id  t ra n s p o r t  s y s te m s  a c c o u n t  f o r  fa t ty  a c id  

u p ta k e  at lo w  su b s tra te  c o n c e n t ra t io n , w h e re a s  t ra n s p o r t  is  th o u g h t  to  b e  b y  

d i f f u s io n  at h ig h  su b s tra te  c o n c e n t ra t io n s  ( K o h lw e in  a n d  P a lta u f ,  1 983 ). In  Y. 

lipolytica, tw o  fa t ty  a c id  c a r r ie r  s y s te m s  h a v e  b e en  d e te c te d  ( K o h lw e in  an d  

P a lta u f ,  1 983 ). O n e  is  s p e c if ic  f o r  C 12 a n d  C 14 fa t ty  a c id s  and  th e  o th e r  f o r  C i6 and  

C i8 sa tu ra te d  o r  u n sa tu ra te d  fa t ty  a c id s .

1.6.4 P-oxidation

O n c e  fa t ty  a c id s  a re  a s s im ila te d  in to  th e  c e l l  th e y  c a n  b e  o x id is e d  v ia  p - o x id a t io n  

in  p e ro x is o m e s  fo r  e n e rg y  a n d  g ro w th  o r  a re  in c o rp o ra te d  in to  l ip id  s tru c tu re s  o r  

s to re d  l ip id ,  e ith e r  u n c h a n g e d  o r  f o l lo w in g  d e sa tu ra t io n  o r  e lo n g a t io n  ( C e r t ik  et 

al., 1997 ; W a k e l in  a n d  F o rs te r ,  1 997 ). O f  th e se , p - o x id a t io n  is  th e  p a th w a y  to  

c o m p le te  d e g ra d a t io n  o f  th e  l ip id  m a te r ia l.

P - o x id a t io n  in v o lv e s  th e  re le a se  o f  a  s e r ie s  o f  2 - c a rb o n  a c e t y l - C o A  u n it s  f r o m  the  

fa t ty  a c id  m o le c u le s  (R a t le d g e , 1992 ). F i r s t ly  th e  fre e  fa t ty  a c id  is  b o u n d  to  

C o e n z y m e  A  to  fo rm  a  fa t ty  a c y l- C o A .  T h is  m o le c u le  th e n  u n d e rg o e s  a  s e r ie s  o f  

re a c t io n s  r e s u lt in g  in  th e  re le a se  o f  a c e ty l C o A  and  sh o r te n in g  o f  th e  fa t ty  a c y l-  

C o A  b y  2  c a rb o n s  ( F ig .  1.6). T h is  sh o rte n e d  m o le c u le  th e n  u n d e rg o e s  an o th e r

36



c y c le  o f  r e a c t io n s , w h ic h  is  re p e a te d  u n t i l  2 m o le c u le s  o f  a c e ty l C o A  a re  re le a se d  

b y  th e  f in a l c y c le .  T h is  c y c le  o f  b r e a k d o w n  is  a p p lic a b le  to  sa tu ra te d  fa t ty  a c id s . 

U n s a tu ra te d  fa t ty  a c id s ,  h o w e v e r , r e q u ire  a d d it io n a l s tep s fo r  s u c c e s s fu l o x id a t io n .  

W h e n  the  d o u b le  b o n d  is  e n co u n te re d , is o m e r is a t io n  is  th e  f ir s t  s tep  to  p ro d u c e  a 

t ra n s -d o u b le  b o n d , w h ic h  is  th e n  r e d u c e d  to  e l im in a te  th e  d o u b le  b o n d . T h e  

r e s u lt in g  sa tu ra te d  m o le c u le  c a n  th e n  u n d e rg o  the  (3 -o x id a t io n  p a th w a y . S o m e  

in te rm e d ia te s  o f  th e  b re a k d o w n  p a th w a y , in  p a r t ic u la r  sa tu ra te d  fa t ty  a c id s  su ch  as 

p a lm it ic  a n d  m y r is t ic  a c id s ,  m a y  a c c u m u la te  in  th e  c e l l  d u e  to  t h e ir  in h ib i t io n  o f  

th e ir  o w n  b r e a k d o w n  ( L a lm a n  a n d  B a g le y ,  2 0 0 0 ) .

(e)

Fatty Acyl-CoA

-  FAD
(a)

FADH,

T rans-A2-Enoyl-CoA

(b)
H20

L-3-Hy d roxyacyl-CoA 

^  NAD+

— NADH + H+
(c)

3-Ketoacyl-CoA
CoA-SH

(d)

Fatty Acyl-CoA +  Acetyl CoA
. i 

i 
i

i
TCA cycle

Figure 1.6: (3 -o x id a t io n  o f  a fa t ty  a c y l- C o A .  T h e  se q u e n ce  o f  r e a c t io n s  a re  (a) 

d e h y d ro g e n a t io n  b y  fa t ty  a c y l  C o A  o x id a s e ;  (b ) h y d r a t io n  b y  t r a n s - 2 ,3 - e n o y l- C o A  

h y d ra ta s e ;  (c ) d e h y d ro g e n a t io n  b y  L - 3 - h y d r o x y a c y l - C o A  d e h y ro g e n a se  a n d  (d) 

t h io ly t ic  c le a v a g e  b y  3 - o x o a c y l - C o A  th io la s e ;  (e) th e  sh o rte n e d  fa t ty  a c y l - C o A  

u n d e rg o e s  (a -d ) a g a in  u n t i l  in  th e  f in a l  c y c le ,  2  m o le c u le s  o f  a c e ty l C o A  are  

re le a se d  (M a th e w s  a n d  v a n  H o ld e ,  1990).
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1 .6 .5  L ip id  a c cu m u la tio n

T h e  a c c u m u la t io n  o f  in t r a c e l lu la r  l ip id  o c c u rs  in  a  l im it e d  n u m b e r  o f  y e a s ts . O f  

th e  7 0 0  sp e c ie s  o f  y e a s ts , o n ly  25  o r  so  a re  k n o w n  to  b e  a b le  to  a c c u m u la te  m o re  

th a n  2 0 %  (w /w )  l ip id  (R a t le d g e , 1994 ). S u c h  sp e c ie s  are  te rm e d  o le a g in o u s  

(T h o rp e  a n d  R a t le d g e ,  1972 ). O le a g in o u s  y e a s ts  (T a b le  1 .8 ) c a n  a c c u m u la te  u p  to  

7 0 %  o f  b io m a s s  w e ig h t  as l ip id  (R a t le d g e , 1994 ; W a lk e r ,  1998 ; P a p a n ik o la o u  et 

al., 2 0 0 3 ) . T h e  k e y  e n z y m e  th a t o le a g in o u s  o rg a n is m s  p o s se s , w h ic h  is  n o t  p re se n t 

in  n o n -o le a g in o u s  ones , is  A T P : c i t r a t e  ly a s e  (R a t le d g e , 1987 ). T h is  e n z y m e  

c a ta ly s e s  th e  c le a v a g e  o f  c it ra te  in  th e  p re s e n c e  o f  C o A  a n d  A T P  to  a c e t y l - C o A  

a n d  o x a lo a ce ta te . A c e t y l - C o A  en te rs  a  m u lt ie n z y m e  c o m p le x  k n o w n  as th e  fa t ty  

a c id  syn th a se , w h ic h  re su lt s  in  th e  s y n th e s is  o f  m ic r o b ia l  l i p id  ( S in g h  et al.,

1985 ). T h e se  s to re d  l ip id s  m a y  h a v e  in te re s t in g  p ro p e r t ie s  in c lu d in g  h ig h  

c o n c e n t ra t io n s  o f  sa tu ra te d  fa t ty  a c id s  a n d  fa t ty  a c id s  w it h  p o te n t ia l c o m m e rc ia l 

u se , s u c h  as y - l in o le ic  a c id  ( A g g e l is  et al., 1 997 ). In  g e n e ra l, i t  is  c o n s id e re d  th a t 

o le a g in o u s  m ic ro o r g a n is m s  m a in ly  a c c u m u la te  th e ir  l ip id s  as in t r a c e l lu la r  d ro p le ts  

c o m p o s e d  m o s t ly  o f  t r ig ly c e r id e s  (8 0 -9 0 %  w /w  o f  to ta l l ip id s )  ( Y k e m a  et al., 

1986 ; M e e s te r s  et al., 1 996 ). H o w e v e r ,  lo w e r  b u t s t i l l  s ig n if ic a n t  t r ig ly c e r id e  

p e rc e n ta g e s  (45-70% ) w /w  o f  to ta l l ip id s )  h a v e  b e e n  re p o r te d  (R a t le d g e  an d  

B o u lto n ,  1985 ; K e n d r ic k  a n d  R a t le d g e , 1996 ). T h e  r e la t iv e  c o m p o s it io n  o f  th e  

fa t ty  a c id s  o f  th e  t r ig ly c e r id e s  g e n e ra lly  f o l lo w s  th e  p a tte rn : o le ic  (1 8 :1 )  > 

p a lm it ic  (1 6 :0 )  > l in o le i c  (1 8 :2 )  a n d  s te a r ic  (1 8 :0 )  ( W a lk e r ,  1998).

T a b le  1 .8 : S o m e  o le a g in o u s  y ea s ts

G e n u s R e p r e s e n t a t iv e  s p e c ie s

Candida C. curvata, C. diddensii

Cryptococcus C. albidus, C. laurentii

Geotrichum G. candidum

Hansenula H. saturnus

Lipomyces L. lipofer, L. starkeyi

Rhodotorula R. glutinis, R. graminis, R. mucilaginosa

Trichosporon T. cutaneum, T. fermentans, T. pullulans

Yarrowia Y. lipolytica
Adapted from Ratledge (1994) and Walker (1998).
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A lt h o u g h  o le a g in o u s  y e a s t  h a v e  th e  c a p a c ity  to  s to re  l ip id s ,  th e y  ca n  b e  g ro w n  

w it h  l ip id  c o n te n ts  o f  10%  (w /w )  o r  le s s  (R a t le d g e , 1994). T h e  c h a ra c te r is t ic s  o f  

in t r a c e l lu la r  l ip id  c o n te n t  an d  c o m p o s it io n  is  d e p e n d e n t  o n  the  b o th  th e  su b s tra te  

a n d  th e  g ro w th  c o n d it io n s  e m p lo y e d . A lt h o u g h  th e  c o n v e r s io n  o f  su g a rs  to  l ip id s  

b y  o le a g in o u s  o rg a n is m s  h a s  b e e n  s tu d ie d  in  d e ta il (R a t le d g e , 1 994 ; J a c k s o n  et 

al., 1998 ; A g g e l is  a n d  K o m a it is ,  1 9 99 , E r o s h in  et al., 2 0 0 0 ) , in fo rm a t io n  

c o n c e rn in g  th e  b io c h e m is t r y  o f  th e se  o le a g in o u s  o rg a n ism s  g r o w in g  o n  fa ts  is  

l im it e d .  T h e  m e c h a n is m  o f  l ip id  a c c u m u la t io n  w it h  a l ip id  su b s tra te  d if f e r s  to  th a t 

w it h  a  n o n - l ip id  c a rb o n  so u rce . C u l t iv a t io n  o f  o le a g in o u s  y e a s t  o n  m e d ia  

c o n ta in in g  fa ts  as th e  s o le  c a rb o n  a n d  e n e rg y  s o u rc e  a c c u m u la te  re s e rv e  l ip id s  

d u r in g  p r im a r y  a n a b o lic  g ro w th , s in c e  th e  a c c u m u la t io n  o f  a l ip h a t ic  c h a in s  is  n o t  

r e s t r ic te d  b y  the  p re s e n c e  o f  n u tr ie n ts  in  th e  m e d iu m  ( A g g e l is  a n d  S o u rd is ,  1997; 

P a p a n ik o la o u  et al., 2 0 0 1 ;  P a p a n ik o la o u  and  A g g e l is ,  2 0 0 3 ) . U n s a tu ra te d  fa tty  

a c id s , s u c h  as o le ic  a c id , a re  r a p id ly  in c o rp o ra te d  in to  th e  c e l l  a n d  u s e d  fo r  g ro w th  

n eed s , w h e re a s  sa tu ra te d  fa t ty  a c id s , s u ch  as s te a r ic  a c id , a re  in c o rp o ra te d  m o re  

s lo w ly  a n d  a re  p a r t ia l ly  a c c u m u la te d  (P a p a n ik o la o u  et al., 2 0 0 1 ) . S te a r ic  a c id  is  

n o te d  f o r  it s  r e c a lc it r a n c e  in  m a n y  o rg a n is m s  (T a n  an d  G i l l ,  1985 ; L e e ,  1992; 

P a p a n ik o la o u  et al., 2 0 0 2 a ) . A c c u m u la t io n  o f  s to ra g e  l ip id  f r o m  g lu c o s e  o r  

a n o th e r  s im i la r ly  m e ta b o lis e d  c o m p o n e n t  is  a s e c o n d a ry  a n a b o lic  a c t iv it y  in  

o le a g in o u s  o rg a n ism s , o c c u r r in g  a fte r  n u t r ie n t  ( m a in ly  n it ro g e n )  e x h a u s t io n  in  the  

g ro w th  m e d iu m  ( Y k e m a  et al., 1986; R a t le d g e , 1 9 87  &  1994 ; W a lk e r ,  1998).

In  th e  s tu d y  o f  m ic r o b ia l  l i p id  a c c u m u la t io n , v a r io u s  o i l s  h a v e  b e e n  e m p lo y e d  as 

th e  c a rb o n  so u rce . Mucor heimalis a c c u m u la te d  up  to  2 6 %  (w /w )  l ip id  w h e n  

c u lt iv a te d  o n  o l iv e  o i l  ( A k h t a r  et al., 1 983 ), w h e re a s  a c c u m u la t io n  o f  4 5 %  (w /w )  

w a s  re p o r te d  f o r  Mucor circinelloides ( J e f fe r y  et al., 1999). V a r io u s  fu n g i h a v e  

a c c u m u la te d  b e tw e e n  25  - 5 0%  (w /w )  l ip id  w h e n  c u lt iv a te d  o n  p o ly u n s a tu ra te d  

o i ls  ( K e n d r ic k  a n d  R a t le d g e ,  1996 ) an d  42  -  66%  (w /w )  l ip id  w a s  a c c u m u la te d  

w h e n  M u c o r a le s  fu n g i w e re  g ro w n  o n  s u n f lo w e r  o i l  ( C e r t ik  et al., 1997). 

H o w e v e r ,  in t r a c e l lu la r  l ip id  a c c u m u la t io n  w it h  fa ts  h a s  re c e iv e d  l i t t le  a t te n t io n . A  

n u m b e r  o f  fu n g i a c c u m u la te d  u p  to  7 0 %  (w /w )  l ip id  w h e n  c u lt iv a t e d  o n  b e e f  an d  

p o u lt r y  t a l lo w  ( B e d n a r s k i et al., 1993). T h e  d e g re e  o f  a c c u m u la t io n  w a s  re la te d  to  

th e  s p e c ie s  o f  fu n g u s , m e th o d  o f  c u lt iv a t io n  and  th e  c a rb o n  so u rce . T h e  

in t r a c e l lu la r  l ip id  w a s  a ls o  g r e a t ly  a f fe c te d  b y  th e  c o m p o s it io n  o f  th e  su b stra te .
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A c c u m u la t io n  o f  u p  to  4 4 %  (w /w )  w a s  re p o r te d  fo r  Yarrowia lipolytica w h e n  

c u lt iv a te d  o n  a n  in d u s t r ia l  fa t  d e r iv a t iv e  ( P a p a n ik o la o u  et al., 2 0 0 1 ) . T h is  

a c c u m u la te d  fa t  w a s  m o s t ly  c o m p o s e d  o f  sa tu ra te d  fa t ty  a c id s  a n d  i t  w a s  p ro p o s e d  

th a t th e  u n sa tu ra te d  fa t ty  a c id s  w e re  m e ta b o lis e d  f o r  g ro w th  a n d  s t ru c tu ra l 

in c o r p o r a t io n  o f  th e  c e l l.

T h e  p h e n o m e n o n  o f  l ip id  a c c u m u la t io n  is  o f  im p o r ta n c e  in  fa t  w a s te  tre a tm en t, 

p a r t ic u la r ly  in  th e  d e s ig n  o f  th e  sy s te m . A c c u m u la t io n  o f  l ip id  ca n  lo w e r  the  

d e n s ity  o f  th e  b io m a s s , th e re b y  d e c re a s in g  its  a b i l i t y  to  se tt le  o u t  o f  th e  c la r i f ie r s .  

I d e a l ly ,  th e  a c c u m u la t io n  o f  l ip id  in  a  w a s te  s y s te m  s h o u ld  b e  lo w  to  a v o id  th is  

c o m p lic a t io n .  T h e re fo re , the  c o m p le te  u t i l is a t io n  o f  a s s im ila te d  fa t t y  a c id s  

th ro u g h  (3 -o x id a t io n  p a th w a y  w o u ld  b e  the  p re fe r re d  fa te  o f  a s s im ila te d  w a s te  

l ip id .

1 .7  T h e  r o le  o f  e n v i r o n m e n t a l  c o n d i t io n s

E n v ir o n m e n ta l  c o n d it io n s  o f  tem p e ra tu re , p H ,  a e ra t io n  an d  n u t r ie n ts  in f lu e n c e  

y e a s t  g ro w th  a n d  the  p r o d u c t io n  o f  a n y  a s s o c ia te d  m e ta b o lite s ,  s u c h  as e n z y m e s  

o r  su rfa c ta n ts . T h e s e  e n v iro n m e n ta l p a ra m e te rs  c a n  b e  m a n ip u la te d  d u r in g  

c u lt iv a t io n  o f  a  y e a s t  f o r  a  s p e c if ic  p u rp o se . T h e s e  c a n  in c lu d e  o p t im is a t io n  o f  

su b s tra te  r e m o v a l ( M a r g e s in  a n d  S c h in n e r ,  1997 ; F le m in g ,  2 0 0 2 ;  Z in ja r d e  an d  

P a n t, 2 0 0 2 b ) , o p t im is a t io n  o f  p r o d u c t io n  o f  b io m a s s  ( L u c c a  et al., 1 995 ; K o n la n i  

et al., 1996 ; C h e n g  et al., 1 9 99 ) o r  o p t im is a t io n  o f  c o n d it io n s  f o r  m e ta b o lite  

p r o d u c t io n  (R a n e  a n d  S im s ,  1996 ; P a p a n ik o la o u  et al., 2 0 0 2 b ) .

1 .7 .1  T e m p e r a t u r e ,  p H  a n d  d is s o lv e d  o x y g e n

T e m p e ra tu re  is  o n e  o f  th e  m o s t  im p o r ta n t  p h y s ic a l  p a ra m e te rs  in f lu e n c in g  y e a s t 

g r o w th  (W a lk e r ,  1 998 ). T h e  m a jo r it y  o f  la b o ra to r y  a n d  in d u s t r ia l  y e a s ts  are 

m e s o p h ile s  an d  g e n e r a lly  g ro w  b e s t  at 2 0 °  - 3 0 ° C  a n d  th e  m a jo r it y  o f  in d u s t r ia l  

p ro c e s s e s , s u c h  as w a s te  t re a tm e n t o p e ra te  in  th is  te m p e ra tu re  ra n g e  (N a k o n a  and  

M a t s u m u ra ,  2 0 0 1 ) . E x c e p t io n s  to  th is  te m p e ra tu re  ra n g e  a re  th e  p s y c h r o p h i l ic
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y e a s t, w h ic h  g r o w  o p t im a l ly  b e tw e e n  12° - 1 5 ° C  ( P h a f f  et al., 1 9 7 8 ) and  

t h e r m o p h il ic  y e a s t  w h ic h  g ro w  at 5 0 ° C , s u ch  as Kluveromyces marxianus (B a n a t  

et al., 1 992 ). A p p l i c a t io n  o f  h ig h  te m p e ra tu re s  c a n  h a v e  a d v e rse  e f fe c t s  o n  yeast. 

R e p r e s s io n  o f  p ro te in  s y n th e s is  c a n  o c c u r ,  in h ib i t io n  o f  r e s p ir a t io n  an d  

fe rm e n ta t io n  a n d  u lt im a te ly ,  th e re  is  a p p re c ia b le  c e l l  d e a th  at th e  h ig h e s t  g ro w th  

te m p e ra tu re  o f  m a n y  y e a s ts  (W a lk e r ,  1998 ).

O th e r  p h y s ic a l  g ro w th  re q u ire m e n ts  fo r  y e a s t  re la te  to  p H  a n d  to  d is s o lv e d  

o x y g e n . M o s t  y e a s t  g r o w  v e r y  w e l l  b e tw e e n  p H  4 .5  a n d  6 .5 , b u t  n e a r ly  a l l  sp e c ie s  

a re  a b le  to  g r o w  in  m o re  a c id ic  o r  a lk a l in e  m e d ia  ( p H  3 o r  p H  8, r e s p e c t iv e ly )  

(W a lk e r ,  1998 ). T h e  o p t im u m  p H  fo r  th e  g ro w th  o f  y e a s t  is  d e p e n d e n t  on  the  

su b s tra te  a n d  th e  s t ra in  o f  th e  o rg a n ism . In  the  p ro d u c t io n  o f  c i t r ic  a c id  b y  

Yarrowia lipolytica c u lt iv a te d  o n  g ly c e r o l ,  p H  5 w a s  e m p lo y e d  ( P a p a n ik o la o u  et 

al., 2002b ) , w h e re a s  the  b io d é g ra d a t io n  o f  a n im a l d e r iv e d  fa t  b y  th e  y e a s t  w a s  at 

p H  6 .0  ( P a p a n ik o la o u  et al., 2 0 0 2 a ) . Y. lipolytica 1 096  w a s  c u lt iv a t e d  o n  b e e f  

t a l lo w  at p H  5 -  6 ( B e d n a r s k i et al., 1 994 ), w h e re a s  Saccharomycopsis 

(Yarrowia) lipolytica A T C C  8661  w a s  c u lt iv a te d  o n  the  b e e f  t a l lo w  a t p H  7 .0  

(T a n  a n d  G i l l ,  1985 ). Y e a s t s  re q u ire  o x y g e n  n o t  ju s t  as the  t e rm in a l e le c tro n  

a c c e p to r  in  r e s p ir a to r y  g ro w th , b u t  a ls o  as an  e s se n t ia l g r o w th  fa c to r  fo r  

m e m b ra n e  fa t ty  a c id s  a n d  s te ro l s y n th e s is  (R a t le d g e , 1994). O x y g e n  is  k e y  fo r  the  

d e g ra d a t io n  o f  l ip id s  and  fa t ty  a c id s  th ro u g h  the  p - o x id a t io n  p a th w a y . T h e  

in f lu e n c e  o f  o x y g e n  a n d  su g a r  a v a i la b i l i t y  o n  y e a s t  c a rb o h y d ra te  m e ta b o l is m  has 

b e e n  c a te g o r is e d  u n d e r  v a r io u s  r e g u la to r y  p h e n o m e n a : th e  P a s te u r , C ra b tre e , 

C u s te r s  a n d  K lu y v e r  e f fe c ts  ( W a lk e r ,  1998 ).

1 .7 .2  T h e  r o le  o f  n u t r ie n t s

Y e a s t  n u t r it io n  re fe rs  to  h o w  y e a s t  c e l ls  feed . M o r e  s p e c if ic a l ly ,  it  re fe rs  to  h o w  

y e a s ts  t ra n s lo c a te  w a te r  an d  e s s e n t ia l o rg a n ic  an d  in o rg a n ic  n u t r ie n ts  f r o m  th e ir  

s u r r o u n d in g  g ro w th  m e d iu m  th ro u g h  th e  c e l l  w a l l ,  a c ro s s  th e  c e l l  m e m b ra n e  an d  

in to  th e  in t r a c e l lu la r  m i l ie u .  A  s u m m a ry  o f  th e  o rg a n ic  a n d  in o rg a n ic  e le m e n ta l 

r e q u ire m e n ts  o f  y e a s ts  is  d e ta ile d  in  T a b le  1.9.
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T a b le  1 .9 : Summary of the major organic and inorganic elemental requirements

o f  y ea s ts .

Element Common sources Cellular functions

C a rb o n S u g a rs , fa t ty  a c id s , 

h y d ro c a rb o n s

M a jo r  s t ru c tu ra l e le m e n t  o f  y e a s t  c e l ls  

in  c o m b in a t io n  w it h  h y d ro g e n , o x y g e n  

a n d  n it ro g e n . C a t a b o lis m  o f  c o m p o u n d s  

p r o v id e s  e n e rg y

H y d r o g e n P ro to n s  f r o m  a c id ic  

e n v iro n m e n ts

T ra n s m e m b ra n e  p ro to n -m o t iv e  fo rc e  is  

v i t a l  f o r  y e a s t  n u t r it io n .  I n t r a c e l lu la r  

a c id ic  p H  (a ro u n d  5 -6 )  n e c e s s a ry  fo r  

y e a s t  m e ta b o lis m

O x y g e n A i r ,  0 2 S u b s tra te  f o r  r e s p ir a to r y  a n d  o th e r  

m ix e d - fu n c t io n  o x id a t iv e  e n z y m e s . 

E s s e n t ia l f o r  e rg o s te ro l a n d  u n sa tu ra te d  

fa t ty  a c id  s y n th e s is .

N it r o g e n N H 4"1" sa lts , u rea , 

a m in o  a c id s

S t r u c tu r a l ly  a n d  f u n c t io n a l ly  as o rg a n ic  

a m in o  n it r o g e n  in  p ro te in s  a n d  e n z y m e s

P h o s p h o ro u s p h o sp h a te s E n e r g y  t ra n s d u c t io n , n u c le ic  a c id  an d  

m e m b ra n e  s tru c tu re .

A d a p te d  f r o m  W a lk e r  (1 9 9 8 ).

T h e  p re s e n c e  o f  m o re  th a n  o n e  c a rb o n  s o u rc e  f o r  y e a s t  a s s im ila t io n  c a n  le a d  to  th e  

c o -m e ta b o l is m  o f  b o th  c a rb o n s . In  w a s te w a te rs , th e  c a rb o n  p re s e n t c a n  b e  f r o m  a 

n u m b e r  o f  s o u rc e s  in c lu d in g  fa ts  a n d  su g a rs , e s p e c ia l ly  in  fo o d  p ro c e s s in g  w a s te  

s tre a m s  ( S c io l i  a n d  V o l la r o ,  1997 ). T h e  c o -m e ta b o l is m  o f  fa ts  w it h  c a rb o h y d ra te s  

h a s  b e e n  re p o r te d  f o r  Y. lipolytica ( M a r e k  a n d  B e d n a r s k i,  1 9 96 ) a n d  Candida sp. 

( K o s t o v  et al., 1 986 ). In  w a s te  s tre am s , x e n o b io t ic s ,  s u c h  as p h e n o ls  c a n  a ls o  be  

p re s e n t , w h ic h  m a y  b e  t o x ic  to  o rg a n is m s  p re s e n t  (H e ip ie p e r  et al., 1 9 91 ) . A  

s t ra in  o f  Y. lipolytica r e m o v e d  o l iv e  o i l  a n d  su g a rs  in  th e  p re s e n c e  o f  p h e n o l,  

w h ic h  w a s  th e n  r e m o v e d  b y  t re a tm e n t w it h  Pseudomonas putida ( D e F e l ic e  et al.,

1997 ).

T h e  a v a i la b i l i t y  o f  in o rg a n ic  n u tr ie n ts , s u c h  as n it r o g e n  a n d  p h o sp h o ru s , m a y  a lso  

a f fe c t  th e  b io d é g r a d a t io n  o f  c o m p o u n d s  in  w a s te w a te r . Y e a s t  c e l ls  h a v e  a  n it r o g e n  

c o n te n t  o f  a ro u n d  10%  o f  th e ir  d r y  w e ig h t  (W a lk e r ,  1998). A l t h o u g h  y e a s ts  

c a n n o t  f i x  m o le c u la r  n it ro g e n , s im p le  in o rg a n ic  so u rc e s  s u ch  as a m m o n iu m  sa lts
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are  w id e ly  u t i l is e d .  L im it a t io n  o f  n it r o g e n  in  a s y s te m  ca n  l im it  th e  b io d é g ra d a t io n  

o f  o i ls  (S z a b o  a n d  S to fa n ik o v â ,  2 0 0 2 ;  Z in ja r d e  a n d  P an t, 2 0 0 2 b ) . P h o s p h o ro u s  is  

p re s e n t  in  n u c le ic  a c id s  an d  in  p h o s p h o l ip id s  a n d  th e re fo re  e s se n t ia l f o r  a l l  y e a s ts  

and  a c c o u n ts  f o r  3 -  5%  o f  d r y  w e ig h t  (W a lk e r ,  1998 ). P h o s p h o ro u s  is  g e n e ra lly  

a s s im ila te d  in  th e  fo rm  o f  o r th o p h o sp h a te , H 2P O 4“  D e f ic ie n c y  o f  p h o sp h a te  in  

w a s te w a te r  c a n  b e  re m e d ie d  th ro u g h  the  a d d it io n  o f  fe r t i l is e r s  an d  a  c a rb o n , 

n it r o g e n , p h o s p h o ru s  ra t io  o f  100 :10 :1  is  a g e n e ra l r u le  o f  th u m b  ( W a k e l in  and  

F o r s te r ,  1998).

I o n ic  n u t r it io n  o f  y e a s ts  is  c o m p le x  b u t  e s se n t ia l f o r  o p t im a l g ro w th . O p t im u m  

le v e ls  o f  s e v e ra l c a t io n s  p re se n t in  th e  m e d iu m , w h ic h  p ro m o te  y e a s t  g ro w th  h a v e  

b e e n  c a lc u la te d  (T a b le  1 .10). Y e a s t  re q u ire m e n ts  o f  m in e r a ls  a re  s im i la r  to  th a t o f  

o th e r  c e l ls  w it h  a s u p p ly  o f  p o ta s s iu m , m a g n e s iu m  a n d  se v e ra l t ra ce  e le m e n ts  

re q u ir e d  f o r  g ro w th . K + a n d  M g 2+ a re  re g a rd e d  as b u lk  o r  m a c ro e le m e n ts , w h ic h  

a re  r e q u ire d  to  e s ta b lis h  th e  m a in  m e ta l l ic  c a t io n ic  e n v iro n m e n t  in  th e  y e a s t  c e l l  

( W a lk e r ,  1998 ).

K + p e r fo rm s  fo u r  m a in  fu n c t io n s  in  th e  c e l l  in c lu d in g  ( i)  o s m o re g u la t io n ;  ( i i)  

e n e rg y  s o u rc e  in  th e  fo rm  o f  th e  K + g ra d ie n t;  ( i i i )  a c t iv a t io n  o f  p ro te in  s y n th e s is , 

in c lu d in g  e n z y m e s  a s s o c ia te d  w it h  p h o sp h a te  t ra n s fe r , p y ru v a te  k in a s e  and  

o x id a t iv e  p h o s p h o r y la t io n  a n d  ( iv )  s t a b i l is a t io n  o f  in t r a c e l lu la r  s t ru c tu re s , fo r  

e x a m p le ,  r ib o s o m e s  ( Jo n e s  a n d  G a d d , 1990 ). Y e a s t  c e l lu la r  K + c o n te n t  v a r ie s  

a c c o rd in g  to  g r o w th  c o n d it io n s ,  b u t  g e n e ra lly  re p re se n ts  1 -  2%  o f  d r y  w e ig h t  

(W a lk e r ,  1998 ). M g 2+ p e r fo rm s  b o th  e s s e n t ia l s t ru c tu ra l a n d  m e ta b o lic  fu n c t io n s  

a n d  is  p re s e n t  in  c e l ls  at a ro u n d  0 .3%  o f  th e  d r y  w e ig h t .  A l t h o u g h  so m e  

h a lo to le ra n t  y e a s ts , s u c h  as Debaromyces hansenii, c a n  g r o w  in  s a lin e  

e n v iro n m e n ts , th e re  is  n o  e v id e n c e  th a t y e a s ts  r e q u ire  N a +, e v e n  at v e r y  lo w  

c o n c e n t ra t io n s  ( W a lk e r ,  1998). H a lo to le ra n t  y e a s ts  h a v e  a d a p te d  s p e c ia l 

o s m o re g u la to r y  m e c h a n is m s  fo r  g ro w th  in  h ig h  c o n c e n t ra t io n s  o f  N a C l .  It is , 

h o w e v e r , v e r y  d i f f ic u l t  to  g e n e ra lis e  o n  io n ic  re q u ire m e n ts  due  to  fa c to r s  s u c h  as 

s t r a in  d if fe re n c e s ,  c u ltu r e  m e d ia  c h e la t io n  an d  io n ic  in te ra c t io n s .
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Table 1.10: O p t im u m  c o n c e n t ra t io n s  o f  c a t io n s  s t im u la t in g  y e a s t  g r o w th  and  th e ir  

c e l lu la r  fu n c t io n .

Cation Concentration Cellular function

K + 2 -4  m M I o n ic  b a la n c e , e n z y m e  a c t iv it y

M g 2+ 2 -4  m M E n z y m e  a c t iv it y ,  c e l l  and  o r g a n e lle  s tru c tu re

M n 2+ 2 -4  m M E n z y m e  a c t iv it y

C a 2+ < p M P o s s ib le  s e co n d  m e sse n g e r  in  s ig n a l

t r a n s d u c t io n

O

+

1.5 p M R e d o x  p ig m e n ts

F e 2+ 1-3 p M H a e m e -p ro te in s ,  c y to c h ro m e s

Z n 2+ 4 -8  p M E n z y m e  a c t iv it y

N i 2+ 1 0 -9 0  p M U re a s e  a c t iv it y

M o 2 + 1.5 p M N it r a te  m e ta b o lis m , v it a m in  B i2
A d a p te d  f r o m  W a lk e r  (1 998 ).

1.8 Design of lipid biodégradation systems

A  n u m b e r  o f  p i lo t - s c a le  s y s te m s  h a v e  b e e n  d e s ig n e d  f o r  th e  b io d é g ra d a t io n  o f  

l ip id s .  In  th e se  s ch e m e s , th e  v e s s e l f o r  l ip id  b io d é g ra d a t io n  w a s  d e s ig n e d  to  

in te g ra te  as a  p a r t  o f  a n  e x is t in g  t re a tm e n t  s y s te m  o r  as a  sepa ra te  u n it  to  the  

c o n v e n t io n a l a c t iv a te d  s lu d g e  tre a tm e n t  sy s tem .

L ip id s  in  w a s te w a te r  f r o m  a  m e a t  p ro c e s s in g  fa c to r y  w a s  t re a te d  o n  a  p i lo t - s c a le  

in  a  ‘ c ir c u la t io n  t a n k ’ w it h  a  Bacillus sp . f o l lo w e d  b y  t re a tm e n t in  an  a e ra t io n  ta n k  

w it h  a c t iv a te d  s lu d g e  (O k u d a  et al., 1991 ). T h e  c ir c u la t io n  ta n k  is  b a se d  o n  the 

th e o ry  th a t  c e l ls  m a k e  g o o d  c o n ta c t  w it h  b o th  l ip id  an d  a ir  i f  th e  c u ltu r e  s u r fa c e  is  

c o n t in u o u s ly  re tu rn e d  to  th e  b o t to m  o f  th e  c u ltu re . T h is  w a s  a c h ie v e d  b y  a  p u m p , 

w h ic h  re s u lte d  in  th e  c ir c u la t io n  o f  th e  l ip id  an d  a ir  in  th e  w a s te w a te r . T h e  

m a jo r i t y  o f  th e  l ip id  in  th e  w a s te  s tre a m  w a s  tre a te d  in  th is  c ir c u la t io n  p h a se , w it h  

a  fu r th e r  r e d u c t io n  in  C O D  in  th e  a c t iv a te d  s lu d g e  ta n k . T h is  s y s te m  fa c i l i t a te d  the  

t re a tm e n t  o f  l ip id  w a s te w a te r  w it h o u t  th e  n e e d  fo r  p h y s ic a l  t re a tm e n t in  th e  w a te r. 

A  p i lo t - s c a le  a e ra t io n  ta n k , w it h  9  y e a s t  s tra in s , w a s  e m p lo y e d  fo r  th e
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p re tre a tm e n t o f  l ip id s  in  w a s te w a te r  f r o m  a s o y b e a n  o i l  fa c to r y  ( C h ig u s a  et al., 

1996 ). T h e  tre a te d  e f f lu e n t  u n d e rw e n t  a  f in a l  tre a tm en t in  an  a c t iv a te d  s lu d g e  ta n k  

p r io r  to  d is c h a rg e .

A  n o v e l  b io r e a c to r  w it h  a c t iv a te d  s lu d g e  w a s  d e s ig n e d  f o r  th e  re p la c e m e n t  fo r  

e x is t in g  t e c h n o lo g ie s ,  s u c h  as g re a se  tra p s , f o r  th e  tre a tm e n t o f  fa s t  fo o d  

re s ta u ra n t w a s te w a te r , th e re b y  e l im in a t in g  g rea se  d e p o s its  in  p ip e s  a n d  se w e rs  

and  m u n ic ip a l  w a s te w a te r  ( W a k e l in  a n d  F o rs te r , 1998). T h e  w e ir  ta n k  re a c to r  

c o n s is te d  o f  tw o  c h a m b e rs , a w e ir  a n d  a m a in  c h a m b e r , w it h  a b a f f le  to  sepa ra te  

th e m  w h ic h  fa c il it a te d  th e  c a s c a d e  o r  w e ir  e ffe c t. T h is  w a s  k e y  to  th e  s y s te m  as it  

p r o v id e d  su r fa c e  a e ra t io n  to  the  l iq u o r .  A  c ir c u la t io n  p u m p  e n su re d  th a t th e  l iq u o r  

w a s  c o m p le t e ly  m ix e d .  T h e  h ea t g e n e ra te d  f r o m  th e  p u m p  a id e d  in  the  

m a in te n a n c e  o f  th e  l iq u o r  te m p e ra tu re  at a p p ro x im a te ly  3 0 ° C . A  m o d if ie d  

s e q u e n c in g  b a tc h  re a c to r  ( S B R )  p ro c e s s  w a s  e m p lo y e d  f o r  th e  t re a tm e n t o f  

a b a t to ir  w a s te  w it h  a c t iv a te d  s lu d g e  (d e  V i l l i e r s  a n d  P re to r iu s ,  2 0 0 1 ) . T h e  s y s te m  

w a s  d e f in e d  as a n  S B R  p ro c e s s  w it h  an  e x te rn a l s e tt le r  to  c o l le c t  th e  b io m a s s  

p ro d u ce d . P r io r  to  e n try  in to  th e  S B R ,  th e  w a s te w a te r  w a s  p a s se d  th ro u g h  a sc re e n  

to  r e m o v e  la rg e  s o l id  w a s te s  f r o m  the  p ro c e s s in g  o f  th e  a n im a ls .  T h e  S B R  w a s  

s u p p lie d  w it h  a ir.

In  g e n e ra l,  h o w e v e r ,  in v e s t ig a t io n s  in to  l ip id  b io d é g ra d a t io n  h a v e  b e e n  p e r fo rm e d  

o n  la b o r a to r y  s c a le  in  sh a ke  f la s k s  o r  in  ae ra te d  b e n c h - to p  fe rm e n te rs  (O ta  and  

K u s h id a ,  1 988 ; D e F e l ic e  et al., 1 997 ; S c io l i  and  V o l la r o ,  1997 ; P a p a n ik o la o u  and  

A g g e l is ,  2 0 01  &  2 0 0 2 )  o r  in  s m a ll,  10 - 2 0  L  p i lo t - s c a le  b io re a c to r s  o r  fe rm e n te rs  

( K a js  an d  V a n d e r z a n t ,  1980 ; B e d n a r s k i et al., 1994 ; W a k e l in  a n d  F o rs te r ,  1997). 

F o r  fe rm e n te rs  w it h  a g ita t io n , R u s h to n  im p e lle r s  w e re  e m p lo y e d  in  th e se  

fe rm e n te rs . F e rm e n te rs ,  a lth o u g h  th e y  m a y  n o t  be  m o s t  s u ita b le  m e th o d  o f  s y s te m  

d e s ig n  f o r  la rg e - s c a le  o r  in d u s t r ia l  d e s ig n  o f  w a s te  l ip id  b io d é g ra d a t io n  in  

e c o n o m ic  te rm s , th e y  a re  a u s e fu l s y s te m  to  s tu d y  the  p ro c e s s  o f  l ip id  

b io d é g ra d a t io n .

I n it ia l  s tu d ie s , in  g e n e ra l,  b e g in  w it h  sh a ke  f la s k  c u ltu re s . S h a k e  f la s k s  f a c il it a te  

an  e x a m in a t io n  o f  th e  o rg a n is m  and  it s  a b i l i t y  to  g ro w  u n d e r  d if fe re n t
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e n v iro n m e n ta l c o n d it io n s  (p H , te m p e ra tu re , a n d  a g ita t io n )  an d  in d e e d  an y  

r e s t r ic t io n s  to  its  b io d e g ra d a t iv e  p ro p e r t ie s  u n d e r  b a tc h  c o n d it io n s .  A f t e r  

p r e l im in a r y  e x a m in a t io n  in  sh a ke  f la s k s ,  th e ir  c u lt iv a t io n  m a y  be  s c a le d -u p  an d  

e x a m in e d  in  fe rm e n te rs . C u ltu re s  c a n  be m o re  c lo s e ly  m o n ito r e d  in  fe rm e n te rs  

th a n  in  sh a ke  f la s k s ,  so  b e tte r  c o n t ro l o v e r  th e  p ro c e s s  is  p o s s ib le .  C u l t iv a t io n  in  a 

b e n c h - to p  fe rm e n te r  p e rm its  the  c o l le c t io n  o f  in f o rm a t io n  a b o u t o x y g e n  

re q u ire m e n ts  o f  th e  o rg a n ism , fo a m in g , a n y  l im it s  im p o s e d  b y  th e  fe rm e n te r  an d  

d e te rm in a t io n  o f  c o n d it io n s  o p t im a l f o r  a c t iv it y .  P i lo t - s c a le  s tu d ie s  e x a m in e  the  

re sp o n se  o f  c e l ls  to  s c a le -u p  (D o ra n , 1 995 ). I d e a lly ,  s c a le -u p  s h o u ld  b e  p e r fo rm e d  

so  th a t c o n d it io n s  in  th e  la rg e  v e s s e l a re  as c lo s e  as p o s s ib le  to  th o se  in  th e  s m a ll 

v e s s e l (D o ra n , 1995 ). In  b io lo g ic a l  e n g in e e r in g , th e  r u le  o f  th u m b  m e th o d  is  

c o m m o n ly  u s e d  as a s c a le -u p  p ro c e d u re  (H u r  an d  K im ,  1999).

In  s y s te m s  d e s ig n e d  fo r  su b s tra te  b io d é g ra d a t io n  p ro p e r t ie s  s u c h  as th e  p h y s ic a l 

n a tu re  o f  th e  su b s tra te  a n d  u lt im a t e ly  m ix in g  are  im p o r ta n t  (D o ra n , 1995 ; S o là  

a n d  G ô d ia ,  1995 ). F o r  m ix in g  to  b e  e f fe c t iv e ,  th e  m e d iu m , in c lu d in g  c e l ls  and  

su b s tra te , c ir c u la te d  b y  the  a g ita to r  m u s t  sw e e p  the  e n t ire  v e s s e l in  a re a so n a b le  

t im e  a n d  the  v e lo c i t y  o f  th e  f lu id  m u s t  be  s u f f ic ie n t  to  c a r r y  m a te r ia l in to  th e  m o s t  

re m o te  p a r ts  o f  th e  ta n k . T u rb u le n c e  m u s t  a ls o  b e  d e v e lo p e d  in  th e  f lu id  (D o ra n , 

19 95 ) . T h e  b a s is  o f  s c a le -u p  s h o u ld  be  the  p ro p e r ty  m o s t  c r i t ic a l  to  the  

p e r fo rm a n c e  o f  th e  b io p ro c e s s .  In  th e  ca se  o f  fa ts  a n d  l ip id s  th is  p ro p e r ty  is  

m ix in g  b e tw e e n  c e l ls  a n d  th e  su b stra te . E f f e c t iv e  m ix in g  is  r e q u ir e d  fo r  the  

fo rm a t io n  o f  a l ip id  e m u ls io n  to  fa c il it a te  e n z y m a t ic  h y d r o ly s is  and  the  

a s s im ila t io n  o f  th e  l ip id  (H u r  an d  K im ,  1999).

S c a le -u p  to  in d u s t r ia l  s c a le  o fte n  re su lt s  in  b o th  t e c h n ic a l a n d  e c o n o m ic  

c o m p ro m is e s  ( S o la  a n d  G ô d ia ,  1995 ). W h e n  d e v e lo p in g  a p ro c e s s , i t  is  n e v e r  

p o s s ib le  to  a c h ie v e  a p e r fe c t  a n t ic ip a t io n  o f  it s  in d u s t r ia l  p e r fo rm a n c e . O n e  

a p p ro a c h  to  im p r o v in g  the  d e s ig n  p ro c e d u re  is  to  u se  s c a le -d o w n  m e th o d s  (D o ra n ,

19 95 ) . T h e  g e n e ra l id e a  b e h in d  s c a le -d o w n  is  th a t s m a ll- s c a le  e x p e r im e n ts , to  

d e te rm in e  o p e ra t in g  p a ra m e te rs , a re  p e r fo rm e d  u n d e r  c o n d it io n s  th a t c a n  a c tu a lly  

be  r e a lis e d , b o th  p h y s ic a l ly  a n d  e c o n o m ic a l ly  at an  in d u s t r ia l  s ca le .
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1 .9  B y -p ro d u c t s  o f  lip id  b io d é g ra d a t io n

T h e  p ro c e s s in g  o f  s o l id  w a s te  a n d  w a s te  s tre a m s is  u s u a lly  n o t  d r iv e n  b y  

e c o n o m ic s ,  b u t  in s te a d  b y  r e g u la t io n s  a n d  p u b l ic  p re s su re . A s  r e g u la to r y  c o n tro ls  

a re  in c r e a s in g ly  t ig h te n e d , th e  c o s t  o f  p ro c e s s in g  w a s te s  in c re a se s . T h is  fo rc e s  

in d u s t r y  to  e x a m in e  the  e n t ire  p ro c e s s  an d  the  c o n s id e ra t io n  o f  th e  p r o d u c t io n  o f  

b y -p ro d u c ts  f r o m  w a s te  p ro c e s s in g . It m a y  be p o s s ib le  to  c o n v e r t  w a s te  s tre am s 

in to  v a lu a b le  p ro d u c t  b y  s im p le  s e p a ra t io n  an d  re c o v e ry ,  o r  b y  b io lo g ic a l  

c o n v e r s io n  (N a ja fp o u r  et al., 1994 ).

1 .9 .1  B io c o n v e r s io n  o f  fa ts

T h e  p o s s ib i l i t y  o f  c h a n g in g  th e  c o m p o s it io n  o f  w a s te  fa ts  a n d  th e ir  p ro p e r t ie s  w it h  

n o  n e e d  f o r  c h e m ic a l c a ta ly s ts , w h ic h  a re  d i f f ic u l t  to  re m o v e , is  th e  a d v a n ta g e  o f  

b io lo g ic a l  fa t  m o d if ic a t io n  ( B e d n a r s k i et al., 1994). I n d u s t r ia l ly  im p o r ta n t  

b io lo g ic a l  p ro c e s s e s  in c lu d e  h y d r o ly s is ,  e s te r if ic a t io n ,  in te r e s te r i f ic a t io n  and  

t ra n s e s te r if ic a t io n  (R a t le d g e , 1 987 ; K o r i t a la  et al., 1 987 ). A s  an  a lte rn a t iv e  to  

c o m p le te  o x id a t io n ,  th e  b io c o n v e r s io n  o f  lo n g  c h a in  fa t ty  a c id s  to  m o re  u s e fu l 

fa t t y  a c id s  h a s  b e e n  in v e s t ig a te d . Mucor circinelloides w a s  e m p lo y e d  to  c o n v e r t  

l in o le i c  a c id  f r o m  s u n f lo w e r  o i l  to  y - l in o le ic  a c id  ( G L A ) ,  an  a c id  o f  p a r t ic u la r  u se  

in  b o th  p h a rm a c e u t ic a l a n d  c o s m e t ic  in d u s t r ie s  ( A g g e l is  et al., 1 991 ). O x id a t io n  

o f  fa t t y  a c id s  to  g iv e  d ic a r b o x y l ic  a c id s  has b e en  e x p lo ite d  c o m m e r c ia l ly  o n  a 

s m a ll  s c a le  in  Ja p a n  (R a t le d g e , 1 9 92  &  1994). D ic a r b o x y l i c  a c id s  a re  e m p lo y e d  in  

th e  p r o d u c t io n  o f  p la s t ic is e r s ,  a d h e s iv e s  an d  in  th e  c o s m e t ic  in d u s t ry .

1 .9 .2  S in g le  c e l l  o i l

T h e  te rm  s in g le  c e l l  o i l  ( S C O )  w a s  c o in e d  (R a t le d g e , 1 9 7 6 ) a n d  c o n t in u e s  to  be  

u s e d  as a s l ig h t  e u p h e m is m  fo r  m ic r o b ia l  o i l  ( K y le  a n d  R a t le d g e , 1992 ; A g g e l is  

a n d  K o m a it is ,  1999 ). S C O  p ro d u c t io n  is  o f  p a r t ic u la r  in te re s t  d u e  to  th e  c a p a c ity  

o f  o le a g in o u s  m ic ro o rg a n is m s  ( m a in ly  y e a s ts  an d  m o u ld s )  to  c o n v e r t  n u m e ro u s  

r a w  m a te r ia ls  in to  v a lu e -a d d e d  e n d  p ro d u c ts  ( fa ts  an d  o i ls )  (R a t le d g e , 1994 ). T h e  

a d v a n ta g e s  o f  u s in g  y e a s t  as l ip id  p ro d u c e rs  a re  th a t ( 1) th e y  p ro d u c e  l ip id s  

s im i la r  to  v e g e ta b le  o i l s  a n d  fa ts , (2) th e y  g ro w  w e l l  o n  c h e a p  a g ro - in d u s t r ia l a n d
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f o o d  in d u s t r ia l  w a s te s , (3 ) th e ir  l ip id s  c a n  b e  p ro d u c e d  at a fa s te r  ra te  in  b u lk  in  

la rg e  c a p a c it y  re a c to rs  th a n  th e  u s u a l t im e - c o n s u m in g  a g r ic u lt u r a l p ra c t ic e s  and  

(4 ) m o s t  o f  th e  p o te n t ia l l ip id  p ro d u c e rs  an d  th e ir  p ro d u c ts  se em  to  b e  r e la t iv e ly  

n o n - t o x ic  to  h u m a n s  (Ja co b , 1993 ).

S u c c e s s fu l e x p lo it a t io n  o f  y e a s t  o i ls  is  d e p e n d e n t o n  v e r y  c a re fu l id e n t i f ic a t io n  o f  

m a rk e t  o p p o r tu n ity .  O f  the  v a r io u s  ta rg e ts  o f  S C O  th a t h a v e  b e en  c o n s id e re d , 

c o c o a - b u t te r - l ik e  o i l  h a s  b e en  id e n t i f ie d  as h a v in g  c o m m e rc ia l p o te n t ia l.  C o c o a  

b u tte r  e n jo y e d  a h ig h  m a rk e t  p r ic e ,  e s p e c ia l ly  in  the  m id  1 9 8 0 ’ s, w h ic h  m a d e  it  an  

a t t ra c t iv e  p r o p o s it io n  fo r  S C O  re se a rc h  g ro u p s  (M o re to n ,  1985 ; D a v ie s  et al., 

1990 ; Y k e m a  et al., 1990). M o r e  re c e n t ly ,  S C O  p ro d u c t io n  b y  Y. lipolytica 

c u lt iv a te d  o n  a n im a l d e r iv e d  fa ts  a n d  g ly c e r o l  as a p o te n t ia l c o c o a  bu tte r  

s u b s t itu te  h a s  b e en  in v e s t ig a te d  (P a p a n ik o la o u  et al., 2 0 0 1 , 2 0 0 2 a  &  2 0 0 3 ) . T h e  

a c c u m u la te d  l ip id  o f  Y. lipolytica c e l ls  c o m p r is e d  a h ig h  c o n c e n t ra t io n  o f  

sa tu ra te d  fa t ty  a c id s , s u c h  as s te a r ic  a c id ,  w h ic h  w a s  c o m p a ra b le  to  th e  sa tu ra te d  

fa t ty  a c id  c o n te n t  o f  c o c o a  bu tte r. T h e  p r o d u c t io n  o f  m ic r o b ia l  p o ly u n s a tu ra te d  

fa t ty  a c id s , w it h  h ig h  n u t r it io n a l v a lu e  s u c h  as e ic o s a p e n ta e n o ic  a n d  a ra c h id o n ic  

a c id s , h a s  a ls o  b e en  in v e s t ig a te d  (R a d w a n , 1991; S h ir a s a k a  a n d  S h im iz u ,  1995; 

C h e n g  et al., 1 999 ). H o w e v e r ,  as fe rm e n ta t io n  is  an  e x p e n s iv e  p ro c e s s , it  is  

p e rh a p s  n o t  s u rp r is in g  th a t at p re se n t th e re  is  n o  la rg e -s c a le  p ro c e s s  f o r  th e  

p r o d u c t io n  o f  y e a s t  fa t  a n d  o il .

1 .9 .3  S in g le  c e l l  p r o t e in

In  th e  p a s t  2 5  y e a rs , in te n s iv e  re se a rch  h a s  b e e n  c o n d u c te d  to  f in d  an d  d e v e lo p  

c h e a p e r  s o u rc e s  o f  p r o te in  to  a l le v ia te  th e  a n t ic ip a te d  w o r ld w id e  p ro b le m  

c o n c e rn in g  th e  s u p p ly  o f  fo o d  p ro te in . T h e  c o n s u m p t io n  o f  m ic r o b ia l  p ro te in , 

c o m m o n ly  re fe r re d  to  as s in g le  c e l l  p ro te in  ( S C P ) ,  c o u ld  b e  an  im p o r ta n t  

a lte rn a t iv e  to  p re v e n t  p ro te in  e n e rg e t ic  m a ln u t r it io n  in  d e v e lo p in g  c o u n t r ie s  

( K o n la n i  et al., 1 9 96 ) . H o w e v e r ,  a n im a l fe ed stu ff 's  c o m p r is e  a h ig h  p ro te in  

c o n te n t  a n d  the  p o te n t ia l o f  S C P  as a n im a l fe e d  w o u ld  in c re a s e  p ro te in  

a v a i la b i l i t y  f o r  h u m a n  c o n su m p t io n . W a s l ie n  an d  S te in k ra u s  (1 9 8 0 )  

re c o m m e n d e d  fe e d in g  m ic r o b ia l  c e l ls  to  a n im a ls  th e re b y  r e le a s in g  fo r  h u m a n  

c o n s u m p t io n  th e  c e re a l g ra in s  a n d  le g u m e s . T e s t in g  o f  S C P  p ro d u c ts  o n  p ig s  and
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c h ic k e n s  ( G ie c  a n d  S k u p in ,  1988 ) su g g e s te d  th a t S C P  c o u ld  re p la c e  10 - 2 0 %  o f  

th e  p r o te in  in  fo o d s tu f fs .

S C P  is  th e  m a n u fa c tu re  o f  c e l l  m a s s  u s in g  m ic ro o rg a n is m s ,  t y p ic a l ly  fu n g i,  b y  

c u ltu r in g  o n  a b u n d a n t ly  a v a ila b le  a g r ic u ltu r a l a n d  in d u s t r ia l  w a s te s . A f t e r  

fe rm e n ta t io n , b io m a s s  is  h a rv e s te d  a n d  m a y  b e  su b je c te d  to  d o w n s tre a m  

p ro c e s s in g  s tep s l ik e  w a sh in g ,  c e l l  d is r u p t io n ,  p ro te in  e x t r a c t io n  an d  p u r i f ic a t io n  

(F a u s t , 1987 ). C o n s id e ra t io n s  fo r  c o m m e rc ia l o p e ra t io n  in c lu d e  c u ltu re  

c o n d it io n s ,  p re tre a tm e n t o f  su b s tra te s , n u t r ie n t  s u p p le m e n ta t io n  and  ty p e  o f  

fe rm e n ta t io n  p ro c e s s  (A n u p a m a  a n d  R a v in d r a ,  2 0 0 0 ) . A l s o  S C P ,  b e in g  a n o v e l 

p ro d u c t ,  d e m a n d s  e x te n s iv e  s a n ita t io n  a n d  p u r i f ic a t io n  p ro c e s s e s  b e fo re  th e  f in a l  

p r o d u c t  is  c le a re d  fo r  c o n s u m p t io n  as p e r  q u a li t y  c o n tro l s ta n d a rd s . T h e  U S  F o o d  

a n d  D ru g  A d m in is t r a t io n  an d  th e  P r o te in  E v a lu a t io n  G ro u p  o f  th e  U n it e d  N a t io n s  

h a v e  d e v e lo p e d  g u id e lin e s  f o r  th e  s a fe ty  e v a lu a t io n  o f  S C P  p ro d u c ts  in  h u m a n s  

a n d  d o m e s t ic  l iv e s t o c k  ( L it c h f ie ld ,  1985 ).

P r o te in  c o n te n t  o f  y e a s t  b io m a s s  ra n g e s  b e tw e e n  3 0  to  7 0 %  o f  th e  c e l l  w e ig h t  

( A n u p a m a  a n d  R a v in d r a ,  2 0 0 0 ) . C u l t iv a t io n  o f  y e a s t  on  l ip id  w a s te  ( J a c o b , 1993; 

de  V i l l i e r s  an d  P re to r iu s ,  2 0 0 1 )  an d  c ru d e  o i l  w a s te s  ( A s h y  an d  A b o u - Z e id ,  1982 ) 

p ro d u c e d  S C P  as a  b y -p ro d u c t  o f  th e  w a s te  t re a tm e n t p ro c e s s  at la b o ra to r y  and  

p i lo t - s c a le .  C o m m e r c ia l  o p e ra t io n s  w e re  d e v e lo p e d  a c ro s s  E u ro p e  in  th e  1 9 7 0 ’ s 

w it h  s u c c e s s fu l p r o d u c t io n  o f  S C P  w it h  Yarrowia lipolytica f r o m  w a s te  a lk a n e s , 

a lth o u g h  n o n e  a re  c u r re n t ly  in  o p e ra t io n  (R a t le d g e , 1 994 ). T h e  s im i la r i t y  in  

m e c h a n is m s  o f  g ro w th  o f  y e a s ts  o n  a lk a n e s  an d  fa tty  a c id s  (R a t le d g e , 1987 ) 

w o u ld  in d ic a te  th e  p o te n t ia l o f  c o m m e rc ia l S C P  p r o d u c t io n  o n  l ip id  w a ste s . T h is  

p o te n t ia l is  u n d e r lin e d  b y  a  f in a n c ia l  f e a s ib i l i t y  s tu d y  o n  S C P  p r o d u c t io n  f r o m  

s la u g h te rh o u s e  w a s te  w h ic h  in d ic a te d  th a t i t  w o u ld  be  a  p r o f it a b le  p ro c e s s  (de 

V i l l i e r s  a n d  P re to r iu s ,  2 0 0 1 ) . A l t h o u g h  in  th is  s tu d y , a c t iv a te d  s lu d g e  w a s  

e m p lo y e d  fo r  b io d é g ra d a t io n  o f  th e  w a s te  a n d  S C P  p ro d u c t io n ,  a  s im i la r  p ro c e s s  

m a y  b e  d e v e lo p e d  w it h  yeast.
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1 .9 .4  B io su r fa c ta n t  p ro d u ctio n

L ip id s ,  in c lu d in g  w a s te  o i l s  a n d  a n im a l fa ts  h a v e  b e e n  e m p lo y e d  fo r  the  

p r o d u c t io n  o f  b io s u r fa c ta n ts  (M e rc a d e  et ah, 1 993 ; D e sp h a n d e  a n d  D a n ie ls ,  1995 ; 

M e r c a d e  el ah, 1996 ; H a b a  el ah, 2 0 0 0 ) . B io s u r fa c ta n t s  h a v e  g a in e d  g r o w in g  

in te re s t  d u e  to  th e ir  u n iq u e  a p p lic a t io n s  in  th e  p h a rm a c e u t ic a ls ,  c o sm e t ic s ,  fo o d  

p ro c e s s in g  a n d  p e tro le u m  in d u s t r ie s  (H u  an d  Ju , 2 0 0 1 ) . O v e r  th e ir  s y n th e t ic  

c o u n te rp a r ts , b io s u r fa c ta n ts  as a g ro u p  o f f e r  so m e  d is t in c t  a d van ta g e s : s p e c if ic it y ,  

b io d e g r a d a b i l it y ,  n o n to x ic t y  an d  a b ro a d  ra n g e  o f  s tru c tu re s  (F ie c h te r ,  1992).

T h e  fo c u s  o f  m a n y  c o m m e rc ia l a p p lic a t io n s  o f  b io s u r fa c ta n ts  is  in  o i l  and  

h y d ro c a rb o n  b io r e m e d ia t io n .  R h a m n o l ip id  f r o m  Pseudomonas aeruginosa has  

r e m o v e d  s u b s ta n t ia l q u a n t it ie s  o f  o i l  f r o m  c o n ta m in a te d  A la s k a n  g ra v e l f r o m  the  

E x x o n  V a ld e z  o i l  s p i l l  ( H a r v e y  et ah, 1 990 ). M u lt i- b io t e c h ,  a  s u b s id ia r y  o f  

G e o d y n e  T e c h n o lo g y  ( U S A ) ,  h a s  c o m m e r c ia l is e d  b io s u r fa c ta n ts ,  in c lu d in g  th o se  

f r o m  Bacillus sp . f o r  e n h a n ce d  o i l  r e c o v e r y  (D e s a i and  B a n a t , 1 997 ). In  m a n y  

c a se s  th e  b io  su r fa c ta n ts  p ro d u c e d  f r o m  c u lt iv a t io n  o n  l ip id s  a n d  h y d ro c a rb o n s  

w e re  n o t  c o m p e t it iv e  a g a in s t  so m e  c o m m e rc ia l d e te rg e n ts  su ch  as la u r y l  su lfa te s . 

N e v e r th e le s s ,  th e y  m a y  b e  c o m p e t it iv e  a g a in s t  o th e r  c o m m e rc ia l su rfa c ta n ts , 

in c lu d in g  th o se  in v o lv e d  in  th e  fo o d  in d u s t r y  an d  c o s m e t ic  s u r fa c ta n ts  

(D e sp h a n d e  an d  D a n ie ls ,  1995 ; M u r ie l  et ah, 1 996 ). S o p h o ro l ip id  is  c o m m e r c ia l ly  

u s e d  b y  K a o  C o .  L td .  (Ja p a n ) as a h u m e c ta n t  f o r  c o s m e t ic  m a k e u p  a n d  f in d s  

a p p lic a t io n  in  l ip s t ic k ,  m o is tu r is e r  a n d  h a ir  p ro d u c ts  (D e s a i a n d  B a n a t ,  1997 ). A  

n o v e l b io s u r fa c ta n t  f r o m  Candida utilis h a s  s h o w n  p o te n t ia l in  s a la d  d re s s in g  

( S h e p o rd  et ah, 1 995 ). M a n y  b io s u r fa c ta n ts  a n d  th e ir  p r o d u c t io n  p ro c e d u re s  h a v e  

b e en  p a te n te d , b u t  so  fa r  o n ly  a f e w  h a v e  b e e n  c o m m e rc ia lis e d .  T h e  e c o n o m ic  

l im it a t io n  o n  c o m m e r c ia l b io s u r fa c ta n t  p r o d u c t io n  ca n  b e  o v e rc o m e  th ro u g h  the  

d e v e lo p m e n t  o f  c h e a p e r  p ro ce ss e s , th e  u se  o f  lo w - c o s t  r a w  m a te r ia ls  a n d  

in c re a s e d  p ro d u c t  y ie ld s  th ro u g h  su p e ra c t iv e  m u ta n ts  a n d  g e n e t ic a l ly  e n g in e e re d  

b a c te r ia  (D e s a i a n d  B a n a t ,  1997).

50



1 .10  A im s o f th e  P r o je c t

G iv e n  th e  p a r t ic u la r  p ro b le m s  a s s o c ia te d  w ith  the  d is p o s a l o f  h a rd  fa ts  g e n e ra te d

by  th e  fo o d  in d u s t r y ,  it  w a s  o f  in te re s t to  d e v e lo p  a m ic r o b ia l  s y s te m  to  tre a t w a s te

s tre a m s  c o n ta in in g  t a llo w .  T h e  a im s  o f  th e  p ro je c t  w e re :

•  T o  id e n t ify  y e a s t  s p e c ie s  is o la te d  fro m  th e  w a s te w a te r  t re a tm e n t p la n t  o f  a 

c o m m e rc ia l r e n d e r in g  o p e ra t io n .

•  T o  se le c t  a y e a s t w it h  a  s u p e r io r  a b i l i t y  to  d e g ra d e  t a l lo w  fo r  fu r th e r  s tu d y .

•  T o  o p t im is e  the  g ro w th  c o n d it io n s  fo r  the  y ea s t o n  t a l lo w  in  sh a ke  f la s k  

c u ltu re .

• T o  in v e s t ig a te  th e  s c a le -u p  o f  the  c u lt iv a t io n  o f  the y e a s t  on  t a l lo w  u s in g  2  L  

a n d  10 L  fe rm e n te rs .

• T o  d e te rm in e  th e  p o te n t ia l o f  th e  y e a s t b io m a s s  as a b y -p ro d u c t  o f  th e  

fe rm e n ta t io n .
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M E T H O D S



2.1 Materials

2.1.1 Yeast isolates

T h e yeast cu ltures used  in this study w e re  p re v io u sly  iso lated  in  the laboratory  

from  a  w aste treatm ent system  at a  com m ercia l rendering operation , D u b lin  

Produ cts L td ., D u n lav in , C o. W ic k lo w , Irelan d  and from  un sterilised  ta llo w  from  

the sam e operation  (F lem in g , 20 0 2). T h e iso lates w ere  assign ed  a  code begin n in g  

w ith  N F , w h ich  referred  to the n on -filam en tous appearance o f  the iso lates on so lid  

m edium . A  list o f  the organ ism s is d etailed  in T a b le  2 . 1 .  T h e cod e o f  the iso late  is 

noted together w ith  the sou rce and the ag ar em p lo yed  in  its isolation .

Table 2.1: So u rce  and cod e o f  the y east  isolates.

Isolate Code Source Isolation agar
N F  9 W astew ater N utrient

N F  10 W astew ater N utrient

N F  1 2 W astew ater N utrient

N F  2 7 N on -sterile  ta llo w N utrient

N F  3 2  A A ctivated  slu d ge O live  oil

N F  3 2  B A ctivated  sludge O liv e  oil

N F  48 A ctivated  slu d ge N utrient

N F  5 1 N on -sterile  ta llo w O live  oil

N F  5 2 A ctivated  slu d ge O live  oil

N F C N on -sterile  ta llo w O live  oil

2.1.2 Source o f chemicals and materials

C h em ica ls  and v a rio u s m edium  com ponents w e re  obtained fro m  a  num ber o f  

sou rces in clu d in g  B D H , L a b S c a n , O xo id , R e id e l-d e-H aen  and S ig m a-A ld rich . 

M ix e d  ta llo w  w a s  obtained from  D u b lin  P roducts L td ., D u n lav in , C o . W ick lo w , 

Ireland.
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2.1.3 Media

B a c te r io lo g ic a l agar, m alt extract agar and both, nutrient broth and p u rified  agar 

w ere  a ll obtained from  O xo id  and w e re  au to claved  at 1 2 1  °C  fo r  1 5  m in , excep t in 

the case  o f  m alt extract agar and broth, w h ich  w ere  au to claved  at 1 1 5 ° C  for 10  

m in.

M inim al medium

T h e ingred ients o f  the m ediu m  w ere  adapted from  Sh ik o k u -C h em  (19 9 4 )  and 

w ere  com b ined  in d istilled  w ater and the pH  adjusted to 7 .0  w ith  2  M  H C 1. F o r 

b u ffered  m in im al m edium , the com ponents w ere  d isso lved  in the resp ective  b u ffer 

p rio r to sterilisation .

C om ponent g L

(N H 4)2S 0 4 2.0

k 2h p o 4 0.9

M g S 0 4.7H 20 0.2

Y e a s t  extract 0 .1

C a C l2.2H 20 0 .05

F e S 0 4.7H 20 0.02

N utrient broth

T h e nutrient broth w as prepared  in  accordan ce w ith  the m an u factu rer ’ s 

instructions. 10  m l aliquots o f  the broth w ere  d ispensed  into g lass  u n iversa ls  prior 

to sterilisation  b y  au to clav in g  at 1 2 1  ° C  fo r 1 5  m in.

O live oil agar

T h e ag ar w a s  com p osed  o f  the com ponents o f  the m in im al m edium , as outlined, 

w h ich  w ere  d isso lved  in 0 .1  M  p otassiu m  phosphate bu ffer, pH  7 .0 . T o  this, 2 %  

(w /v) o liv e  oil and 2 %  (w /v) b acte rio lo g ica l agar w ere  added. T h e agar w as 

d isso lv e d  in  the m edium  b y  heating and sterilised  b y  au to clav in g  at 1 2 1  °C  fo r 1 5  

m in. A p p ro x im a te ly  2 0  m l aliquots o f  the agar w ere  d ispen sed  into Petri d ishes 

w ith  constant sw irlin g  o f  the m ediu m  to ensure an even  d isp ersion  o f  the o liv e  oil.

53



Olive oil broth

T h e broth com prised  the com ponents o f  the m in im al m ediu m  d isso lv e d  in  0 .1  M  

p otassiu m  phosphate b u ffer, p H  7 .0 . O liv e  o il (0 .2  g) w a s  added to 20  m l g lass 

u n iversa ls  into w h ich  10  m l aliquots o f  the m edium  w a s  dispensed. T h e u n iversa ls 

w ere  sterilised  b y  au to clav in g  at 1 2 1 ° C  fo r 1 5  m in.

2.1.4 Buffers

Citrate phosphate buffer

0 .1  M  citrate phosphate b u ffe r , 10 0  m l, w as  prepared at a ran ge o f  p H s (3 .0  -  8.0). 

b y  the addition o f  x  m l o f  0 .2  M  N a 2H P 04  to ( 10 0  -  x)  m l o f  0 .1  M  citrate.

p H  3 .0  4 .0  5 .0  6 .0  7 .0  8.0

x  ml 8 1 . 1  6 1 .9  4 9 .0  3 7 .5  17 .8  2.8

Potassium phosphate buffer

0 .1  M  p o tassiu m  phosphate b u ffer, 10 0  m l, w as  prepared  b y  the addition  o f  30  m l 

o f  0 .2  M  K O H  to 50  m l 0 .2  M  K H 2P O 4 w ith  vo lu m e correction  to 10 0  m l w ith 

d istilled  w ater.

In creased  concentrations o f  p otassiu m  phosphate b u ffer, 0 .1  -  1 .0  M , w ere 

prepared  at pH  7 .0  w ith  the v o lu m es indicated  ab o ve  but at increased  

concentrations o f  K O H  and K H 2P O 4.

C oncentrations o f  b u ffe r  and com ponents (M )

buffer K O H KH2PO4

0.1 0.2 0.2

0.2 0.4 0.4

0 .3 0.6 0.6

0.5 1 .0 1.0

1.0 2.0 2.0
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Sodium phosphate buffer, Na2HP 0 4 -NaH 2P (> 4

0 .1 M  sod ium  phosphate b u ffer, pH  7 .0 , w a s  prepared  b y  the equal additions o f  6 1  

m l o f  0 .2  M  N a 2HPC>4 and 0 .2  M  N aH 2PC>4, and the resu lting vo lu m e w as 

corrected  to 200  m l w ith  d istilled  w ater.

Sodium phosphate buffer, N a0 H-NaH 2 P 0 4

0 .1  M  sod iu m  phosphate bu ffer, pH  7 .0 , w a s  prepared  b y  the addition o f  30  m l 0 .2 

M  N aO H  to 50  m l 0 .2  M  N aH 2P 04  and the resu lting vo lu m e w a s  corrected  to 10 0  

m l w ith  d istilled  w ater.

Sodium phosphate buffer (inoculum preparation)

S o d iu m  phosphate b u ffe r  (0 .0 1 M ) w a s  prepared  b y  d isso lv in g  N a 2H PC>4 (0 .0 1 M ) 

and N aH 2PC>4 (0 .0 1 M ) in d istilled  w ater. T he pH  o f  the resu ltin g  so lu tion  w as 

ad justed  to pH  7 .0  w ith  2  M  N aO H .

2.1.5 Stains

C ry sta l v io le t  ( 0 .0 1%  w /v), m alach ite  green  (5 .0  %  w /v) and safran in  (0 .5 %  w /v) 

w ere  prepared  in d istilled  w ater to the required  strength.

M eth y len e  blue (0 .0 1%  w /v) w as  prepared  b y  d isso lv in g  m ethylen e b lue (0 .0  lg )  

together w ith  tri-sod iu m  citrate ( 1 .0  g) in  10  m l o f  d istilled  w ater. A  further 60 - 

7 0  m l o f  w ater w as added and the solution  w as th orou gh ly  m ixed  and filtered  

through W hatm an n o .l  filter paper (to rem ove any u n d isso lved  so lid s). T h e 

v o lu m e w as  corrected  to 100  m l w ith  d istilled  w ater.
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2.2 Methods

2.2.1 Identification of yeast isolates

2.2.1.1 Tests used in yeast identification

A ll  m ethods w ere in  accordan ce w ith  van  der W alt and Y a rro w  ( 19 8 4 )  un less 

oth erw ise  stated.

Ascospore test

T h e test y e ast  w as brough t to a  stage o f  active  grow th  on m alt extract agar fo r 2  

d ays at 2 5 °C . T h is p late w a s  then used to inocu late a  fresh  m alt extract agar plate 

w h ich  w a s  incubated at 2 5 ° C  fo r 3 d ays. A  slid e  preparation  o f  the yeast w as  

m ade, and heat fixed . T h e  slid e  w a s  flo o d ed  w ith  5 %  (w /v) aqueous m alach ite 

green  fo r  60 seconds, and heated to steam ing 4 tim es. T he e x c e ss  stain w a s  rinsed  

o f f  w ith  w ater and the s lid e  w a s  counterstained w ith  0 .5 %  (w /v) aqueous safran in  

fo r 30  seconds. T he slid e  w a s  blotted d ry  and o b served  under x 4 0  m agnification . 

T h e asco sp ores stained b lu e-green  and the v eg eta tive  ce lls  red.

Carbon assimilation

C arb o n  addition

S m a ll am ounts o f  test carb on  com pound, 1 -  2  m g, w ere  deposited  at e v e n ly  

spaced  sites on the carbon  assim ilatio n  agar w ith  a sterile  spatula. T h e addition 

sites w ere  m arked acc o rd in g ly  on the b ase  o f  the Petri d ish  in perm anent m arker. 

T h e  19  carbon  com pounds tested inclu ded  ga lacto se , sucrose, m alto se , ce llo b io se , 

treh alose , lactose , ra ffin o se , so lub le  starch, x y lo se , ga lactito l, arabinose, rib ito l, 

rham nose, erithritol, rib o se , m anitol, su ccin ic  acid , citric ac id  and inosito l. E ach  

carb on  test com pound w a s  assessed  in triplicate. T h e p lates w ere  incubated at 

2 5 ° C  lid -sid e  dow n.

O b servation  o f  assim ilatio n

R e su lts  w ere  o b served  a fter 2  d ays and con firm ed  after 3 days. R esp o n se  to the 

assim ila tio n  o f  the carb on  com pounds w as determ ined to be: 

v  =  strong u tilisation , +  =  rap id  utilisation , + s  =  s lo w  or latent utilisation , -  =  no 

utilisatio n  and + / -  or - / + s  =  in co n clu sive  utilisation.
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C arb o n  assim ilatio n  m edium

2 0  m l aliquots o f  sterile m olten p u rified  agar w ere  poured into Petri d ishes 

contain ing one drop o f  sterile y east  extract (2 0 %  w /v) and 2  m l o f  yeast 

suspension . T h e liq u id  w as th orou gh ly  m ixed  and a llo w ed  to set. A fter  

so lid ificatio n  the p late w a s  kept, lid  side up, at 2 5 °C  fo r a  fe w  hours to obtain a 

dry  agar surface.

20%  (w /v) yeast ex tract

Y e a s t  extract (20  g) w as  d isso lved  in 10 0  m l o f  d istilled  w ater, filter sterilised  and 

1 0  m l aliquots w ere  d ispensed  into sterile  p lastic  u n iversa ls. T he u n iversa ls w ere 

stored at 4 °C .

Y e a s t  suspension

T h e yeast iso lates w ere  brought to a  stage o f  active  gro w th  on m alt extract agar 

fo r  2  d ays at 2 5 °C . A  y east  suspen sion  w as  prepared from  the m ix in g  o f  a  loopful 

o f  culture into 5 m l o f  sterile w ater.

C ell m orphology

A  co lo n y  from  an ac t iv e ly  g ro w in g  m alt extract plate w a s  used to inoculate 30  ml 

o f  sterile  m alt extract broth in  10 0  m l cotton p lu gged  E rlen m eyer flask . A fte r  3 

days incubation  at 2 5 ° C  the culture w a s  exam in ed  m icro sco p ica lly . T h e culture 

w as exam in ed  ag ain  after 2  w eek s. O bservation s w ere  m ade on ce ll size , shape 

and m ethod o f  reproduction. Im ages o f  the yeast ce lls  w ere  taken  w ith  an im age 

a n a ly s is  system  connected  to an O lym p u s m icro sco p e  under x 4 0  m agn ificatio n  

w ith  an O ptim as p a ck a g e  (V ers io n  6 .5 , O ptim as C orporation).

Colony m orphology

T h e test ye a st  w as  g ro w n  on m alt extract agar, as outlined  in the asco sp ore  test. 

T h e co lo n y  m o rp h o lo g y  w a s  exam in ed  after 7  d ays w ith  a  stereom icroscope 

(N iko n ) and p ictu res o f  the p lates w ere  taken w ith  a d ig ita l cam era (N ikon) and a 

Q V -lin k  p ack a ge  (V ersio n  2 .6 E , C asio ). O bservation s w ere  m ade on co lon y  

co lou r, texture, su rface , fo rm , e levation  and m argin.
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Cycloheximide resistance

In ocu lu m  preparation

T he y east  w a s  brought to a state o f  active  grow th b y  tran sferra l tw ice  onto m alt 

extract agar and grow n  at 2 5 °C  o ver 2 -d a y  in terva ls. A  loopfu l o f  the culture w as 

added to 3 m l o f  sterile  w ater in  a  test-tube. %  m m  p ara lle l lines w ere  d raw n  onto 

a p iece  o f  w h ite  card board  in Indian ink. T h e inocu lu m  w as  diluted w ith  sterile 

w ater until the lin es w ere  v is ib le  as dark lines through the test tube.

In ocu lation  o f  cy c lo h ex im id e  m edium

A  50  (j.1 aliquot o f  the inoculum  w as added to the cy c lo h ex im id e  m ediu m  ( 10 0  and 

10 0 0  ppm ). T h e tubes w e re  m ixed  and incubated at 2 5 °C  at 15 0  rpm  fo r 3 w eek s. 

O bservation  o f  grow th

G ro w th  w as  o b served  on days 7 , 14  and 2 1 .  T h e tubes w ere  th orou gh ly  m ixe d  to 

d isp erse  yeast grow th  and v iew ed  again st the w hite cardboard w ith  lin es draw n  in 

Indian  ink. W here the grow th in the tubes co m p lete ly  ob literated  the lines, it w as 

recorded  as 3 + ; i f  the lin es appeared as d iffu se  bands, the grow th  w as rated as 2 + ; 

i f  the bands w ere  d istin guishab le  as such but had indistinct ed ges, it w a s  recorded  

as 1 + ; w h ile  the ab sen ce o f  grow th is indicated as

A  2 +  or a  3 +  read in g  on the 7 th d ay  o f  incubation  w as scored  as p o sitive  

(+). I f  a 2 +  or a 3 +  reading w a s  d e layed  until the 14 th or 2 1 st day, the 

read in g  w a s  sco red  as s lo w  (+s). A  1 +  read ing after 7  d ays w as  also  

determ ined to be s lo w  (+s).

C y c lo h e x im id e  b asal m ediu m

0.1  g  (fo r 10 0  ppm ) or 1 .0  g  (fo r 1000  ppm ) o f  c y c lo h e x im id e  w as d isso lv e d  in

2 .5  m l acetone. T h e acetone solution  w a s  added to 6 .7  g yeast n itrogen  b ase  and 

10  g g lu co se  in  10 0  m l w ater. T he m ixture w as th orough ly  m ixe d  and filter 

sterilised . In  preparation  for u se , 0 .5  m l aliquots o f  the concentrated m edium  w ere  

added into 4 .5  m l sterile w ater in  test tubes.

Diazonium Blue B (DBB) colour test

T h is  test w as  carried  out in accordan ce w ith  B arn ett et al. ( 19 8 3 ) .

A  m alt extract ag ar p late  w as  ligh tly  inoculated  w ith  the yeast and incubated fo r 7

d ays at 2 5 °C . T he p la tes w ere  then incubated at 5 5 °C  fo r severa l hours and
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flo o d ed  w ith  ice-co ld  D iazon ium  B lu e  B  reagent. I f  the culture turned dark red 

w ith in  2  m in, this w as  recorded  as a  p o sitiv e  result.

D iazo n iu m  B lu e  B  reagent

T h e reagen t w as prepared  fre sh ly  b y  d isso lv in g  1 5  m g o f  D iazon iu m  B lu e  B  salt 

in 15  m l ch illed  0 .2 5  M  T ris  b u ffer, pH  7 .0 . T h e reagent w as kept in an ice bath 

and used w ith in  30  m in. I f  the reagent turned dark y e llo w , it w a s  d iscarded and a 

fresh  reagen t w as  prepared.

Fermentation o f carbohydrates

In ocu latio n  o f  ferm entation m edium

1 m l aliquots o f  the sterile  test sugars w ere  added to the tubes o f  ferm entation  

m ediu m  asep tica lly . T h e m edium  w as inocu lated  w ith  0 .1  m l o f  a  ye a st  

suspension . T he tubes w ere  incubated at 2 5 ° C  and o b served  o v er a 14 -d a y  period. 

O b servation  o f  ferm entation

T h e tubes w ere  shaken  re g u la rly  and ob servatio n s on production  o f  gas in  the 

D urham  tubes and fo r ch an ge in  the ind icator co lour w ere  m ade. T h e ferm entation  

rating w a s  dependent on the tim e required  for the form ation  o f  gas as:

+  strong, w ith  gas fillin g  the D urham  tube w ith in  1 - 3 days

+ w  w eak , w ith  the D urham  o n ly  p artia lly  filled

+ v w  v e ry  w eak , w ith  o n ly  a  bu bble form ed  inside the D urham  tube

+ s  s lo w  or d e layed , but w ith  gas fill in g  the D u rh am  tube

absent 

Y e a s t  suspension

A  lo o p fu l o f  y east  co lo n y  from  a 48 hour m alt extract agar p late w as m ix e d  w ith

4 .5  m l o f  sterile  d istilled  w ater.

Ferm en tation  b asa l m edium

4 .5  g  y east  extract together w ith  7 .5  g  peptone w a s  d isso lved  in 1 L  d istilled  

w ater. B ro m o th ym o l b lue  w as added until a  dense green  colou r resulted. 2  m l 

aliqu ots w ere  added to test-tubes contain ing in verted  D urham  tubes. T he test- 

tubes w ere  sterilised  b y  au to clav in g  at 1 2 1  °C  fo r 1 5  m in.
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Preparation  o f  sugars

6%  (w /v) aqueous solutions o f  the test su gars: g lu co se , ga lacto se , sucro se, m altose 

and lactose and a 1 2 %  (w /v) so lution  o f  ra ffm o se  w ere prepared  and filter 

sterilised . The sterile  solutions w ere kept re frigerated  until use.

Growth at 37 °C

T h e test yeast w a s  streaked onto a m alt extract agar p late and incubated at 3 7 ° C  

fo r 2  d ays. In  the case  o f  w eak  grow th , a subculture w as m ade and incubated  fo r 2 

days at 3 7 ° C , w h ere  the resu lts o f  the latter test w ere  taken as d ec is ive .

Growth in 10% sodium chloride-5 % glucose medium

In ocu lu m  preparation

T h e y east  w a s  brought to a state o f  active  grow th  b y  transferral tw ice  onto m alt 

extract agar and grow n  at 2 5 °C  o v er 2 -d a y  in tervals. A  loop fu l o f  the culture w as 

p laced  into 3 m l o f  sterile  w ater in  a  test-tube. % m m  p ara lle l lin es w ere  draw n 

onto a p iece  o f  w hite cardboard in  In d ian  ink. T he inocu lum  w a s  diluted w ith  

sterile  w ater until the lines w ere v is ib le  as dark lines through the test tube. 

In ocu lation  o f  the m edium

Y e a s t  in ocu lu m  (0 .1 m l) w as  added to tubes contain ing 10 %  sodium  ch lorid e - 5 %  

g lu co se  m ediu m . T h e tubes w ere  incubated at 2 5 °C  and 15 0  rpm  fo r 2 1  days. 

O bservation  o f  grow th

G row th  w as  assessed  on  day 7  and 2 1 .  T he tubes w ere th orou gh ly  m ixe d  to 

d isp erse  yeast grow th  and v iew ed  again st the w hite cardboard  w ith  lin es draw n in 

Indian  ink. A fte r  7  d ays , w h ere grow th  com p lete ly  obliterated the lines, it w as  

reco rd ed  as 3 +  and grow th  determ ined to be v igo ro u s (v); i f  the lines appeared  as 

d iffu se  band s, it w a s  recorded  as 2 +  and ce ll grow th w as regarded  as go od  (+ ); i f  

the bands w e re  d istin gu ish ab le  as such but had indistinct ed ges, it w as  recorded  as 

1 +  ; w h ile  the absence o f  grow th w as indicated  as n egative  ( - ) .

A  n ega tive  or 1 +  reaction  after 7  d ays fo llo w e d  b y  a 2 +  or 3 +  reaction  after 2 1  

d ays w a s  regard ed  as s lo w  (+s).

10 %  sod iu m  ch lo rid e -5 %  g lu co se  m edium

5 g g lu co se  and 10  g sod iu m  chloride w ere  d isso lved  in  10 0  m l d istilled  w ater. 4 .5 

m l a liqu ots w ere  d ispen sed  into test tubes and sterilised  b y  au to c lav in g  at 1 2 1 ° C
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fo r 1 5  m in . W hen coo l, 0 .5m l o f  a  filter-sterilised  solution  o f  6 .7 %  (w /v) yeast 

n itrogen b ase  (S ig m a ) w a s  added to each  tube and the contents w e re  th orou gh ly  

m ixed .

Growth in 50% glucose-yeast extract medium

T h e 5 0 %  g lu co se-yea st extract agar slants w ere  ligh tly  inoculated  fro m  an activ e ly  

g ro w in g  culture and incubated at 2 5 °C  fo r 5 days. G row th  w a s  o b served  as 

v igo ro u s (v), go o d  (+ ), s lo w  (+s) or n egative  ( - ) .

5 0 %  g lu co se-yeast extract m edium

A  P/o (v/v) solution  o f  yeast extract w as  prepared in 50  m l d istilled  water, 

G lu co se  (50  g) w as  d isso lved  in the so lution  and the final vo lu m e w as ad justed  to 

10 0  m l. B a c te r io lo g ic a l agar (3 %  w /v) w a s  added to the so lution  and d isso lv e d  by 

heating. 5 m l aliqu ots w ere  d ispen sed  into test tubes and sterilised  b y  au to clav in g  

at 1 1 0 ° C  fo r 10  m in  to prevent caram élisatio n  o f  the g lu co se . T h e tubes w ere 

slanted and a llo w ed  to cool.

Liquid morphology

A  co lo n y  fro m  an ac t iv e ly  g ro w in g  m alt extract p late w as  used to in ocu late  3 0  m l 

o f  sterile  m alt extract broth in  10 0  m l cotton p lu gg ed  E rle n m e y e r flask . 

O b servation s on cultural ch aracteristics w ere  m ade after 1 w e e k  and in clu ded  the 

form ation  o f  a sedim ent, p e llic le , rin g  or su rface  growth.

Nitrate assimilation

20  m l aliqu ots o f  sterile m olten nitrate assim ilatio n  agar w ere  poured  into Petri 

d ishes con tain in g one drop o f  v itam in  stock solution  and 2  m l o f  yeast suspension . 

T h e liq u id  w a s  th orough ly  m ixe d  and a llo w ed  to set. A  sm all am ount o f  

p otassium  nitrate w a s  added to the p lates and the p o sitio n  w as m arked  on the Petri 

d ish  base in perm anent m arker. T h e p lates w ere  incubated fo r 3 d ays at 2 5 °C . 

O b servation  o f  assim ilatio n

R esu lts  w ere  o b served  after 2  d ays and con firm ed  after 3 days. R e sp o n se  to the 

assim ilatio n  o f  nitrate w as  determ ined to be:

v  =  strong u tilisatio n , +  =  rap id  utilisation , + s  =  s lo w  or latent utilisation ,

-  =  no u tilisatio n  and + / -  or - / + s  =  in co n clu sive  utilisation.
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Y e a st  suspen sion

T he y east  iso lates w ere  brought to a  stage o f  active  gro w th  on m alt extract agar 

fo r 2  d a ys  at 2 5 °C . A  yeast suspension  w a s  prepared b y  m ix in g  a loo p fu l o f  

culture into 5 m l o f  sterile  w ater.

N itrate assim ilatio n  b asal m edium

T he m ediu m  w as  com p osed  o f: 0 . 1%  (w /v) K 2H P O 4, 0 .0 5 %  (w /v) M g S 0 4 .7 H 2 0  

and 2 %  (w /v) p u rified  agar w h ich  w ere  d isso lved  and au to claved  fo r 1 5  m in  at 

1 2 1  °C . A  2 %  (w /v) so lution  o f  g lu co se  w a s  sterilised  sep arate ly  and added to the 

basal m ediu m  after sterilisation  asep tica lly  to prevent caram élisatio n  o f  the sugar. 

V itam in  stock

A  stock  v itam in  so lution  w as prepared com posed  o f  the outlined com ponents and 

filter sterilised . The sto ck  w as d ispen sed  into 10  m l aliquots and stored at - 10 ° C .

C om ponent m g L "1 C om ponent m g L ' 1
B io tin 0.2 N iac in 40

C a lc iu m  pantothenate 40 p -am in o b en zo ic  acid 20

F o lic  acid 0.2 p yrid o x in e  h ydroch loride 40

In osito l 200 R ib o fla v in 20

T h iam in e 100

Production o f ammonia from  urea (urease test)

T h e test yeast w as lig h tly  inoculated  onto a urea agar slo pe fro m  a  m alt extract 

p late and incubated at 2 5 ° C  fo r 2 4  hours. A  p o sitive  reaction  resu lted  from  the 

form ation o f  a deep p in k  colour.

U rea  agar

T h e fo llo w in g  com ponents w ere  d isso lved  in  1 L  d istilled  w ater and the pH  w as

ad justed  to p H  6 .8 .

C om ponent g L "

Peptone 1.0

G lu co se 1 .0

N a C l 5.0

K H 2P O 4 2.0

P h en ol red 0 .0 12
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B a c te r io lo g ic a l ag ar (2 %  w /v) w as d isso lved  in the solution. 9 m l aliqu ots w ere 

d isp en sed  into g lass  u n iversa ls and sterilised  b y  au to clav in g  at 1 2 1 ° C  fo r 1 5  m in. 

A  2 0 %  (w /v) so lution  o f  urea w a s  prepared  and the solution  w as filter sterilised .

1 m l o f  the sterile  urea solution  w as  added to the agar im m ed iate ly  after 

au to clav in g  and m ixed . T h e tubes w ere  then slanted and a llo w ed  to set.

2.2.1.2 Identification scheme for yeast isolates

T he yeast iden tificatio n  schem e w as based  on k e y s  d ev ised  b y  Barnett et al. 

( 19 8 3 )  w h ich  com p rised  both p h y sio lo g ica l and m o rp h o lo g ical resp o n ses o f  

yeasts. T he se lectio n  o f  the k e y  fo r id en tification  w as  based on the response o f  

the y east  to D -glucose ferm entation. K e y  N o. 1 corresponded to all y easts  that did 

not ferm ent D -glucose (A p p en d ix  A ). K e y  N o . 3 corresponded to all yeasts  that 

did ferm ent D -gluco se (A p p en d ix  B ) . T h e k e y s  consisted  o f  a  list o f  num bered 

tests w here the num ber referred  to a test in  the resp ective  k e y  and instructions for 

a  n egative  or a  p o s itiv e  response to that sp ec ific  test. T h e respon se o f  the iso late  to 

the test w as recorded  as n egative  or p o sitive . T h e instructions in the k e y  fo r  the 

respon se g a ve  either the num ber o f  the n ext test in the iden tification  schem e or the 

identity o f  the yeast. W here the result o f  the test w as  not k n ow n  or the response 

w as  not co n c lu sive  (both p o sitive  and n egative  resp on ses), then the schem e w as 

fo llo w e d  fo r both the n ega tive  and p o sitive  response. I f  the schem e resu lted  in  the 

id en tificatio n  o f  the y east  as m ore than one p o ssib le  organ ism , the identity  o f  the 

iso late  w as based  on a ll the p h y sio lo g ica l and m orp h o lo gy  tests em p lo yed . Y e a s t  

iden tificatio n  characteristics w ere  com pared  to those detailed  in B arn ett et al. 

( 19 8 3 ) .

2.2.2 Yeast maintenance

T h e y east  cu lture(s) w a s  m aintained on m alt extract agar at 4 °C , w ith  routine sub- 

cu lturing fo r  48 h  at 2 5 ° C  e v e ry  three w eek s. In  the inoculum  preparation  

in vestigation , the yeast w as  a lso  m aintained on o liv e  o il agar and sub -cu lturin g on 

both o liv e  o il and m alt extract agars w as p erform ed  w e e k ly  fo r a  period o f  s ix  

w eek s  prior to the in vestigation .
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2.2.3 Inoculum preparation

A  lo op fu l o f  yeast w as  taken from  a m alt extract or o liv e  oil agar p late and grow n  

fo r 24  h  at 3 0 °C  and 15 0  rpm  in 10  m l nutrient or o liv e  o il broth. A fte r  24  h, the 

broth(s) w as  cen trifu ged  at 4000 rpm  for 10  m in  and the pellet w as  w ash ed  w ith  

10  m l o f  0 .0 1 M  sodium  phosphate b u ffer. T h e  inocu lu m  w as  cen trifu ged  again  at 

400 0  rpm  fo r 10  m in  and the supernatant d iscard ed. W here nutrient broth w as 

used to g ro w  the inocu lum , the pellet w as  resuspended in the b u ffe r  to g iv e  an 

optical den sity  o f  1 .0 0 0  at 660 nm. W here o liv e  o il broth w a s  em p lo yed , the pellet 

w as resuspended in the b u ffer to g iv e  a  ce ll num ber o f  2 .5  x  1 0 7 ce ll m l"1 

(app roxim ately).

2.2.4 M easurem ent o f growth

2.2.4.1 Cell number and cell viability

C e ll num ber w a s  reported as the total num ber o f  v ia b le  ce lls  per m l. C e ll v iab ility  

w a s  determ ined u sin g  the citrate m eth ylen e b lue stain ing technique (P ierce , 1 9 7 1 ) .  

A fte r  a su itab le d ilu tion  to g iv e  a countable num ber o f  ce lls , 0 .5  m l cell 

su sp en sion  w as  added to 0 .5  m l 0 .0 1%  (w /v) m ethylene blue, vo rtexed  and 

a llo w ed  to incubate fo r  5 m in prior to counting on a  N eu b au er haem ocytom eter. 

D ead  ce lls  stained blue w hereas v iab le  ce lls  appeared  colou rless. A  m inim um  o f  

2 5 0  ce lls  w a s  counted and the num ber o f  v iab le  ce lls  to total num ber counted w as 

exp ressed  as a  p ercen tage  based on the a ve rag e  o f  three counts.

2.2.4.2 Cell dry weight

A  20  m l sam ple w as cen trifuged  at 4000  rpm  for 20  m in and the supernatant w as  

retained fo r fat rem o va l an alysis. T h e ce ll p e llet w a s  w ash ed  w ith  0 .9 %  (w /v) 

N a C l and cen trifu ged  at 4000  rpm  fo r 20  m in  to rem o ve  an y  fat trapped in  the 

p e lle t in  accordan ce w ith  L e e  and R h ee  ( 19 9 4 ). T he cell pe llet w as  resu spen ded  in 

w ater and filtered  through a  p re-w eigh ed  W hatm an G F /C  filter. T h e filter paper 

w a s  rinsed  once w ith  « -h exan e to rem ove any residual fat trapped on the filter. 

T h e  filter paper w a s  dried  overn ight at 8 0 °C . T h e filter paper w a s  re-w eigh ed  and 

the d ifferen ce  in w e ig h t due to the ce lls  w a s  m ultip lied  b y  a factor o f  50  to 

con vert the ce ll d ry  w e ig h t to g L ' .
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2.2.5 Measurement of mycelium ratio

A  drop o f  0 .0 1%  (w /v) crysta l v io let w as  added to 1 m l sam ple fro m  the grow th 

v e sse l and the su sp en sion  w as  m ixed . T h e stain  w as added to im p rove the 

d efin itio n  o f  the y east  ce lls  under m icro sco p ic  ob servation . T h e ce lls  w ere  v ie w e d  

under x 2 0  m agn ifica tion , un less otherw ise stated, w ith  an O lym p u s m icro sco p e 

usin g  an im ag e  an a ly s is  system  w ith  an O ptim as p ack ag e  (V ers io n  6 .5 , O ptim as 

C orporation). Im ag es w ere  taken  o f  9 fie ld s  fo r  each  sam ple and the num ber o f  

m y ce lia l ce lls  calcu lated  as a  p ercen tage o f  the total num ber o f  ce lls  present. C e lls  

w ere  considered  as m y ce lia l, w h ere  th ey  had a  w e ll-d e fin ed  slender germ  tube 

longer than the large  d iam eter o f  the m other ce ll (G u ev a ra -O lv era  el al., 19 9 3 ) .

2.2.6 Growth studies

T h e three grow th  v e sse ls  em p lo yed  in  this study, 2 5 0 m l shake fla sk , 2  L  bench- 

top ferm enter and 10  L  p ilo t-scale  ferm enter, w ere  inoculated  w ith  the yeast 

cu lture(s) at a  concentration  o f  2 %  (v/v). T a llo w  w as added to the m edium  at a 

concentration  o f  2 %  (w /v) in a ll in vestigation s. E a c h  batch o f  ta llo w  w a s  assessed  

fo r  free  fa tty  acid  (F F A )  content and on ly  ta llo w  that contained less than 7 %  F F A  

w as used. Sam p les w e re  asep tica lly  rem o ved  at reg u lar in terva ls and grow th, ce ll 

m o rp h o lo g y  and p H  w ere  m onitored. Substrate rem o va l w as  assessed  during the 

grow th  or at the end o f  the grow th  period , as sp ec ified  fo r each  investigation . 

Other param eters assessed  included in tracellu lar lip id  content, b iosurfactant 

an a lys is  in clu d in g  su rface  tension, ém u lsificatio n  activ ity  and em u lsion  stab ility  

o f  the m ediu m , m edium  and in tracellu lar p o tassiu m  m easurem ents, settled sludge 

vo lu m e, in tracellu lar protein  and total n itrogen  m easurem ent. T h ese param eters 

are sp ec ified  fo r the appropriate grow th conditions in vestigated . C o ntro ls, w h ich  

w ere  not inocu lated , w ere  incubated in  p ara lle l in order to m onitor an y  

p h y s io lo g ica l ch an ges in ta llo w  and/or the m edium . Photographs o f  the grow th 

v e sse ls  w ere  taken  u sin g  a d ig ital cam era (N ikon) and a Q V -lin k  com puter 

p ack a ge  (V ers io n  2 .6 E , C asio ).
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2.2.6.1 Shake flask studies

G row th  studies in shake fla sk  culture w ere  p erform ed  in  2 5 0  ml E rlen m eyer fla sk s  

contain ing a fin a l cu lture vo lu m e, fo llo w in g  inoculation , o f  10 0  m l. T he m inim al 

m edium  and ta llo w  w ere  sterilised  b y  au to clav in g  at 1 2 1  °C  fo r  15  m in. A fte r  

inoculation , the fla sk s  w ere  incubated fo r up to 2 4 0  hours at 2 5 °C  and 13 0  rpm  in 

a therm ostat con tro lled  room  on an orb ital shaker (G allen k am p , S an y o ), excep t 

w here the e ffec ts  o f  altering these environm ental conditions w a s  in vestigated . In 

such  cases, the appropriate environm ental conditions w ere  sp ecified . W here 

grow th  tem peratures o f  4 °C  and 3 0 °C  w ere required , grow th studies w ere 

perform ed in therm ostat controlled  room s w ith  orbital agitation. T em perature w as 

contro lled  to 3 7 ° C  in  an orbital incubator (G a llen k am p , S an yo ) and a lidded  

sh akin g w ater bath (G allen k am p , S an yo) w as em p lo yed  fo r  tem perature control to 

5 5 °C . B a ff le d  ag itation  w as ach ieved  through the presen ce o f  4 internal b a ffle s  in 

the E rlen m ey er flask . Surfactants and n itrogen  sources w ere  added to the m edium  

prior to sterilisation . G lu co se  w as sterilised  b y  au to clav in g  at 1 2 1  °C  fo r  1 5  m in 

separate to the m ediu m  to prevent caram élisatio n , and then added to the sterile 

m edium  p rio r to inoculation . W here p H  w a s  controlled , this w as  ach ieved  through 

the addition  o f  0 .1  M  potassium  phosphate b u ffer, pH  7 .0 , excep t w h ere  the 

b u ffer, pH  and concentration  w ere  in vestigated . In such cases, the conditions w ere 

sp ecified  and m edium  contents w ere  d isso lved  in the resp ective  b u ffe rs  p rior to 

sterilisation . p H  w as  m easured  usin g an O rion T r io d e ™  pH  electrode M o d e l 9 1 -  

5 7 B N  connected to an O rion benchtop p H /IS E  m eter (m odel 9 2 0 A ). Fat rem oval 

w as determ ined either du ring the course o f  the ferm entation  or at the end and is 

sp ecified  fo r  each  in vestigation . G lu co se  rem ova l w as  m onitored during the 

ferm entation. A ll  shake f la sk  in vestigation s w ere  p erform ed  in triplicate.

2.2.6.2 2 L bench-top fermenter studies 

Fermenter configuration

In 2 L  ferm entations, the ye ast  w as cu ltivated  in a b a ffle d  bench-top ferm enter 

(B . B rau n  B io te ch . International), in a  w o rk in g  vo lu m e o f  1 L  (m axim u m  w o rk in g  

vo lu m e o f  2  L ) . A ir  w a s  supplied  to the ferm entation  m edium  b y  an aquarium  air 

pum p and w as  filtered  through a  sterile  a ir filter (0 .2 2  (.im). T he air w as
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introduced b y  a  sparger, cen trally  p ositio ned , 10  m m  b e lo w  the im peller. 

A g ita tio n  w as supplied  b y  a  m otor (B . B rau n  B io tech . International), cou p led  to a 

d rive  shaft, w h ich  w as  fitted  w ith  tw o 6-b laded  R ush ton  im p ellers positioned at 

the base o f  the d rive  shaft. T em peratu re control to 2 5 °C  ±  2 ° C  in the v e sse l w as  

im plem ented  usin g  a  c ircu latin g w ater bath connected to the ferm enter. T h e 

con figu ration  and d im en sion s o f  the 2  L  ferm enter are presented in  F ig . 2 . 1 .

Figure 2.1: Sch em atic  o f  the 2  L  ferm enter con figuration . D im en sion s are 

recorded  in  m m .

Fermenter set-up

T h e m in im al m ed iu m  and the ta llo w  w as  sterilised  in the ferm enter, in clu d in g 

asso ciated  a ir filters, b y  au to clav in g  at 1 2 1 ° C  fo r 1 5  m in. T h e ferm enter w as 

in ocu lated  through one o f  the top ports. A g ita tio n  w as set at 50 0  rpm  and aeration  

at 1 .0  VVM (b ased  on in itia l m edium  vo lu m e), excep t w h ere  the e ffects  o f  altering 

these environ m en tal conditions w ere  being in vestigated . In  such  cases, the 

appropriate environ m en tal conditions w ere  sp ecified . pH  w a s  con tro lled  to p H  7 .0  

w ith  0 .1  M  p otassiu m  ph osphate b u ffer and m edium  contents w ere  d isso lved  in
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the b u ffe r  p rior to sterilisation , ex cep t w h ere the m ethod o f  pH  control w as 

in vestigated . pH  control w as im plem ented  through the in clu sion  o f  phosphate 

salts, 13 .6  g L ' 1 K H 2P O 4 or 12 .0  g L ' 1 N a H 2P 0 4 , prior to sterilisation  o f  the 

m edium . In both cases, 0 .5 M  N aO H  (app ro xim ately  10  m l) w as  added to the 

m edium  prior to inoculation  to correct the pH  to 7 .0 , w ith  subsequent periodic 

addition  during the ferm entation to m aintain  neutral pH  (ap p ro x im ately  5 m l). The 

control o f  m edium  pH  w as a lso  im plem ented  through the ad dition  o f  0 .5  M  

N aO H , K O H  or C a (O H )2. W here b ase  addition  w a s  required  fo r  pH  control, 500 

m l co rrective  agent bottles w ere  used w h ich  w ere  sterilised , together w ith  silico n e 

tubing b y  au to clav in g  at 1 2 1 ° C  for 1 5  m in. A  peristaltic pum p w a s  em p lo yed  for 

the p eriod ic  addition o f  the b ase(s) into the ferm enter, through one o f  the top 

ports, after inoculation . W here pH  m easurem ent w as in situ, the p H  probe, O rion 

T r io d e ™  pH  electrode M od el 9 1 - 5 7 B N  connected to an O rion benchtop p H /IS E  

m eter (m odel 9 2 0 A ), w as  calibrated  extern a lly  accord in g to the m an u factu rer’ s 

instructions, rinsed  once w ith  IM S , and inserted into the m edium  after in ocu lation  

v ia  one o f  the top ports. T he port w a s  p lu g g ed  w ith  sterile cotton w o o l and no 

contam ination  o f  the v e sse l w a s  ob served . F oam  form ation  w as  controlled  

through the p eriod ic  addition  o f  sterile  antifoam  (A n tifo am  A , S igm a). The 

an tifo am  w as sterilised  in  a 2 5 0  m l co rrective  agent bottle together w ith  silico ne 

tubing b y  au to clav in g  at 1 2 1 ° C  fo r 1 5  m in. A n tifo am  w as pum ped into the vesse l 

b y  a  perista ltic  pum p through one o f  the top ports. The yeast w as  cu ltivated  fo r up 

to 65 hours, b y  w h ich  tim e the vo lu m e in the v e sse l had reduced  b y  h a lf  to 

ap p ro x im ate ly  500  m l. Fat rem o va l w as  determ ined at the end o f  the ferm entation. 

A ll  2  L  ferm enter in vestigation s w ere  p erform ed  in duplicate.

2.2.6.3 10 L pilot-scale fermenter studies

Ferm enter configuration

In 10  L  ferm entations, the yeast w a s  cu ltivated  in a p ilo t-scale  b a ffle d  ferm enter 

(B io sta t C , B . B raun  B io tech . International) in a w o rk in g  vo lu m e o f  5 L  

(m axim u m  w o rk in g  vo lu m e o f  10  L ). A ir  w as  supplied to the m edium  through a 

sterile  filter (0 .2 2  |am) at a  rate o f  1 VVM (b ased  on the in itia l m ediu m  volum e) 

into a  sp arger cen trally  positioned  b e lo w  the bottom  im peller. A g ita tio n  w as
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supplied  at a rate o f  10 0 0  rpm , w hich  w a s  scaled  up based  on constant m ix in g  in 

the 2  L  and 10  L  ferm enter, as detailed  in Section  2 .2 .6 .4 . A g ita tio n  w as  p rovid ed  

b y  a  d rive  sh aft fitted w ith  tw o 6-b laded R u sh ton  im p ellers, p laced  1 3 5  m m  apart, 

u n less o th erw ise stated. Tem perature w a s  contro lled  to 2 5 °C  ±  1 ° C  v ia  jack e ted  

c lo sed  therm ostat system . T h e operation  w a s  con tro lled  and the p H  and d isso lved  

o x y g e n  le v e ls  recorded w ith  a d ig ita l control unit in com b ination  w ith  a 

M F C S /W in  so ftw are  p ack a ge  (B . B rau n  B io te ch ., International). The 

co n figu ratio n  and d im ensions o f  the 10  L  ferm enter are presented in  F ig . 2 .2 .

Figure 2.2: S ch em atic  o f  the 10 L  ferm enter configuration . D im en sio n s are

reco rd ed  in  m m .

Ferm enter set-up

P rio r to m ediu m  addition , the d isso lved  o x y g e n  probe (M ettler T o led o ) w as 

p o larised  and the p H  probe (M ettler T o led o) w a s  calibrated  extern a lly  accord in g

to the m an u factu rer’ s instructions and each  p laced  into one o f  the side ports. 

S terilisatio n  o f  the ferm enter, m in im al m ediu m  and ta llo w  w as p erform ed  in situ
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at 1 2 1 ° C  fo r 1 5  m in . pH  w as controlled  to pH  7 .0  in all cases. T h is  w as ach ieved  

b y  0 .1  M  p otassiu m  phosphate bu ffer or through the autom ated addition  o f  0 .5 M  

K O H /H C 1. In the latter case , o n ly  base addition  w as required  to control pH , but 

H C 1 w a s  in cluded  in  the ferm enter set-up to counteract an y  pH  oversh oot through 

the addition o f  the base. W here the addition  o f  K O H /H C 1 and antifoam  or the 

in ocu lu m  w a s  required , 500  m l and 2 5 0  m l co rrective  agent bottles w ere 

em p lo yed , resp ective ly . T h ese bottles, together w ith  silico n e  tubing and stab 

n eed les, w ere  sterilised  b y  au to clav in g  at 1 2 1  °C  fo r 1 5  m in. T he inocu lum  w as 

pum ped into the ferm enter m an u ally  v ia  p erista ltic  action  through an inoculum  

line, w h ich  added the y east  d irectly  into the m edium . 1COH/HC1 w ere pum ped into 

the ferm enter for autom ated pH  control v ia  p erista ltic  action  through an inoculum  

line, w h ich  a llo w ed  them  to enter the v e sse l d irectly  into the m edium . A n tifo am  

(A n tifo am  A , S ig m a) w as  pum ped in  on top o f  the m edium  p e rio d ica lly  v ia  

m anual addition, to a llo w  for foam  breakdow n. T h e yeast w as cu ltivated  fo r  up to 

65 hours b y  w h ich  tim e the vo lu m e w as reduced to ap p ro x im ate ly  2 .5  L . Fat 

rem o va l w a s  determ ined at the end o f  the ferm entation, after 65 h. A l l  10  L  

in vestig ation s w ere  p erform ed  in triplicate.

2.2.6.4 Scale-up o f agitation from 2 L to 10 L fermenter

S ca le-u p  o f  the rate o f  ag itation  from  the 2  L  to the 10  L  ferm enter w as b ased  on 

constant m ix in g . N jtm is a d im en sion less num ber w h ich  represents the num ber o f  

stirrer rotations requ ired  to h om ogen ise  the liqu id  fo r  a  b a ffled  tank w ith  a 

R ushton  turbine (D oran , 19 9 5 ) . A t  h igh im p eller R e y n o ld s  num ber (R e;), ab ove  5 

x  1 0 3, N jtm approach es a  constant va lu e  w h ich  p ersisted  at h igh  R e,. U nder these 

conditions, their re lation sh ip  is represented b y  E qn . [ 1] ,

1 5 4 V

Nitm =  ~ D J~  at hlgh R£| [1]

w h ere : tm =  m ix in g  tim e (m) Dj =  im p eller diam eter (m m )

Ni =  ag itation  rate (rpm ) R ej =  im p eller R eyn o ld s  num ber.

V  =  liqu id  vo lu m e (L)
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It w a s assum ed that the f lo w  in the 2 L  fermenter w a s fu lly  turbulent and that the 

im peller R eynolds num ber w as high. Eqn. [1] w a s rearranged based  on the m ixing  

tim e to g ive  Eqn. [2], In the determination o f  the rate o f  agitation required in the  

10 L  fermenter, constant m ixing in both fermenters w as applied (Eqn. [3 ]) and the 

equation w a s rearranged for agitation in the 10 L  fermenter (Eqn .s [4] &  [5]). The  

respective parameters w ere  applied and the agitation rate for scale-up to 10 L  

fermenter w a s calculated as approxim ately 1000 rpm (Eqn. [6 ]).

t„  =
1.54V
D;3N,

m̂2L m̂lOL

1.54V 2L 1.54V,10L

D N D Ni2L 1Ni2L i 10L i 10L

[2]

[3]

L4]

N = NilOL i2L
D „

V ^iJOL J [5]

N il0L = 500 rpm
^ 5 L a

V l L y

55mm N 
75mm j [6]

N iI0L ^ 1000 rpm

2.2.7 M easurem ent o f glucose

G lucose w a s  determ ined b y  the D N S  m ethod (M iller, 1959). Cells w ere  rem oved  

from  the sam ples by  centrifugation at 4000 rpm for 10 m in  before assaying. 1 ml 

standard or suitably diluted sam ple and 1 m l distilled water w a s placed in test 

tube. 2 ml o f  D N S  reagent w a s added. The tubes w ere  capped, vortexed and 

placed in a boiling w ater bath for 10 min. The tubes w ere then rapidly cooled  and 

10 m l distilled water w a s  added and the tubes w ere  vortexed again. A bsorbance  

w as read at 540 nm. G lucose (0 - 1.5 m g m l'1) w a s  the standard. A  sam ple  

standard curve for the D N S  assay is presented in Fig. 2.3.
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D N S  reagent: 1 g 3,5 dinitrosalicylic acid

30 g  K N a  tartrate ( for long term storage)

50 m l distilled water  

16 m l 10 %  (w /v ) N aO H

W arm to disso lve (D O  N O T  B O IL ). W hen disso lved, cool and m ake up to 100 ml 

w ith  distilled water.

glucose concentration (mg ml'1)

Figure 2.3: Standard curve for glucose using the D N S  assay.

2.2.8 M easurem ent o f percentage free fatty acids in tallow

T allow  (approxim ately 2 g) w a s w e igh ed  into a 100 m l Erlenm eyer flask and the 

actual w e igh t added noted. The ta llo w  w a s warm ed in 10 m l IM S . The free fatty  

acids in the ta llow  w ere then titrated against 0.1 M  N aO H . Titration end-point w as  

determ ined w ith  the addition o f  phenolpthalein indicator and a colour change to 

pink. The vo lum e o f  alkali addition w a s noted. The percentage free fatty acids 

w ere  calculated based on the equation:

„. _ _ . .  100 x  ml o f  alkali x N  x 282
%  free fatty acids = ---------------------------------- ------

1 0 0 0  x  w eigh t o f  sample

where: N  =  the norm ality o f  N aO H , 0.1 m ol L ' 1 1000 =  conversion from ml to L

282 =  the m olecular w eigh t o f  oleic acid, 1 0 0  =  conversion for percentage  

g m ol"1
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2.2.9 Measurement of fat removal

The degree o f  fat or ta llow  rem oval w a s  determ ined by  an extraction-gravim etric  

m ethod based  on that described by Shikoku-Chem  (1994) and Koritala et al. 

(1987). The contents o f  the flask or fermenter (d ispensed into 250 m l Erlenm eyer  

flasks) w ere acidified to pH  2.0 or low er w ith  2 M  HC1 to prevent any further 

hydrolysis activity and to aid in the fat extraction. The contents w ere  then warm ed  

to m elt the ta llow  and added to a separatory funnel. The flask w as rinsed w ith  n- 

hexane and added to the separatory funnel. The contents and w ash ings were  

extracted tw ice  w ith  equal volum es o f  «-hexane and the so lvent layer collected in 

glass universals. The aqueous layer w a s collected and extracted again w ith  the 

solvent. The organic layer w a s  collected and added to the so lvent extract. The 

so lvent extract w as then centrifuged at 4000 rpm for 8 m in to separate the cellular 

layer, w hich  w as then rem oved. The solvent extract w as filtered through  

anhydrous sodium  sulphate into a prew eighed  250 ml round-bottom ed flask. The 

so lvent w as rem oved through rotary vacuum  evaporation (Btichi, R 110) at 80°C, 

and the flask w a s further dried at 50°C until all the so lvent w a s rem oved and a 

constant w eigh t w a s achieved. W hen cool, the flask w a s  w eigh ed  and the degree  

o f  fat rem oved determ ined based on the initial concentration o f  ta llow  in the 

m edium  (20 g L '1).

2.2.10 Intracellular analysis

2.2.10.1 Preparation of freeze-dried cells

Cell pellets for freeze-drying w ere prepared in the sam e w a y  as for dry w eigh t 

determination. The w ashed  pellet w a s covered in parafilm  and som e small 

puncture holes w ere  m ade to prevent the parafilm from  being rem oved in the 

vacuum . The pellet w a s  frozen at -8 0 °C  for 1 h prior to being freeze-dried  

overnight using a vacuum  freeze-drier (Labcono).

2.2.10.2 M easurem ent o f intracellular lipid

Intracellular lipid m easurem ent w as based on the m ethod o f  B ligh  and Dyer 

(1959). The freeze-dried yeast pellet w as resuscitated in 4 ml water. 10 ml
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m ethanol and 5 ml chloroform  were added to the suspension, vortexed and left for 

1 hour, after w hich  5 m l water and 5 ml chloroform  w ere added to com plete the 

extraction. The bottom  solvent layer w a s collected and centrifuged at 2000 rpm  

for 5 m in to separate the chloroform layer from the cellular debris. The top layer 

w as discarded and the bottom  layer w a s filtered through anhydrous sodium  sulfate 

into a prew eighed 50 ml round bottom ed flask. The solvent w a s rem oved from the 

flask b y  rotary vacuum  evaporation (Buchi, R 1 10) at 60°C and the flask contents 

w ere further dried at 60°C for 1 hour. W hen cool, the flasks w ere  w eigh ed  and the 

differential m ultiplied by  50 to convert the intracellular lipid to g L '1.

2.2.10.3 Cell disruption with glass beads

This m ethod w as m odified from that described b y  Pereira-M erielles et al. (1997). 

The reagent for cell disruption com prised 0.1 M  M O P S  buffer, pH  7.0, w ith  0.02  

M  E D T A  and 0.05 M  m ercaptoethanol. The freeze-dried cell pellet w as  

resuscitated in water and w ashed  once w ith  water and once w ith  the buffer 

solution. The cell pellet w as suspended in 1 ml buffer or according to 0.5 ml 

reagent per 50 m g cell pellet. G lass beads, size 40 m esh, w ere  added to the level 

o f  the liquid and the suspension w a s vortexed for 5 x 1  m in cycles. Sam ples were  

kept on ice for 1 m in be tw een  cycles. The suspension w as then transferred to a 10 

m l polyproplyene colum n (P ierce) containing a foam  sinter and centrifuged at 

4000 rpm for 10 m in into an Eppendorf tube.

2.2.10.4 M easurement o f intracellular protein

The protein content in the disrupted cell suspension w a s  determ ined by  the 

m ethod o f  L o w ry  et al. (1951). R eagent A  (2.5 m l) w as added to 0.5 m l o f  a 

suitable diluted sam ple or standard in an acid w ashed  test-tube. The tubes were  

left for 10 m in in the dark at room  temperature. R eagent B  (0.125 m l) w as then  

added and the tubes w ere  left for 25 min at room  temperature in the dark. The 

tubes w ere  then m ixed b y  vortexing and left for a further 5 min. The absorbance  

w as read at 600 nm. Standards w ere prepared w ith  bovine serum  album in (0 -  1 

m g ml"1). A  sam ple standard curve for the L o w ry  assay is presented in F ig . 2.4.
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R eagent A : 50 m l 0 .2 %  (w /v ) N ajCO a in 0.1 M  N aO H

0.5 ml 1 %  (w /v) C u S 0 4 

0.5 m l 2 %  (w /v ) N a K  tartrate

R eagent B: 5 0 %  (v/v) Folin-C iolcalteau  in water

BSA concentration (mg ml'1)

Figure 2.4: Standard curve for protein using L ow ry  assay.

2.2.10.5 M easurement o f cellular total nitrogen

The total nitrogen in the cells w as determ ined from a suitable dilution o f  the 

disrupted cell suspension on a D ohram m  D C 190 T O C  analyser w ith  T N  

attachment.

2.2.11 Biosurfactant measurement

2.2.11.1 Surface tension measurement

A  cell free extract o f  the grow th  m edium  w as prepared b y  filtration o f  the sam ple  

through a 0.2 (im A crodisc (Pall) filter (Cirigliano and Carman, 1984). The  

surface tension o f  the extract and subsequent dilutions in distilled w ater were  

determ ined using a Torsion balance (W hite Ltd., England) fitted w ith  a platinum  

ring, 4 cm  diam eter in accordance w ith  M uriel et al. (1996). M easurem ents were  

based  on a m ean o f  6 readings. The ring w as passed through a flam e betw een  

readings to rem ove residual sam ple. Fresh glassware, w h ich  had been  w ashed  

w ith  tap water, chrom ic acid and distilled w ater w as used for each sample.
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2.2.11.2 M easurement of relative biosurfactant concentration

This m ethod w as adapted from that described by  Persson and M olin  (1987). A  

serial dilution o f  the m edium  (cell free) in distilled water w as m ade and the 

respective surface tensions o f  the dilutions m easured. D ilution o f  the m edium  w as  

based on a fraction o f  the m edium  concentration w here 1 . 0  (v/v) represented no 

dilution o f  the m edium  and 0.5 (v/v) represented a 1 in 2 dilution o f  the medium , 

etc. The critical m icelle dilution (C M D ) w as the dilution fraction o f  the m edium , 

w hich  did not result in an increase in the m inim um  surface tension o f  the neat 

m edium  (1.0 v/v). A n  inverse o f  this dilution fraction (C M D "1), indicated the 

relative concentration o f  the biosurfactant in the m edium .

2.2.11.3 Em ulsification measurement

Em ulsification activity m easurem ent w a s  based  on that described by  M uriel et al. 

(1996). Cell free extract (4 m l) prepared as for surface tension m easurem ents, w as  

added to 1 m l kerosene and vortexed for 2 min. The resultant oil in water 

em ulsion w a s a llow ed  to sit for 1 0  m in after w h ich  its absorbance, through 1 cm  

pathw ay, w as m easured at 540 nm at intervals for up to 1 hour. The absorbance 

reading after 1 hour indicated the ém ulsification activity o f  the (bio)surfactant.

The decay constant, K j, w as calculated from  the slope o f  the line o f  the log o f  

absorbance over 20 -  60 min. The K d indicated the stability o f  the em ulsion  

form ed be tw een  the (bio)surfactant and kersosene and the sm aller the Kd value, 

the greater the stability o f  the em ulsion.

2.2.11.4 Validation of biosurfactant measurement

The validity o f  the m ethods o f  biosurfactant m easurem ent as surface tension, 

ém ulsification activity and stability w ere assessed w ith  com m ercial surfactants, 

Triton X -1 00  and SD S at their critical m icelle concentrations (C M C ) o f  0.18 and 

2.31 m g  ml"1, respectively. The resultant m easurem ents and those reported by  

M uriel et al. (1996), for the tw o  surfactants at the sam e concentration are detailed  

in Table 2.2.
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Table 2.2: Surface tension, ém ulsification activity and stability values o f  the 

surfactants Triton X -100  (0.18 m g m l'1) and SD S (2.31 m g m l'1).

Parameter

Muriel et al. (1996) 

Triton X -100  SD S

This study 

Triton X -100  SD S

Surface tension (dynes cm ’1) 32 33 32.0 +  0.3 33.0 ± 0 .1

Em ulsification activity (A 540) 0.7 0.15 0.71 ± 0 .0 3 0.16 ± 0 .0 7

Em ulsion  stability  

(decay  ratio, K tix  10'3)

-3.75 -2 . 6 8 -3.77 ± 0 .0 3 -2.66 ±  0.07

2.2.12 M etal analysis

Potassium  w as analysed using a Perkin-Elm er 3100 atom ic absorption  

spectrophotom eter, fitted w ith  a 1 0  cm  single slot burner head w ith  an air- 

acetylene flame. M etal concentrations w ere determ ined by  reference to 

appropriate standard m etal solutions, prepared from potassium  salt (KC1) 

d isso lved  in distilled deionised water. M etal concentration in the m edium  w as  

determ ined from  a suitable dilution in distilled deionised w ater o f  a cell free 

sam ple. Cellular m etal concentration w a s determined from  suitable dilution o f  

supernatant from  an acid d igest o f  the cells. 5 ml aliquot o f  the cell suspension  

w as centrifuged at 4000 rpm  for 20 m in and w ashed  tw ice  w ith  distilled deionised  

water. The cell pellet w a s  digested for 1 h at 100°C in 2 m l o f  6 M  H N O 3 w ith  1 

ml water.

2.2.13 Sludge Volume Index (SVI)

The sludge vo lum e index (S V I) w a s determ ined based on the m ethod outlined in 

Standard M ethods for the Exam ination o f  W ater and W astew ater (G reenberg et 

al., 1998). S V I is the vo lum e in m l occupied by  1 g o f  a suspension after 30min  

settling. The index is calculated as:

CT7T _  settled sludge volum e (m l L'1) 
o  V X  ̂ 1

suspended solids (g L ' )
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1 L  o f  the m ixed liquor (after 65 h) w a s dispensed into a plastic 1 L  graduated  

cylinder. The m edium  w as inverted in (he cylinder three tim es and allow ed to 

settle for 30 min. After this time, the vo lum e o f  settled sludge w a s recorded in ml. 

The suspended solids w ere determ ined as outlined in the m easurem ent o f  dry 

w eigh t where:

g suspended solids L'1-  (A - B ) x l0 0 Q
sam ple volum e, ml

where: A =  w eigh t o f  filter and dried residue, g 

B =  w eigh t o f  filter, g

2.2.14 Data analysis

Calculation o f  slopes and standard errors were determ ined using a S igm a Plot 

package (V ersion 1.02, Jandel Corporation). Experim ents and analyses, unless 

otherw ise stated, w ere  performed in triplicate and the mean values w ere presented  

with  the standard error mean. Error bars were show n on figures where their size 

w as greater than that o f  the sym bols used.

Growth rate
G row th  rate ( I f 1), ¡.t, w a s calculated based on the num ber o f  cells or cell dry 

w eigh t produced per hour during exponential growth as:

In N 2- In N ,

W here =  cell density at tim e 2 (at end o f  growth  period)

N| =  cell density at time 1 (at beginning o f  growth period) 

In =  natural logarithm  

t =  tim e interval (tim e 2  - time 1 )
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Specific rate of substrate removal
The specific rate o f  substrate rem oval w a s  calculated and used for the comparison  

o f  rem oval efficiency under differing conditions. Rates o f  substrate rem oval were  

calculated fo llow ing the lag period and were expressed as g L ' 1 substrate rem oved  

per unit dry weigh t (g  L '1) per unit tim e (g  g ' 1 h*1). The lag period w a s defined as 

fo llow s (F ig . 2.5): in a plot o f  substrate rem aining against time, the straight line 

w as extrapolated to the initial substrate level (So) and the intercept on the time  

axis w a s taken to be the length o f  the lag period (L ).

[Substrate]

L  Time

Figure 2.5: Definition o f  lag period, L.

Y ield  co effic ien t

The determ ination o f  the yield  coefficient, Y x/S w as based 011 the degree o f  cell dry 

w eigh t produced (x ) per substrate consumed (s) [(g  dry w e igh t)(g  substrate 

con su m ed )'1], unless otherw ise stated.
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RESULTS



3.1 Id e n tif ica tio n  a n d  selection o f yeast isolates ca p a b le  o f  g ro w th  on ta llow  

as the sole c a rb o n  sou rce

Previous studies in the laboratory resulted in the isolation o f  a num ber o f  fungi 

from the w aste  treatment system  o f  a com m ercial rendering plant, capable o f  

grow th  on ta llow  as the sole carbon source. The fungi com prised both  filamentous 

and non-filam entous organism s. The filam entous fungi w ere  part o f  a separate 

investigation, w h ile  the non-filam entous organism s w ere the focus o f  this study. 

Ten non-filam entous fungi w ere chosen for investigation and preliminary 

exam ination indicated that all ten w ere  yeasts. The isolates, w h ich  w ere  coded as 

outlined in Section 2.1.1, were first identified and then selected for further study, 

based  on their ability to degrade tallow .

3.1.1 Id e n tif ica tio n  o f  the isolates

Isolate m orphology w a s com pared m acroscopically on both so lid  and in liquid  

m edium . A  m icroscopic observation o f  the isolate m orphology w a s  determined  

from  liquid and solid m edia. The isolates were subjected to a num ber o f  

physiological tests. Finally, the isolates w ere identified based on an identification  

schem e b y  reference to their respective responses to the different physiological 

tests and their m orphology.

3.1.1.1 M a c ro s c o p ic  a p p e a ra n ce  o f  the isolates

The appearance o f  the yeast on solid m edium  w as exam ined b y  observing the 

co lony characteristics o f  the ten yeast isolates grow n  on m alt extract agar (Table

3.1.1). C olony colour, texture and surface appearance, type o f  colony form, 

elevation  and margin w ere  assessed. A n  illustration o f  the co lony m orphology o f  

the ten isolates grown on m alt extract agar is presented in F ig . 3.1.1 a and 3.1.1 b. 

A ll the isolates w ere cream  coloured and butyrous in texture. T w o  isolates, N F  9 

and N F  32 B , had glistening and sm ooth surfaces. Their form, elevation and 

m argin w ere  circular, pulvinate and entire respectively. The other isolates had a 

rough surface, irregular form, raised elevation and undulate margin.
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Table 3.1.1: Observations of isolate colony morphology after 7 days growth on

m alt extract agar at 25°C.

Isolate C o lo u r  an d  

tex tu re

S u rfa c e F o r m E le v a t io n M a r g in

N F  9 Cream  and 

butyrous

G listening and 

sm ooth
Circular Pulvinate Entire

N F  10 Cream  and  

butyrous

Rough-crystalline  

pattern at edges

Irregular R aised Undulate

N F  12 Cream and 

butyrous

Rough-crystalline  

pattern on surface

Irregular Raised Undulate

N F  27 Cream  and 

butyrous

R ough-crystal 1 i ne 

pattern on surface
Irregular R aised Undulate

N F 3 2  A Cream  and  

butyrous

Rough-crystalline  

pattern on surface

Irregular R aised Undulate

N F  32 B Cream and 

butyrous

G listening and 

sm ooth

Circular Pulvinate Entire

N F  48 Cream and  

butyrous

G listening and 

rough
Irregular R aised Undulate

N F51 Cream and 

butyrous

R ough-crystalline  

pattern on surface
Irregular R aised Undulate

N F  52 Cream  and 

butyrous

R ough Irregular R aised Undulate

N F C Cream  and  

butyrous
Rough-crystalline  

pattern on surface
Irregular R aised Undulate

81



N F  27

NF 9

N F  12

N F  32 A N F  32 B

F ig u re  3.1.1 a: Illustration o f  the co lo n y  m orph o lo gy  o f  yeast isolates after 7 days 

grow th on  m alt extract agar at 25°C .
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F ig u r e  3.1.1 b: Illustration o f  the co lo n y  m orph o logy  o f  yeast isolates after 7 

days grow th on m alt extract agar at 25°C .
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The gross m orphology o f  the ten isolates in liquid culture w a s exam ined. G rowth  

characteristics o f  the yeast cultures w ere  observed  after 7 days grow th  in malt 

extract broth (Table 3.1.2). The isolates form ed com pact sedim ent w ith  light 

surface growth, except in the case o f  N F  9 and N F  32 B. T hese tw o  isolates had  

flocculent sedim ent and a ring form ation w as observed for N F  9.

T a b le  3.1.2: O bservation o f  isolate gross m orphology after 7 days grow th  in m alt

extract broth at 25°C.

Isolate M o rp h o lo g y  ch a ra cte ris tics

N F  9 Flocculent sedim ent w ith  ring form ation

N F  10 Com pact sedim ent w ith  light surface grow th

N F  12 C om pact sedim ent w ith  light surface grow th

N F 2 7 Com pact sedim ent w ith  light surface growth

N F 3 2  A C om pact sedim ent w ith  light surface growth

N F  32 B Flocculent sedim ent

N F  48 Com pact sedim ent w ith  light surface growth

N F51 Com pact sedim ent w ith  light surface growth

N F  52 Com pact sedim ent w ith  light surface grow th

N F C Com pact sedim ent w ith  light surface growth

3.1.1.2 M ic r o s c o p ic  a p p e a ra n ce  o f  the isolates

The isolates w ere  exam ined m icroscopically after 3 days grow th  in m alt extract 

broth. O bservations w ere  m ade on cell shape, cell size relative to each isolate, and 

the presence o f  budding and m ycelium  form ation (Table 3.1.3). The production o f  

ascospores w a s assessed  after 3 days grow th  on malt extract agar.
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A ll o f  the isolates had oval shaped cells w ith  the exception o f  N F  9, w h ich  had 

ellipsoidal cells. N F  32 B  had small cells and N F  9 had m edium -sized cells, 

w hereas the rest o f  the isolates had relatively large cells. M ulti-lateral budding  

w as observed  for all the isolates. A fter 3 days growth, pseudom ycelium  formation  

w as observed  b y  N F  32 B  only, w h ich  w ere  observed  to be in the m yco-candida  

shape. A fter 2 w eek s  grow th  in liquid culture, pseudom ycelium  w ere  produced by  

the m ajority o f  the isolates, w ith  the exception o f  N F  9 and N F  48 (F ig .s  3.1.2 a &

3.1.2 b). The isolates produced ascospores after 3 days growth on m alt extract 

agar w ith  the exception o f  N F  32 B.

T a b le  3.1.3: O bservations on isolate cell m orphology. The yeast w ere  cultured in 

m alt extract broth for up to 2 w eeks or in the case o f  ascospore form ation on m alt 

extract agar for 3 days, all at 25°C. Cells w ere exam ined under x40 m agnification.

Isolate C e ll

sh ape

Observations on cell morphology
R e la t iv e  P se u d o m y ce liu m  

C e ll  size B u d d in g  fo rm a tio n

3 days 2 weeks

A sc o sp o re

fo rm a tio n

N F  9 Ellipsoidal M edium M ultilateral N o N o Present

N F  10 O val Large M ultilateral N o Y e s Present

N F  12 O val Large M ultilateral N o Y e s Present

N F  27 O val Large M ultilateral N o Y e s Present

N F  32 A O val Large M ultilateral N o Y e s Present

N F  32 B Oval to 

long-oval
Sm all M ultilateral Y e s - in m yco-  

candida form
Y e s A bsent

N F  48 Oval Large M ultilateral N o N o Present

N F  51 Oval Large M ultilateral N o Y e s Present

N F  52 Oval Large M ultilateral N o Y e s Present

N F C Oval Large M ultilateral N o Y e s Present
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NF 9 NF 10

N F  32 A

I

N F  27

N F  32 B

F ig u re  3.1.2 a: Illustration o f  isolate ce ll m orph o logy after 2 w eeks grow th in  

m alt extract broth at 2 5 °C . C e lls  w ere exam ined under x40 m agnification.
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NF 48 NF 51

A

***

N F  52 N F C

\  o

/■%

•

F ig u re  3.1.2 b: Illustration o f  isolate ce ll m orph o logy after 2 weeks grow th in  

m alt extract broth at 25 °C . C e lls  w ere exam ined under x40 m agnification.
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3.1.1.3 Physiological characteristics of the isolates

A  num ber o f  p h y s io lo g ic a l tests w ere  p erfo rm ed  w ith  the ten iso lates in  the course 

o f  their iden tification . T h ese  tests included: the ab ility  o f  the y easts  to ferm ent 

certain  sugars, ab ility  to assim ilate  nitrate as the so le  n itrogen  source, to g ro w  in 

h igh  su gar or osm otic m edium , to g ro w  at 3 7 ° C , to g ro w  in  the p resen ce o f  

cyc lo h ex im id e , to h y d ro ly se  urea, to react w ith  D iazon iu m  B lu e  B  (D B B )  and to 

assim ilate  certain  carbons as the so le  carbon  source (T ab les 3 . 1 . 4  - 3 . 1 .6 ) .  

Saccharom yces cerevisiae  w as inclu ded  in  the tests as a  control organ ism .

T w o  o f  the iso lates ferm ented  g lu co se , N F  9 and N F  3 2  B  (T ab le  3 . 1 . 4 ) .  F lo w ever, 

these tw o  iso lates did not ferm ent the other sugars ga lacto se , sucrose, m altose, 

lactose or ra ffm o se . In  contrast, none o f  the other iso lates dem onstrated any 

ferm en tative ab ility .

N on e o f  the iso lates assim ilated  nitrate as the so le  n itrogen sou rce (T ab le  3 . 1 . 5 ) .  

A ll  o f  the iso lates dem onstrated the ab ility  to gro w  in h igh  sugar m edium  (5 0 %  

g lu co se-yea st extract). H o w e ver, o n ly  N F  3 2  B  w as ab le  to gro w  under h igh  

osm otic p ressu re (10%> N a C l-  g lu cose). T h e m ajority  o f  the iso lates dem onstrated 

good  gro w th  at 3 7 ° C ,  w ith  the excep tio n  o f  N F  3 2  B ,  w h ich  d isp la ye d  v e ry  little 

grow th , i f  any at that tem perature. T h e iso lates g re w  in the presen ce o f  both 10 0  

ppm  and 1 0 0 0  ppm  cyc lo h ex im id e . T h e ab ility  to h y d ro ly se  urea w as evident in 

the m ajo rity  o f  the iso lates, w ith  the excep tio n  o f  N F  9 and N F  3 2  B . N o n e  o f  the 

iso lates prod u ced  a  co lou r reaction  w ith  D B B .

T he ab ility  o f  the iso lates  to assim ilate  19  d ifferen t carbon  sou rces is sum m arised  

in T ab le  3 . 1 . 6 .  A  d egree o f  sim ilarity  in assim ilatio n  o f  a num ber o f  the carbon  

com pounds w as o b served  fo r the iso lates w ith  the excep tio n  o f  N F  9 and N F  3 2  B . 

In com p ariso n  to the other yeasts, N F  3 2  B  d iffered  in  its respon se to ga lacto se , 

rham nose, erythrito l and ribose, w hereas N F  9 d iffered  in  its respon se to sucrose 

and lactose. B o th  iso lates  d iffered  to the rest o f  the yeasts  in  their resp on se to 

trehalose and rib itol.



T a b ic  3.1.4: T h e  presence (+) or absence ( -)  o f  the ability  o f  the yeast isolates to 

ferment the sugars glucose, galactose, sucrose, m altose, lactose and raffm ose. S. 

cerevisiae was included as a control organism .

Isolate G lucose Galactose

Suga rs

Sucrose M altose Lactose R affinose

N F  9 + - -  - - -

N F  10 - - — — - -

N F  12 - - -  - - -

N F  27 - - -  - - -

N F  32 A - - -  - - -

N F  32 B + - -  - - -

N F  48 - - -  - - -

N F  51 - - -  - - -

N F  52 - - -  - - -

N F C - — - - -

S. cerevisiae + + + 4* - +
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Ta b le  3.1.5 : R eactio n  o f  iso lates to the p h y s io lo g ica l tests: nitrate utilisation , gro w th  on 5 0 %  g lu co se-yeast extract m edium , grow th  in  10 %  

N a C l-g lu c o se  m edium , grow th  at 3 7 ° C , grow th in the p resen ce o f  10 0  and 10 0 0  ppm  cyc lo h ex im id e , presence o f  urease and reaction  to 

D iazon iu m  B lu e  B  test. S. cerevisiae  w as  included as a  control organ ism .

Isolate N itra te
A ss im ila tio n

50 %  
glucose- 

yeast extract

1 0 %  N aC l-  
glucose

G ro w th  at
37°C

lOOppm
cyclo­

heximide

lOOOppm
cyclo­

heximide

Urease test D ia zon ium  
B lu e  B  test

N F  9 _ V — V + +
— —

N F  10 V — + + + +
__

N F  12 V — + + -L +

N F  27 V — + + + +
__

N F  32 A V — + + + + __ ,

N F  32 B V + " ( + 8 ) + +
__ ___

N F  48 V — + + + + .

N F  51 V - + + + +
_

N F  52 V - + + + + .

N F C _ V - + + + +
___

S. cerevisiae - V + V - -
- -

Note: v  =  v igo rou s grow th , +  =  good  grow th  or p o sitive  respon se, + s  =  s lo w  grow th  or s lo w  response and -  =  no grow th  or n egative  response



T a b le  3.1.6: A ss im ila t io n  o f  various carbon com pounds b y  yeast isolates. S. cerevisiae was included  as a control organism.

Isolate G a l S u e M a i Cell T r e L a c R aff SolS Xy l Glc A r a R i b R h a E r y R i b o M a n S u c . A C i t . A Inos

N F  9 V V V + + V V V +  s + /- V — + + + V V + — /+s

N F  10 + - - +  s - - +  s - V - +  s + + V + + (v) + + — /+s

N F  12 + - +  s +  s - +/- +  s - +/- - +  s + + + + V V V -/+s

N F  27 + +/- +s +  s - - + - +/- - -/ +s + + + + V + V +  s

N F  32 A + - +/- +/- - +/- +/- - +/- - +/- + + +  (v) + +  (v) + + +/-

N F  32 B - - - - + +/- +/- + +/- - - - - - - + + + -

NF 48 + +/- V + - +/- + +/- + - + + +  (v) + V V + +  s +  s

NF 51 + +/- + +  s - - + + +/- - -/ + s + + + + V + + -/+s

N F  52 V +/- V V - - + + + - + + +(v) + + +  (v) V V — /+s

N F C + - - +  s - - +  s - +/- - — /+s + + + V + + — /+s

S. V V V — V - V V - - - - - - - + +s - -

cerevisiae

N ote: G a l = galactose; Sue = sucrose; M a i = m altose; C e ll = cellobiose; T re  = trehalose; L a c  = lactose; R a f f  = Raffinose; S o lS  = soluble starch; 

X y l  = xylose; G lc  = galactitol; A ra  = arabinose; R ib  = rib ito l; R h a  = Rham nose; E r y  = erithritol; R ib o  = ribose; M a n  = m anitol; S u c .A  = succin ic  

acid; C it .A  = citric acid; and Inos = inositol. A ls o :  v  = strong utilisation, + = rapid utilisation, + s = slow  or latent utilisation, -  = no utilisation  

and +/- or -/+s = inconclusive  utilisation.



3.1.1.4 Isolate identification schemes

The identification o f  the isolates w a s  proposed based on the observations and 

results from  m orphological and physiological tests for each isolate b y  reference to 

the identification keys devised b y  Barnett et al. (1983). T w o  k eys w ere  em ployed  

for the identification and the selection o f  the key  w as based on the response o f  the 

isolate to the fermentation o f  glucose. K e y  N o .l  (A ppendix  A ) applied to yeasts  

that did not ferm ent D-glucose and K e y  N o .3 (A ppendix  B ) applied to yeasts that 

did ferm ent D-glucose. In using the keys, the num ber o f  the test w a s  specified in 

brackets before the test and the response, positive (+ ) or negative ( - ) ,  w as noted  

after the test. The response indicated the next test in the key or the identity o f  the 

yeast. W here the response o f  the test w a s not know n or inconclusive, both the 

negative and positive responses w ere investigated. W here m ore than one possible  

identification could be m ade, the identification o f  the isolate w a s m ade using a 

m ore com prehensive interpretation o f  the physiological and m orphological tests.

Identification o f  isolates using Key No. 1

Isolates N F  10, N F  12, N F  27, N F  32 A , N F  48, N F  51, N F  52 and N F  C were  

identified using K e y  N o. 1 and w ere  all identified as Yarrowia lipolytica.

The identification schem e for isolate N F  10 (F ig . 3.1.3) and N F  C (F ig . 3.1.4) 

resulted in the one possible identification o f  the isolates from the key, Yarrowia  

lipolytica. The identification schem e for N F  12 (F ig. 3.1.5) and N F  32 A  (Fig. 

3.1.6) resulted in tw o  possible identities o f  the isolates, Yarrowia lipolytica  and 

Trichosporon beigelii. Yarrowia lipolytica  w as selected as the proposed  

identification o f  N F  12 and N F  32 A . This w as based  on the negative response to 

the D iazonium  Blue B test by  both the isolates (Table 3.1.5) and Yarrowia  

lipolytica  and a positive response by  Trichosporon beigelii (Barnett et al., 1983). 

The identification schem es for N F  27, N F  51 and N F  52 resulted in four possible  

identities o f  the isolates (F ig .s  3.1.7 -  3 .1.9) and nine possible identities o f  N F  48 

(F ig . 3 .1.10). Their identification as Yarrowia lipolytica, as detailed in Tables

3.1.7 -  3.1.9 and 3.1.10, respectively, w a s based  on the both the ability o f  the 

isolates and Yarrowia lipolytica  to grow th  in 1000 ppm  cyclohexim ide and their 

negative response to the Diazonium  B lue B test.
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(1) N itrate growth- (-)

I
(2) Ervthrito l grow th- (+)

I
(332) G alaetitol grow th- (-)

I

(333) Sucrose grow th- ( -)

4

(334) Galactose grow th- (+)

I
(351) Trehalose grow th- (-)

I
(352) U rea  h ydro lys is- (+)

I
(356) Lactose grow th- (-)

4-

Yarrowia lipolytic a

F ig u r e  3.1.3: Identification schem e fo r yeast isolate N F  10. T h e  identification  

was based on K e y  N o . l ,  in accordance with Barnett el al. (1983), for yeasts that 

do not ferment D-glucose. Th e  proposed identification o f  the yeast, Yarrowia 

lipolytica, is highlighted in grey.

(1) N itrate growth- ( -)

(2) Ervthrito l growth- (+)

(332) G alaetito l growth- (-)
4

(333) Sucrose growth-

4
(-)

(334) Galactose growth- (+)
1

(351) Trehalose grow lh- (-)

i
(352) U rea  hydrolysis- 

i
(+)

(356) Lactose growth- 

Yarrowia lipolytica

( - )

F ig u re  3.1.4: Identification schem e for yeast isolate N F  C . T h e  identification was 

based on K e y  N o . l , in  accordance with Barnett el al. (1983), for yeasts that do not 

ferment D-glucose. T h e  proposed identification o f  the yeast, Yarrowia lipolytica is 

highlighted in  grey.
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(1 ) N i t r a t e  g r o w t h -  ( -
4

(2) E r y t h r i t o l  g r o w t h -  (+
4

( 3 3 2 ) G a l a c t i t o l  g r o w t h -  ( -
4

( 3 3 3 ) S u c r o s e  g r o w t h -  ( -
4

( 3 3 4 ) G a la c t o s e  g r o w t h -  (+
4

( 3 5 1 ) T r e h a l o s e  g r o w t h -  ( -
4

( 3 5 2 ) U r e a  h y d r o ly s i s -  (+

4
( 3 5 6 )  L a c t o s e  g r o w t h -

response was inconclusive

negative positive
4 4

Yarrowia lipolytica Trichosporon beigelii

F ig u r e  3.1.5: Identification schem e fo r yeast isolate N F  12. T h e  identification was 

based on K e y  N o . l ,  in  accordance w ith Barnett et al. (1983), fo r yeasts that do not 

ferm ent D-glucose. The  possib le  identities o f  the yeast are high lighted  in  grey.

(1 )  N i t r a t e  g r o w t h - ( - )

I
(2 )  E r y t h r i t o l  g r o w t h - (+ )

4

( 3 3 2 )  G a la c t i t o l  g r o w t h - ( - )

4

( 3 3 3 )  S u c r o s e  g r o w t h - ( - )

4
( 3 3 4 )  G a la c t o s e  g r o w t h - (+ )

4

( 3 5 1 )  T r e h a l o s e  g r o w t h - ( - )

4
( 3 5 2 )  U r e a  h y d r o l y s i s - (+ )

4
( 3 5 6 )  L a c t o s e  g r o w t h -

response was inconclusive

i / N

negative positive
4 4

Yarrowia lipolytica Trichosporon beigelii

F ig u r e  3.1.6: Identification schem e for yeast isolate N F  32 A . T h e  identification was 

based on  K e y  N o . l ,  in  accordance w ith Barnett et al. (1983), fo r yeasts that do not 

ferm ent D-glucose. Th e  possib le  identities o f  the yeast are high lighted  in  grey.
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(2)

(1)
T

Ervthrito l grow th- (+)

1

(332) G a lactito l grow th- ( -)

4

(333) Sucrose grow th- 

response was inconclusive

Nitrate growth- (-)

negative positive
I I

(333) Galactose growth- (+) (371) R affin o se  growth- (+)

4

(35 J) Trehalose  growtli- (- ) (408) U re a  h ydro lysis- (+)

(352) U rea  hydrolvsis- (+) (419) M e llib io s e  growth-

4 response no t know n

(356) Lactose growth- ( - )
1 negative positive

4

(420) Lactose growth- (-)

I
Filobasidiella
neoformans

I

(425) Lthanol growth- 

respon se  not kn o w n

negative
;

Crytococcus jlavus or 

positive
I

Crytococcus amylolentus

F ig u re  3.1.7: Identification schem e for yeast isolate N F  27. T h e  identification  

was based on K e y  N o . l ,  in accordance with Barnett et al. (1983), for yeasts that 

do not ferm ent D-glucose. T h e  possib le identities o f  N F  27 are highlighted in grey. 

Further tests fo r the identification  o f  N F  27 are detailed in T a b le  3.1.7.
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positive
I

(372) R affm ose grow th- (+ )

4-

(409) U rea h ydro lysis- (+ )

I
(419) M ellib iose growth- 

respon se  n o t k n o w n

(2)

(332)

(333)

negative
I

(334) G alactose grow th-

(351) Trehalose grow th-

i
(354) U rea hydrolysis-

(356) L actose grow th-

Yarrowia lipolytica

(1) Nitrate grow th- ( - )  

Erythritol grow th- (+ )

4-

Galactitol grow th- ( - )

Sucrose grow th- 

respon se  w as in co n c lu s iv e

(+)

(-)

(+)

(-)

negative
4-

(420) Lactose growth- ( - )

4,

Filobasidiella
neoformans

positive
4

(425) Ethanol growth- 

respon se  n o t k n o w n

4

negative:
(426) Starch growth- (+ )

i
Crytococcus flavus

or

positive:
(427) Lactose growth- ( - )  

Cryptococcus amylolentus

F ig u r e  3.1.8: Identification schem e for N F  51. The identification w a s based on 

K e y  N o . l ,  in accordance w ith  Barnett et al. (1983), for yeasts that do not ferment 

D-glucose. The possible identities o f  N F  51 are highlighted in grey. Further tests 

for the identification o f N F  51 are detailed in Table 3.1.8.
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(1) Nitrate grow th - ( - )

4

(2) Ervthritol grow th- (+ )

4

(332) Galactitol grow th- ( - )

4

(333) Sucrose grow th- 
respon se  w as in co n c lu s iv e

negative positive
4 I

(334) G alactose erow th- (+ ) (372) Raffinose growth- (+ )
4 4

(351) Trehalose growth- H ('409') Urea hvdrolysis- (+ )

4 4

(354) U rea hvdrolysis-

4

(+) (419) M ellib iose growth- 

response  n o t k n o w n

(356) Lactose growth- B j/ N
I

Yarrowia lipolytic a
negative

4

(420) Lactose growth- ( - )

4

Filobasidiella
neoformans

positive
4

(425) Ethanol growth- 

respon se  n o t k n o w n

4

negative:
(426) Starch grow th- (+)

4

Crytococcus flavus
or

positive:
(427) L actose  grow th- ( - )

4

Cryptococcus amylolentus

F ig u r e  3.1.9: Identification schem e for N F  52. The identification w as based on  

K e y  N o . l ,  in accordance w ith  Barnett et al. (1983), for yeasts that do not ferment 

D-glucose. The possib le identities o f  N F  52 are highlighted in grey. Further tests 

for the identification o f N F  52 are detailed in Table 3.1.9.
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Table 3.1.7: Proposed identification of yeast isolate NF 27. NF 27 was identified

as Yarrow ia lipolytica  as a result of its growth in 1000 ppm cycloheximide and

negative response to the Diazonium Blue B test.

1000 ppm cycloheximide Diazonium Blue B

N F  2T +

Filobasidiella neoformansb + ■

Crytococcus flavusb - ?

Crytococcus amylolentusb - +

Yarrowia lipolytica1’ + —
"test reponsed from this study; test responses from Barnett et al. (1983)
note: (+) = positive response and (-) = negative response and (?) = response not known

Table 3.1.8: Proposed identification o f  yeast isolate N F  51. N F  51 w as identified  

as Yarrowia lipolytica as a result o f  its growth in 1000 ppm  cyclohexim ide and 

negative response to the D iazonium  B lue B test.

1000 ppm cycloheximide Diazonium Blue B

N F  51“ + -

Filobasidiella neoformans b - +

Crytococcus flavusb — ?

Cryptococcus amylolentush — +

Yarrowia lipolyticah + —

"test responses from this study; h test responses from Barnett et al. (1983)
note: (+) = positive response; (-) = negative response and (?) = response not known

Table 3.1.9: Proposed identification o f  yeast isolate N F  52. N F  52 w a s  identified

as Yarrowia lipolytica as a result o f  its growth in 1000 ppm  cyclohexim ide and

negative response to the D iazonium  B lue B test.

1000 ppm cycloheximide Diazonium Blue B

N F 5 1 fl + -

Filobasidiella neoformans b — +

Crytococcus flavush — ?

Cryptococcus amylolentusb — +

Yarrowia lipolylicct + -
"test responses from this study; ’ test responses from Barnett et al. (1983)
note: (+) = positive response; (-) = negative response and (?) = response not known
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(1) Nitrate growth*
I

(-)

(2) Ervthritol srowth- 
1

(+)

(332) Galactitol erowth-
4

(-)

(333) Sucrose growth-
response w a s  inconclusive

negative
I

(334) Galactose growth- (+)
I

(351) Trehalose growth- (-)
1

(352) Urea hydrolysis- (+)
I

(356) Lactose growth-
response w a s  inconclusive

negative
4-

Yarrowia lipolytic a

positive
I

Trichosporon
beigelii

(371)

(408)

(419)

negative
I

(420) Lactose growth- 
response w a s  inconclusive

positive
I

Raffinose growth- (+)
I

Urea hydrolysis- (+)
I

Mellibiose growth- 
response not k n o w n

i/ N i
positive

I
(425) Ethanol growth-

response not k n o w n

negative:
I

Filobasidiella neoformans

2T

positive:

I
(421) Galactose growth- (+)

I
(423) Growth without thiamine

response not k n o w n

I
Cryptococcus curvatus (+) 

or

(424) Splitting cells 
response not k n o w n

I
Sterigmatomyces elviae (-)

or

Trichosporon beigelii (+)

negative:
(426) Starch growth- 
response w a s  inconclusive

I
Crytoeoccusflavus (-) 

Bullera alba (+)
or

positive:
(427) Lactose growth- 

response w a s  inconclusive

Cryptococcus amylolentus (-)
QI

(428) Cadavarine growth 
response not k n o w n

4
Crytococcus flavus (-) or

(407) Splitting cells
response not k n o w n

4
Cryptococcus humicolus (-) or

Trichosporon beigelii (+)

F ig u r e  3.1.10: Identification schem e for yeast isolate N F  48. T h e  identification  was 

based on K e y  N o . l ,  in  accordance w ith Barnett et al. (1983), for yeasts that do not 

ferm ent D -glucose. T h e  possib le  identities o f  N F  48 are high lighted in  grey. Further 

tests fo r the identification o f  N F  48 are detailed in Tab le  3.1.10.
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Table 3.1.10: Proposed identification of yeast isolate NF 48. NF 48 was identified

as Yarrowia lipolytica  as a result of its growth in 1000 ppm cycloheximide and

negative response to the Diazonium Blue B test.

1000 p p m  cy c lo h e x im id e D ia z o n iu m  B lu e  B

N F  48° + -

Trichosporon beigeliih + +

Filobasidiella neoformans b - +

Cryptococcus curvatusb - -

L
Crytococcus flavus - ?

Sterigmatomyces elviaeh - +

Bullera albab - +

Cryptococcus amylolentusb - +

Cryptococcus humicolusb + +

Yarrowia lipolyticab
G . r  ,i • , i b j . . *

+ -

"test responses from this study; test responses from Barnett et al. (1983)
note: (+) = positive response; (-) = negative response and (?) = response not known

Identification o f  isolates using Key No. 3

Isolates N F  9 and N F  32 B  were identified  using K e y  N o .3 as Debaromyces 

hansenii and Candida zeylanoides, respectively.

Th e  identification  schem es for isolate N F  9 and N F  32 B  resulted in  seven and 

five  possib le  identities o f  the yeasts, respectively (F ig .s 3.1.11 and 3.1.12). Th e  

proposed identification  o f  N F  9, Debaromyces hansenii, is detailed in  Tab le  

3.1.11. Th e  identification  was based on the positive  response o f  the isolate to 

grow th in 1000 ppm  cyc loh ex im id e  (Tab le 3.1.5), the absence o f  pseudom ycelium  

form ation (Tab le  3.1.3) and its in ab ility  to ferm ent sucrose (Tab le  3.1.4) and the 

identical responses to these tests b y  Debaromyces hanseni (Barnett et al., 1983). 

Candida zeylanoides w as selected as the proposed identification o f  N F  32 B , as 

detailed in T a b le  3.1.12. Identification w as based on the ab ility  o f  the isolate to 

grow  in 1000 ppm  cyc lo h ex im id e  and in  50% glucose (Tab le  3.1.5) and the 

identical response o f  Candida zeylanoides to these tests (Barnett et al., 1983).
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(1) E ry th rito l grow th- (+)

4

(542) N itrate grow th- (-)

4

(543) Sucrose grow th- (+)

4

(571) R ham nose grow th- (+)

4

(611) R a ffin ose  grow th- (+)

4

(639) M e llib io se  grow th- 

respon se  n o t k n o w n

negative
4

(646) G row th  at 4 2 °C  

respon se  not k n o w n

4

Candida insectorum

( -)

or

negative
4

(640) Lactose grow th- (+)

4

(645) G row th  w ithout th iam ine- 

respon se  n o t k n o w n

positive
4

(647) G row th  at 4 2 °C  

respon se  not k n o w n

4

Debaromyces hansenii ( - )

positive
4

(648) Lactose  grow th- (+)

4

(654) 2 -keto-D -gluconate grow th- 

respon se  not k n o w n

negative
4

(655) G row th  at 4 2 °C  

respon se  n o t k n o w n

4

Pichia mexicana (+ )

Pichia mexicana (+ )

or

(638) Septate hyphae  

respon se  n o t k n o w n

4

Candida 
hydrocarbofumarica ( - )

or

Candida blankii (+)

or

(651) Septate hyphae  

respon se  not k n o w n

4

Pichia scolytii ( - )

or

Candida insectorum

(+)

positive
4

(656) G row th  at 42°C  

respon se  n o t k n o w n

4

Pichia mexicana (+ )

or

(657) Starch growth (+)

4

Debaromyces hansenii
or

Debaromyces 
pseudopolymorph us

F ig u r e  3.1.11: Identification schem e for yeast isolate N F  9. Th e  identification  

was based on K e y  N o . 3, in  accordance w ith Barnett et al. (1983), for yeasts that 

ferm ent D-glucose. T h e  possib le identities o f  N F  9 are highlighted in  grey. Further 

tests for the identification  o f  N F  9 are detailed in  Tab le  3.1.11.
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(1) Ervlhritol growth -

4

B

(2) M annitol growth-

4

(+)

(218) Nitrate erow th-

4
(-)

(219) M aliose erowth-

4
(-)

(220) Sucrose growth-

4
(-)

(221) C ellob iose erowth-

4
(-)

(222) Citrate growth-

4
(+)

(245) X ylito l growth-

response  w as in co n c lu s iv e

negative
I

(246) R ham nose grow th- ( - )

(247) G alactose grow th - ( - )

(248) 2 -K eto-D -gluconate growth-

respon se  n o t k n o w n

positive
I

Candida 
zeylanoides

negative

positive
i

(253) G alactose grow th- ( - )

(254) Sorbose grow th- 

respon se  n o t k n o w n

positive
I

Candida fm ctus

negative
I

IIansenula 
nonfermentans

Candida diversa

or

Candida silvae

F ig u r e  3.1.12: Identification schem e for N F  32 B. The identification w a s  based  

on K e y  N o .3, in accordance w ith  Barnett et al. (1983), for yeasts that ferm ent D -  

glucose. The possib le  identities o f  N F  32 are highlighted in grey. Further tests for 

the identification o f  N F  32 B are detailed in Table 3.1.12.
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Table 3.1.11: Proposed identification of yeast isolate NF 9. NF 9 was identified

as D ebarom yces hansenii as a result of its growth with 1000 ppm cycloheximide,

inability to ferment sucrose or form pseudomycelium.

1000 ppm  
cycloheximide

Fermentation of 
sucrose

Pseudomycelium
formation

Isolate N F  9a + -

Candida insectorumb - • +

Pichia mexicanab - - +

Candida
hydrocarbofumaricab + - +

Pichia scolytib - + +

Candida blankiih + + +

Debaromyces
pseudopolymorphus + + +/-

Debaromyces hanseniib + - -

° test responses from this study; b test responses from Barnett et al. (1983)
Note: (+) = poisitive response; (-) = negative response and (+/-) = mixed response.

Table 3.1.12: Proposed identification o f  yeast isolate N F  32 B, N F  32 B w as  

identified as Candida zeylanoides as a result o f  its grow th  in 1000 ppm  

cyclohexim ide and 5 0 %  glucose.

1000 ppm cycloheximide 50% glucose

N F  32 B° + +

Candida diversab - -

Candida silvaeb - -

Hansenula nonfermentansb + -

Candida fructusb - —

Candida zeylanoidesb + +

“test responses from this study; test responses from Barnett et al. (1983) 
note: (+) = positive response and (-) = negative response
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A  sum m ary o f  the proposed identification o f  the 10 isolated yeasts is presented in 

Table 3.1.13. Three distinct yeasts w ere  identified, isolate N F  9 w as identified as 

Debaromyces hansenii, isolate N F  32 B  w a s identified as Candida zeylanoides 

and the rem aining isolates w ere identified as Yarrowia lipolytica.

T a b le  3.1.13: Sum m ary o f  the proposed identification o f  the yeast isolates.

Isolate P ro p o se d  G e n u s P ro p o se d  species

N F  9 Debaromyces hansenii

N F  10, N F  12,

N F  32 A , N F  48, Yarrowia lipolytica
N F  51, N F  52, N F C

N F  32 B Candida zeylanoides

3.1.2 Se lection  o f  the isolates

Selection  o f  the isolates for further study in the developm ent o f  a m icrobial fat 

rem oval system  w a s based  on their ability to rem ove tallow . The ten isolates were  

grow n  on 20 g L '1 ta llow  as the sole carbon source in m inim al m edium  for 168 h. 

G row th  temperature w a s  set at room  temperature (22° - 25°C ) and fat rem oval 

assessed  w ith  agitation at 130 rpm and under non-agitated growth. The percentage  

fat rem oved w as determ ined after 168 h.

The isolates identified as Yarrowia lipolytica rem oved 21 ±  1.5 %  fat after 168 h 

at room  temperature and 130 rpm (Fig. 3.1.13). The isolates identified as 

Debaromyces hansenii (N F  9) and Candida zeylanoides (N F  32 B ) achieved  

approxim ately 16 and 1 7 %  rem oval, respectively, under the sam e conditions. Fat 

rem oval w a s significantly reduced under non-agitated growth, in all cases and all 

further grow th  studies w ere  perform ed w ith  agitation.
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25.0

agitated at 130 rpm no agitation

F ig u r e  3.1.13: Percentage fat rem oval b y  10 yeast isolates after 168 h  grow th on 

ta llo w  (20 g L ' 1) in  m in im a l m edium  at room  temperature (22° - 2 5 °C ) w ith  

agitation at 130 rp m  and w ith  no  agitation.

Isolate N F  32 A  was chosen as a  representative o f  the Yarrowia lipolytica isolates 

and w as selected fo r further investigation in  th is study. T h e  identification o f  the 

yeast N F  32 A  as Yarrowia lipolytica w as con firm ed  b y  D eutsche Sam m lung von  

M ik ro o rg an ism e n  und Z e llk u ltu re n  G m b H  ( D S M Z ) , G erm an y (A p p e n d ix  C). Th e  

strain isolated in  the lab  w as then designated as Yarrowia lipolytica R P2 . R P  

denoted the source o f  the yeast from  a rendering p lant and the num ber 2 denoted 

that the yeasts w ere the second group o f  isolates from  the rendering plant (the first 

w ere filam entous fungi) to  be studied in  the laboratory.
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3.2 Characterisation and optimisation of the environmental conditions for 
the degradation of tallow (20 g L'1) by Yarrowia lipolytica RP2 in shake 
flask culture

T h e  characteristics o f  the grow th o f  Y. lipolytica R P 2  on ta llow  (20 g L "1), as the 

sole carbon source, were assessed in  shake flask  culture. Environm enta l growth  

parameters p lay  an im portant role in  the developm ent o f  a m icrobial-based fat 

rem oval system. Therefore, a study was undertaken to optim ise the growth  

conditions for ta llow  degradation by the yeast and in clu ded  grow th temperature, 

in c lu s io n  o f  surfactants, m edium  p H , agitation and in ocu lu m  preparation. The  

in fluence o f  the addition o f  g lucose and nitrogen to the system  on fat rem oval and 

grow th was also investigated.

3.2.1 Characteristics of the growth of Y. lipolytica RP2 on tallow (20 g L"1) 
in minimal medium

T h e  grow th o f  Y. lipolytica R P 2  on ta llow  (20 g L ' 1) w as assessed in  m in im al 

m edium  over a period  o f  240 h  at room  temperature (22° - 25°C ) and 130 rpm. 

T h e  flasks were sam pled at regular intervals and fat rem oval, ce ll num ber, dry  

w eight, ce ll v iab ility , in tracellu lar lip id  and p H  were m onitored. M e d iu m  p H  was 

not controlled.

M a x im u m  fat rem oval, 21%, was achieved after 168 h  and corresponded to a 

decrease in  the ta llow  concentration from  20 g L ’1 to approxim ately 15.8 g L ' 1 

(F ig . 3.2.1). N o  further fat rem oval occurred after 168 h  and this tim e period  was 

selected for fat rem oval m easurements in  further shake flask  investigations. B oth  

ce ll num ber and dry w eight w ere used to m onitor growth. C e ll num ber increased  

to 1.08 ± 0.04 x  108 ce ll m l"1 by  168 h. T h is  correlated w ith  the m ax im um  degree 

o f  fat rem oval at that tim e. A fte r  168 h, the cells entered stationary grow th w ith  

no increase in  ce ll num ber at 240 h. C e lls  were 100% v iab le  after 168 h, w ith a 

m arginal decrease to 98 ± 1.5% v ia b ility  after 240 h (results not shown). C e ll 

m orph o logy  was observed to be in  the yeast shape on ly  during  the grow th period.
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D r y  w eight production fo llow ed  a s im ila r pattern to ce ll num ber and m ax im um  

dry w eight, 4.0 ± 0.1 g L ’ 1, was ach ieved  after 168 h  w ith  no further change after 

240 h. D r y  w eight was used to calculate the growth rate and the specific  rate o f  fat 

rem oval, 0.010 h '1 and 0.024 g g ' 1 h"1, respectively. A  decrease in  m edium  p H  

from  p H  7.0 to 2.5 occurred after 72 h, w ith  no further decrease after 240 h. The  

decrease in  p H  correlated w ith fat m etabolism  and grow th o f  the yeast. 

Intracellu lar lip id  com prised  approxim ately 0.4 g g ' 1 after 24 h, w h ich  was a 30% 

increase in  ce llu lar lip id  from  the tim e o f  inoculation. L ip id  content decreased 

after 24 h to 0.20 ± 0.03 g g ' 1 at 168 h  and rem ained at this leve l until the end o f  

the fermentation.

100 125 150

time (h)

F ig u r e  3.2.1: T a llo w  concentration (♦ ), ce ll num ber ( • ) ,  d ry w eight (O ) , 

m edium  p H  (■ ) and intracellu lar lip id  content ( O )  during the growth o f  Y. 
lipolytica R P 2  on  ta llo w  (20 g L ' 1) for 240 h  w ith no p H  control. Tem perature and 

agitation w ere set to ro o m  temperature (22° - 25°C) and 130 rpm , respectively.

T h e  y ie ld  coefficient, Yx/S w as calculated based on the am ount o f  dry w eight (x) 

produced per ta llow  rem oved  (s) at the tim e o f  m ax im um  fat rem oval, 168 h, and 

corresponded to 0.95 g g '1. H ow ever, the presence o f  accum ulated lip id  in  the 

cells im p lied  that som e o f  the extracellu lar lip id  rem oved was not m etabolised.
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C onsequently, the calculated yield at 168 h m ay not have given  an accurate 

indication o f  dry w eigh t or biom ass produced per unit substrate. The y ield  o f  fat 

free dry w eigh t on the m etabolised lipid w a s then determined. This w a s expressed  

as the y ield  coefficient, Y xf/sm. The m etabolised lipid (sm ) w a s the extracellular 

lipid rem oved b y  the yeast, less any accum ulation in the biom ass:

s m  =  s rem" S acc w h e r e :  s rem=  l i p i d  r e m o v e d  f r o m  t h e  s u p e r n a t a n t

Sacc=  a c c u m u l a t e d  i n  t h e  b i o m a s s

The lipid-free dry w eigh t (xf) w as the cellular material o f  Y. lipolytica RP2, 

exclusive o f  the lipid content.

x f  =  X - Sacc

The calculated value o f  the n ew  yield  coefficient, Y xf/sm, based  on lipid-free dry 

w eigh t and m etabolised fat w as 0.94 g g '1. The similarity in the yields indicated  

that the accum ulation o f  lipid intracellularly did not alter the overall y ield  o f  

biom ass o f  the yeast on tallow. C onsequently, all further yield  calculations were  

based on the coefficient Yx/S. Sim ilarly, the calculation o f  the grow th  rate and 

specific rate o f  fat rem oval based on lipid free dry w eigh t and m etabolised ta llow  

w ere identical to those rates determ ined based  on the dry w eigh t and ta llow  

rem oved. A  com parison o f  these parameters is presented in Table 3.2.1.

T a b le  3.2.1: Com parison o f  the yield, grow th  rate and specific rate o f  fat rem oval 

by Y. lipolytica R P2 growth based on both the dry w eigh t (x ) and fat rem oved (s) 

and the lipid free dry w eigh t (x f) and m etabolised fat (sm ). The yeast w a s grown  

on ta llow  (20 g L '1) for 168 h at room  temperature (22 - 25°C ) and 130 rpm w ith  

no pH  control.

D r y  w e ig h t (x) an d  

ta llo w  re m o ve d  (s)

L ip id  free  d r y  w e ig h t (xf) 

a n d  ta llo w  m eta b o lise d  (sm)

Y ie ld  ( g g ' 1) 0.95 ± 0 .0 3 0.94 ± 0 .0 2

G row th  rate (h '1) 0.010 ± 0 .0 0 1 0.010 ± 0 .0 0 1

Specific  rate o f  fat 

rem oval (g  g^ h '1)
0.024 ±  0.002 0.024 ± 0 .0 0 2
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Increased dispersal o f  the ta llow  was observed during the grow th o f  the yeast (Fig.

3.2.2). A t  24 h, the ta llow  presented as a ‘ lu m p ’ o f  fat, w h ich  was dispersed into 3 

sm aller lum ps b y  120 h. A fte r  168 h, the ta llo w  was dispersed into num erous 

sm all lum ps o f  fat, w ith  no further increase in  dispersal observed after 240 h 

(illustration not shown). T h e  ta llow  in  the contro l flask, w h ich  was not inoculated, 

rem ained as a single lu m p  o f  fat throughout the 240 h.

Y. lipolytica:

24 h

120 h 240 h

168 h

F ig u re  3 .2 .2 : Illustration o f  the grow th flasks o f  Y. lipolytica R P 2  on ta llo w  (20 g 

L ' 1) w ith  no  p H  contro l after 24 h, 120 h  and 168 h and contro l flask  (no cells) 

after 24 h  and 240 h. Tem perature and agitation were set to room  temperature (22° 

- 2 5 °C ) and 130 rpm , respectively.

Control: 

24 h
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Th e  parameters o f  biosurfactant activ ity  were m onitored in  terms o f  surface 

tension and ém ulsification  activity ( A 540) and em ulsion stability (Kd, decay ratio) 

w ith kerosene (Tab le  3.2.2). T h e  observed dispersal o f  the ta llow  corresponded to 

a reduction in  the surface tension from  approxim ately 70 to 62 dynes cm ' 1 by  168 

h, w ith  no further decrease at 240 h. E m u ls if ica tio n  activ ity  increased during  

grow th to a m ax im u m  absorbance o f  approxim ately 0.7 during 120 -  168 h, w h ich  

corresponded to the observed increase in  ta llow  dispersal and increased growth at 

these tim es. A fte r  168 h, a decrease in  activ ity  occurred. E m u ls io n  stability w ith  

kerosene increased during growth also, w h ich  corresponded to a decrease in  Kd 

values, to -5 .1 0  at 120 h. H ow ever, after 120 h, em ulsion stability decreased w ith  

increased Kd. In the control flask (no cells), surface tension rem ained at 70 ± 0.5 

dynes cm ' 1 throughout the 240 h. N o  ém uls ification  activ ity  was detected during  

240 h  and s im ilarly , no change in  the decay ratio occurred in  the control flask, 

w h ich  correlated w ith  the observed absence o f  ta llow  dispersal.

In the grow th flask, the reduction in  surface tension, detection o f  ém ulsification  

activ ity  and em uls ion  stability were therefore attributed to the grow th o f  the yeast 

on ta llow  and suggested the production o f  a biosurfactant (b ioem ulsifier) b y  the 

yeast.
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Table 3.2.2: Surface tension, ém ulsification  ability  ( A 540) and em ulsion  stability (decay ratio, K d) o f  the m edium  during the grow th o f  

Y. lipolytica R P 2  on  ta llow  (20 g L ' 1) and the respective control (cell free) fo r 240 h  w ith  no p H  control. Tem perature and agitation were 

set to room  temperature (22° - 25°C ) and 130 rpm , respectively. T h e  m edium  was filtered through 0.2 pm  filter prior to m easurement. 

Th e  absorbance and decay ratios were m easured against kerosene.

Time (h) Surface tension 
(dynes cm"1)

Y. lipolytica RP2  

Emulsification 
activity (A54o)

Decay ratio 
(Kd x 10"3)

Surface tension 
(dynes cm"1)

Control 

Emulsification 

activity (A540)
Decay ratio 
(K„ x 10"3)

0 70.5 + 0.50 0.05 + 0.01 -12.50 + 0.50 70.5 + 0.50 0.05 + 0.01 -12.50 + 0.50

24 64.0 ± 0.33 0.45 ± 0.02 -6.60 + 0.10 70.5 + 0.33 0.07 + 0.01 -1 2 .4 1 + 0 .3 1

72 63.3 ± 0.33 0.65 + 0.03 -5.25 + 0.11 70.0 + 0.13 0.07 + 0.02 -12.52 + 0.12

120 62.5 ± 0.25 0.70 + 0.01 -5.10 + 0.12 70.0 + 0.67 0.06 + 0.02 -13.00 + 0.54

168 62.0 + 0.33 0.69 + 0.02 -6.33 + 0.23 69.5 + 0.33 0.06 + 0.01 -13.05 + 0.22

240 62.0 ± 0.13 0.55 + 0.10 -7.75 + 0.22 70.0 + 0.67 0.06 + 0.02 -12.98 + 0.61



3.2.2 Optimisation of growth temperature

A n  investigation into the optim isation o f  temperature w as undertaken w ith  the 

assessm ent o f  growth o f  Y. lipolytica R P 2  on ta llow  at 4°, 25°, 30°, 37° and 55°C  

at 130 rpm, w ith  no pH  control. The percentage fat rem oval w a s determ ined after 

168 h and cell number, cell viability and pH  w ere  m onitored at regular intervals.

M axim um  fat rem oval, 21 ±  0 .5 % , w a s achieved  at 25°C (F ig . 3.2.3). R educed  fat 

rem oval occurred at the higher grow th  tem peratures o f  30° and 37°C, at 1 8 %  and 

10%), respectively, w ith  no fat rem oved at 55°C. G rowth at 4°C resulted in the 

rem oval o f  2.8 ±  1.0 %  fat. The degree o f  ta llow  rem oved from the m edium  by  the 

yeast corresponded w ith  the degree o f  grow th  at the different temperatures. 25°C  

resulted in the greatest degree o f  grow th, w ith  a final cell num ber o f  1.1 ±  0.06 x  

108 cell m l'1 after 168 h (F ig . 3.2.4). G row th  w as reduced w ith  increased  

temperature, w ith  a final cell num ber o f  9.4 ±  0.4 and 3.8 ±  0.4 x  107 cell ml"1 

after 168 h for 30° and 37°C, respectively. N o  growth w as detected at 55°C. 

G row th  w a s also reduced at 4°C, w ith  a final cell count o f  1.4 ±  0.4 x  107 cell ml' 

\  Cells w ere  98 ±  2 .0 %  viable at all temperatures, except at 55°C, w here a 

com plete loss in viability occurred. Cell m orphology w as in the yeast-shape only  

at all temperatures.

A  decrease in m edium  pH  w a s noted at the various growth tem peratures w ith  the 

exception o f  55°C, w here the pH  remained at pH  7.0. The m agnitude o f  the 

decrease in pH  correlated w ith  the degree o f  grow th  observed  and corresponded  

w ith  fat m etabolism  at the respective temperatures. A t 25° and 30°C, pH  w as  

reduced to betw een  pH  2.5 -  3.0 after 72 h. This corresponded to the greater level 

o f  grow th  and fat rem oval at these temperatures. A t 168 h, a decrease to pH  3.5 

w as noted at 37°C w h ile  a reduction to pH  5 occurred at 4°C.

Incubation at 55°C resulted in the liquefaction o f  the ta llow  (illustration not 

show n), how ever, the ta llow  rem ained solid at 4°C -  37°C.

25°C w as selected as the ideal tem perature for fat degradation by  Y. lipolytica 

R P2 and all further grow th  studies w ere  perform ed at this temperature.
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growth temperatufo

Figure 3.2.3: Percentage fat removal by Y. lipolytica RP2 after 168 growth on 

tallow (20 g L '1) at 4°, 25°, 30°, 37° and 55°C. Agitation was set to 130 rpm with 

no pH control.

time (h)

30°C 37°C S5“C

0 30 60 SO 120 150 0 30 60 90 120 150 0 30 60 90 120 150 180

lime {h)

Figure 3.2.4: Cell number ( • ) ,  percentage viability (A) and medium pH (■ ) 

during the growth of Y. lipolytica RP2 on tallow (20 g I,'1) for 168 h at 4°, 25°, 

30°, 37° and 55°C. Agitation was set to 130 rpm with no pH control.
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3.2.3 Effect of chemical surfactant addition on tallow émulsification and 
biodégradation

The influence o f surfactants Triton X-100 and Tween 80, added at concentrations 

o f 0.05, 0.1, 0.25 and 0.5% (w/v), on tallow émulsification, fat removal and 

growth was investigated. The yeast was cultivated for 168 h on tallow (20 g L '1) 

and fat removal was determined after 168 h. Temperature and agitation were set at 

25°C and 130 rpm, respectively. The flasks were sampled at regular intervals and 

cell number, viability, pH and surfactant activity were monitored.

The greatest degree o f fat removal, 21 ± 0.5%, was achieved in the absence of 

surfactant addition (Fig. 3.2.5). In contrast, the presence o f both surfactants, at all 

concentrations, resulted in a lower degree of fat removal after 168 h. Increased 

concentrations o f Triton X-100, between 0.05 -  0.5% (w/v), resulted in decreased 

removal to between approximately 10.0 -  6.0%. The addition o f Tween 80 

resulted in 2.0 -  3.0% fat removal, irrespective o f the concentration o f surfactant 

added.

Triton X-100 (% w/v) Tween 80 (% w/v)

s u r fa c ta n t a d d itio n

Figure 3.2.5: Percentage fat removal by Y. lipolytica RP2 after 168 h growth on 

tallow (20 g L*1) in the presence of surfactants Triton X-100 and Tween 80 at 

concentrations between 0 - 0.5% (w/v). Temperature and agitation were set to 

25°C and 130 rpm, respectively with no pH control.



The decrease in fat rem oval in the presence o f  the surfactants correlated w ith  a 

decrease in cell viability and cell grow th  (F ig . 3.2.6). In the absence o f  surfactant 

addition, the cells maintained 1 0 0 %  viability w ith  a final cell num ber o f  

approxim ately 1.1 x  108 cell m l'1 after 168 h. Increased concentrations o f  Triton 

X -100  (0.05 -  0 .5 %  w /v) resulted in a decrease in cell viability  after 168 h to 

betw een  70 -  5 0 % . Correspondingly, the final cell num ber decreased to betw een  6

-  3 x  107 cell ml"1 after 168 h. In contrast, the addition o f  T w een  80 resulted in a 

similar reduction in viability and grow th  after 168 h, to approxim ately 5 0 %  

viability  and 3 x 107 cell m l'1, respectively, irrespective o f  the concentration  

added. This correlated w ith  the similar degree o f  fat rem oval achieved  at all 

T w een  80 concentrations.

A  decrease in m edium  pH  w a s observed  in all cases (results not shown). A  

reduction to pH  2.5 by  168 h w as observed  in the absence o f  surfactant addition. 

M edium  pH  did not decrease b y  the sam e m agnitude in the presence o f  the 

surfactants, w h ich  corresponded to the lower degree o f  fat rem oved. A  decrease to 

pH  3.5 -  4 .0 and 4.0 -  4.5 by  168 h w as noted for Triton X -1 00  and T w een  80, 

respectively , irrespective o f  surfactant concentration. There w as no decrease in pH  

in the control flasks (no cells) irrespective o f  the addition o f  either surfactant, at 

any concentration or w here no surfactant w a s added (results not show n).

The addition o f  the surfactants influenced the dispersion o f  the ta llow  in the 

m edium  prior to inoculation, w ith  the exception o f  0 .0 5 %  T w een  80 w here no 

ta llow  dispersal w as noted (F ig . 3.2.7). Increased concentration o f  both surfactants 

betw een  0.05 -  0 .5 %  (w /v) resulted in increased dispersion. H ow ever, there w as  

no further change in ta llow  dispersion during the 168 h. In the control flasks (no 

cells) w ith  the respective concentrations o f  the surfactants, an identical degree o f  

ta llo w  dispersal w as observed com pared to the grow th  flasks whereas no dispersal 

w as observed  in absence o f  the surfactants (illustrations not show n). Triton X -100  

w as observed  to be a m ore effective surfactant than T w een  80, w ith  greater ta llow  

dispersal at all concentrations and com plete em ulsification o f  the ta llow  in 0 .5 %  

(w /v ) Triton X -100 . In the grow th  flasks w ithout the surfactants, ta llow  dispersion  

w as observed  only during growth on tallow , as outlined in Section 3.2.1 (Fig.

3 .2 .2) and by  168 h w a s similar to that observed w ith  0 .1 %  Triton X -100 and 

0.25%) T w een  80.
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between 0.0 -  0.5% (w/v). Temperature and agitation were set to 25°C and 130 rpm, respectively, with no pH



0 .0 5 %  T r ito n  X -1 0 0 0 .0 5 %  T w e e n  80

0.1% Triton X-100 0.1% Tween 80

0.25% Triton X-100 0.25% Tween 80

0.5% Triton X-100 0.5% Tween 80

Figure 3.2.7: Illustration of tallow (20 g L“1) dispersal in the presence of 

surfactants Triton X-100 and Tween 80 at concentrations between 0.05 - 0.5 % 

(w/v) prior to yeast inoculation.
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T h e  p re s e n c e  o f  T r i t o n  X - 1 0 0  a n d  T w e e n  80  re d u ce d  the  s u r fa c e  t e n s io n  to  

a p p r o x im a te ly  30  - 3 4  a n d  4 2  - 4 4  d y n e s  c m '1, r e s p e c t iv e ly ,  f r o m  th e  t im e  o f  th e ir  

a d d it io n  w it h  n o  fu r th e r  ch a n g e  u p  to  168  h , ir r e s p e c t iv e  o f  s u r fa c ta n t  

c o n c e n t ra t io n  (T a b le  3 .2 .3 ) . In  th e  a b s e n ce  o f  s u rfa c ta n t a d d it io n ,  s u r fa c e  te n s io n  

w a s  re d u ce d  to  6 2  d y n e s  c m "1 a fte r  168  h  as o u t l in e d  in  S e c t io n  3 .2 .1  (T a b le

3 .2 .2 ) . C o n s e q u e n t ly ,  s u r fa c e  te n s io n  w a s  n o t  c o n s id e re d  an  in d ic a t io n  o f  the 

d e g re e  o f  t a l lo w  d is p e r s io n  in  th e  m e d iu m , as d is p e r s io n  w a s  o b s e rv e d  in  the  

f la s k s  at b o th  a  lo w e r  (3 0  - 4 4  d y n e s  c m "1) a n d  h ig h e r  (6 2  d y n e s  c m ’ 1) su rfa ce  

t e n s io n  w it h  th e  s u r fa c ta n ts  an d  w it h o u t  th e  su rfa c ta n ts , r e s p e c t iv e ly .  In  c o n tra s t, 

e m u ls if lc a t io n  a c t iv it y  ( A 540) c o r re la te d  w it h  th e  o b s e rv e d  t a l lo w  d is p e rs io n . 

E m u ls i f ic a t io n  a c t iv it y  w a s  g re a te r f o r  T r i t o n  X - 1 0 0  c o m p a re d  to  T w e e n  80  at 

e a ch  c o n c e n t ra t io n . A c t i v i t y  in c re a s e d  u p o n  in c re a s e d  c o n c e n t ra t io n  o f  the  

s u r fa c ta n ts  u p  to  0 .5 %  (w /v ) , w it h  a  c o r r e s p o n d in g  a b s o rb a n c e  o f  1 .22  a n d  1 .06  

fo r  T r i t o n  X - 1 0 0  a n d  T w e e n  80 , r e s p e c t iv e ly  at 0  h. S ig n i f ic a n t ly ,  an  

e m u ls if ic a t io n  a c t iv it y  o f  0 .6 9  a b s o rb a n c e  u n it s  w a s  d e te c te d  w it h  n o  s u rfa c ta n t 

a d d it io n  (T a b le  3 .2 .2 ) , w h ic h  w a s  c o m p a ra b le  to  th a t o f  0 .1 %  T r i t o n  X - 1 0 0  ( A 540, 
0 .7 0 )  a n d  0 .2 5 %  T w e e n  80  ( A 540, 0 .7 8 ) , a fte r  168 h. T h is  c o r re s p o n d e d  w it h  th e  

o b s e rv e d  s im i la r i t y  in  t a l lo w  d is p e r s a l in to  n u m e ro u s  s m a ll  lu m p s  in  th e se  f la s k s . 

E m u ls io n  s t a b i l i t y  (d e c a y  ra t io ,  K d ) , w a s  s im i la r  fo r  b o th  s u r fa c ta n ts  at the  

r e s p e c t iv e  c o n c e n t ra t io n s  b e tw e e n  - 3 . 3  to  - 1 . 8  fo r  0 .0 5  to  0 .5%  (w /v ). N o  

s ig n if ic a n t  c h a n g e  in  e ith e r  a b s o rb a n c e  o r  the d e c a y  ra t io  o c c u r re d  d u r in g  th e  168 

h. In  c o n tra s t , the  e m u ls io n  fo rm e d  w it h  n o  s u rfa c ta n t a d d it io n  w a s  n o t  as s ta b le  

as th a t  fo rm e d  w it h  th e  s u rfa c ta n ts , w h ic h  c o r re s p o n d e d  to  a lo w e r  d e c a y  ra t io  (- 

6 .3 3 )  at 168  h. T h e  c o r r e s p o n d in g  c o n t r o l f la s k s  (n o  c e l ls )  fo r  b o th  su rfa c ta n ts  

r e s u lte d  a  s im i la r  s u r fa c e  te n s io n , a b s o rb a n c e  a n d  d e c a y  ra t io  as th e  su r fa c ta n t  

g ro w th  f la s k s ,  at a l l  c o n c e n t ra t io n s  ( re s u lt s  n o t  sh o w n ) . In  co n tra s t , c o n t r o ls  w it h  

n o  s u r fa c ta n t  a d d it io n  d id  n o t  r e d u ce  th e  s u r fa c e  te n s io n  an d  n o  e m u ls if ic a t io n  

a c t iv it y  o r  s t a b i l i t y  w a s  d e te c ted .

O v e r a l l ,  th e  a d d it io n  o f  th e  su r fa c ta n ts  T r it o n  X - 1 0 0  a n d  T w e e n  80  to  th e  m e d iu m  

at c o n c e n t ra t io n s  g re a te r th a n  0.05% ) (w /v )  w a s  fo u n d  to  in c re a s e  th e  d is p e r s a l o f  

th e  t a l lo w  in  th e  m e d iu m . H o w e v e r ,  th e  su rfa c ta n ts  e x e rte d  a t o x ic  e f fe c t  o n  the 

y e a s t , w h ic h  re s u lte d  in  b o th  re d u ce d  v ia b i l i t y  a n d  g r o w th  a n d  s u b se q u e n t ly  

r e d u ce d  fa t  r e m o v a l.  T h e re fo re , th e  a d d it io n  o f  th e  s u r fa c ta n ts  w a s  n o t  fo u n d  to  be  

b e n e f ic ia l  in  th e  o p t im is a t io n  o f  th e  g ro w th  o f  Y. lipolytica R P 2  o n  t a l lo w .



Table 3.2.3: Surface tension, emulsification ability (A540) and emulsion stability (decay ratio, Kd) of the medium during the growth of Y. 

lipolytica RP2 on tallow (20 g L '1) for 168 h with the surfactants Triton X-100 and Tween 80 at concentrations between 0.05 -  0.5% (w/v). 

Temperature and agitation were set to room temperature 25°C and 130 rpm, respectively with no pH control and the medium was filtered

through 0.2 pm filter prior to measurement. The absorbance and decay ratios were measured against kerosene.

Time

(h)

Cone.
(% w/v)

Surface tension
(dynes cm'1)

Triton X-100

Emulsification 
activity (A540)

Decay ratio
(Kd x 10'3)

Surface tension
(dynes cm'1)

Tween 80 

Emulsification
activity (A540)

Decay ratio 
(Kd x 10'3)

0 0.05 33.0 ±0.5 0.50 ±0.01 -3.25 ±0.02 44.0 ±0.3 0 . 2 1  ±0.06 -3.30 ±0.10
0 . 1 0 33.0 ±0.3 0.65 ±0.08 -2.89 ±0.01 43.0 ±0 .7 0.44 ±0.11 -2.90 ±0.03
0.25 31.0 ± 0.1 1.05 ±0.10 -2.20 ± 0.03 43.0 ±0.1 0.82 ±0.04 -2.15 ±0.05
0.50 31.0 ± 0.1 1.22 ±0.07 -1.85 ±0.07 42.5 ±0.1 1.06 ±0.13 -2 . 0 0  ± 0.06

1 2 0 0.05 33.0 ±0.1 0.50 ±0.05 -3.30 ±0.04 44.0 ± 0.7 0.21 ±0.05 -3.25 ±0.22
0 . 1 0 33.5 ±0.1 0.71 ±0.05 -2.85 ± 0.02 43.3 ±0.3 0.43 ±0.10 -3.00 ±0.14
0.25 31.0 ± 0.1 1.04 ±0.06 -2.25 ± 0.05 43.0 ±0.1 0.80 ± 0 . 0 2 -2.20 ± 0.04
0.50 31.0 ± 0.2 1.20 ±0.09 -1.82 ± 0 . 0 2 42.0 ± 0.2 1 . 1 0  ± 0 . 2 0 -2.15 ±0.09

168 0.05 33.5 ±0.1 0.49 ± 0.05 -3.35 ±0.01 44.0 ± 0.7 0.20 ±0.05 -3.27 ±0.13
0 . 1 0 33.0 ±0.3 0.70 ±0.07 -2.90 ± 0.02 43.3 ±0.3 0.40 ±0.15 -3.04 ±0.04
0.25 31.5 ± 0.2 1.01 ±0.04 -2.27 ± 0.03 43.0 ±0.1 0.78 ±0.08 -2.22 ± 0.05
0.50 31.0 ±0.3 1.17 ± 0.10 -1.80 ± 0 . 0 2 42.0 ± 0 .2 1 . 1 1  ± 0 . 2 0 -2 . 2 0  ± 0 . 0 1



3.2.4 Role o f pH  control

Medium pH was reduced from pH 7.0 to approximately pH 2.5 during the growth 

of Y. lipolytica RP2 on tallow at 25°C and 130 rpm in shake flask culture. It was 

anticipated that control of the medium pH by the inclusion of a buffer would 

improve fat removal and growth of the yeast. A study was undertaken which 

included the determination of the optimum pH for fat removal, a comparison of 

various buffers at optimum pH, determination of optimum buffer concentration 

and optimum growth temperature with pH control, under these growth conditions. 

The influence of pH control on yeast morphology and biosurfactant production 

was also assessed.

3.2.2.1 Optimisation of medium pH between pH 3.0 -  8.0 with 0.1 M citrate 

phosphate buffer

The medium pH was controlled via the inclusion o f 0.1 M citrate phosphate 

buffer, a wide pH range buffer, between pH 3.0 - 8.0. Temperature and agitation 

were set to 25°C and 130 rpm, respectively. The degree of fat removal by Y. 

lipolytica RP2 was determined after 168 h. The growth flasks were sampled at 

regular intervals and pH, cell number, cell viability and yeast morphology were 

monitored.

Maximum fat removal, 68.6 ± 1.2%, was achieved at pH 7.0 after 168 h (Fig. 

3.2.8). This was a dramatic increase in fat removal compared to no pH control 

which resulted in 21% removal after 168 h. Increased pH resulted in increased fat 

removal up to pH 7.0 with a marginal decrease at pH 8.0, with 65% fat removed. 

Medium pH was maintained at the respective pH values by the buffer during the 

168 h, with a decrease to pH 2.5 in the absence of pH control (Fig. 3.2.9). The

degree o f cell growth correlated with the degree of fat removed at each pH.
8 1Control to pH 7.0 resulted in the greatest cell number, 1.7 x 10 cell ml' , after 168 

h. Increased pH resulted in increased cell number after 168 h between pH 3.0 -
o 1

7.0, with a marginal decrease in cell number to 1.6 x 10 cell ml" at pH 8.0. Cell 

viability was maintained at 100% during 168 h, in all cases.
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pH 3 pH A pH 5 pH 6  pH 7 pH 6  n o  pH  control

Figure 3.2.8: Percentage fat removal by Y. lipolytica RP2 after 168 li growth on 

tallow (20 g L '1) with pH control between pH 3.0 -  8.0 by 0.1 M citrate phosphate 

buffer and with no pH control. Temperature and agitation were set to 25°C and 

130 rpm, respectively.

lime (h) time (|i)

•  pH 3 ■ pH 4 A pH 5 ▼ pH 6 ♦  pH 7 •  pH 8 O no pH control

Figure 3.2.9: pH (A) and cell number (B) during the growth of Y. lipolytica RP2 

on tallow (20 g L’1) for 168 h with pH control between pH 3.0 -  8.0 by 0.1 M 

citrate phosphate buffer and with no pH control. Temperature and agitation were 

set to 25°C and 130 rpm, respectively.
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Interestingly, a difference in yeast m orphology w as observed at the various pH  

values w hen  grow n on tallow . D im orphic growth, the ability o f  the yeast to 

produce both yeast- and m ycelial-shaped cells w a s noted at 24 h grow th  at pH  

values 5.0 - 8.0 (T able 3.2.4). A n  increase in percentage m ycelial-shapcd cells 

from  5 .0 %  to 6 .3 % , based  on a ratio o f  the overall cell number, w a s  observed  

upon increased pH  betw een  pH  5.0 to 8.0. H ow ever, after 24 h, a decrease in 

m ycelium  form ation w a s observed w ith  less than 1 %  m ycelial-shaped cells 

present after 168 h at pH s 5.0 to 8.0. In contrast, yeast m orphology w a s  in the 

yeast-shape on ly during 168 h at pH  3.0 and 4.0 and in the absence o f  pH  control. 

In the control flasks, w h ich  contained yeast and buffer only (no ta llow ), cell 

m orphology w a s in the yeast shape only (results not shown). This im plied that the 

dim orphism  w as as a result o f  pH  control near neutrality w ith  the presence o f  

ta llow  and not as a result o f  the buffer itself. A n  illustration o f  the dimorphic  

phenom enon at both 24 and 168 h at pH  7.0 is illustrated in Fig. 3.2.10.

Table 3.2.4: Percentage m ycelia  ratio for Y. lipolytica R P2 grown on ta llo w  (20 g 

L '1) for 168 h  w ith  pH  control be tw een  pH  3.0 -  8.0 w ith  0.1 M  citrate phosphate  

buffer and w ith  no pH  control. Tem perature and agitation w ere set to 25°C and 

130 rpm, respectively.

Mycelial ratio ( % )

pH Oh 24 h 72 h 120 h 168 h

3.0 0 0 0 0 0

4.0 0 0 0 0 0

5.0 0 5.0 ±  1.2 1.0 ±  0.5 0.6 ± 0 .2 0.5 ± 0 .2

6.0 0 5.7 ± 0 .8 1.0 ±  0.1 0.8 ± 0 .3 0.8 ± 0 .1

7.0 0 6.0 ±  1.1 1.3 ±  1.2 0.9 ± 0 .5 0.8 ± 0 . 1

8.0 0 6.3 ± 0 . 6 1.9 ± 0 . 6 1.5 ± 0 . 6 0.9 ± 0 . 1

N o  control 0 0 0 0 0
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Figure 3.2.10: Illustration o f Y lipolytica RP2 cell morphology after (A) 24 h and 

(B) 168 h growth on tallow (20 g L '1) with pH control to 7.0 by 0.1 M  citrate 

phosphate buffer. Temperature and agitation were set to 25°C and 130 rpm, 

respectively. Cells were observed under x20 magnification.

In the control flasks for citrate phosphate buffer at pH 3.0 -  8.0, which contained 

yeast and buffer only and no tallow, a degree o f growth was observed with an 

increase from 5 x 105 cell m l'1 to 1.7 ± 1.0 x 107 cell ml"1 after 168 h (results not 

shown). An increase in pH by 1.5 ± 0.5 pH units at each pH was also noted after 

168 h. The rise in pH was attributed to the utilisation o f the citrate in the buffer, 

thereby increasing the concentration o f phosphate and subsequently increasing the 

pH. The pH remained at the respective pH values (3.0 -  8.0) throughout the 

fermentation when no yeast was added to the buffered medium. The presence of 

citrate phosphate buffer in the medium provided an additional carbon source with 

the tallow for the yeast and therefore would not be suitable for investigations with 

tallow as the sole carbon source.

pH 7.0 was selected for all further growth studies o f Y. lipolytica RP2 on tallow. 

The unsuitability o f 0.1 M  citrate phosphate buffer for pH control necessitated a 

further investigation into the inclusion o f buffers at pH 7.0 on fat removal by the 

yeast.
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3 .2 .4 .2  In f lu en c e  o f v a r io u s  b u ffe r s  (0 .1  M , pH  7 .0 ) on ta llo w  b io d ég ra d a t io n

A number of buffers at a concentration of 0.1 M and at pH 7.0, were assessed as 

to their influence on fat removal and growth. The four buffers included citrate 

phosphate, di-sodium phosphate (Na2 HP0 4 -NaH2P0 4 ), potassium phosphate 

(KOH-KH 2PO4) and sodium phosphate buffer (NaOH-NaH2P()4). Citrate 

phosphate buffer was included for comparison purposes, although it was shown to 

provide an additional carbon source with the tallow in the previous section. 

Temperature and agitation were set to 25°C and 130 rpm. Fat removal was 

determined after 168 h. The flasks were sampled at regular intervals and dry 

weight, cell viability and morphology were monitored.

Potassium phosphate buffer achieved a marginally better degree of fat removal, 75 

± 0.5%, after 168 h compared to the other buffers (Table 3.2.5). Inclusion of 

citrate and both sodium buffers removed a similar degree of fat removal, 

approximately 68.5 ± 1.0%. Correspondingly, the growth rate was greater with 

potassium phosphate buffer, 0.020 h '1, compared to other buffers (0.016 h '1). Cell 

viability was maintained at 100% during the 168 h, in all cases.

The presence of citrate as an additional carbon source did not result in increased 

fat removal or growth compared to the other buffers. In the control flasks, which 

contained the yeast and buffers only and no tallow, no growth or change in pH 

was detected with potassium phosphate or both sodium phosphate buffers (results 

not shown). This indicated that the yeast could not utilise these buffers as a sole 

carbon source.

Dimorphic growth was observed in the presence of all the buffers and tallow. The 

presence of approximately 6.0 ± 1 .5  % mycelia, as a ratio of the overall cell 

number, was detected at 24 h in all cases (results not shown). However, after 24 h, 

a reduction in the number of mycelia occurred with less than 1 % mycelial-shaped 

cells present after 168 h, in all cases.
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Table 3.2.5: Percentage fat removal and growth rate for Y. lipolytica RP2 after 

168 h growth on tallow (20 g L '1) with pH control to pH 7.0 by citrate phosphate, 

di-sodium phosphate, potassium phosphate and sodium phosphate buffers. 

Temperature and agitation were set to 25°C and 130 rpm, respectively.

Buffer Fat removal (%) Growth rate (h'1)

Citrate phosphate 68.0 ± 1.5 0.016 ±0.001

Na2HP0 4 -NaH2P0 4 67.9 ± 1.2 0.016 ±0.001

K0H-KH2P 0 4 74.5 ±0.5 0.020 ±0.001

Na0H-NaH2P 0 4 65.7 ±2.3 0.016 ±0.001

Maximum fat removal and growth, 75% and 0.02 h '1, respectively, were achieved 

after 168 h with 0.1 M potassium phosphate buffer, pH 7.0, which resulted in its 

selection for further studies into the optimisation of growth conditions in shake 

flask culture.

3.2.4.3 Optimisation of the concentration of potassium phosphate buffer, pH

7.0 and growth temperature

In the previous investigation, potassium phosphate buffer was employed at a 

concentration of 0.1 M. The influence of increased concentrations of potassium 

phosphate buffer to 0.2, 0.3, 0.5 and 1.0 M, all at pH 7.0, on growth and fat 

removal by Y. lipolytica RP2 was investigated. The influence of temperature on 

the buffering capacity and on growth of the yeast under pH control was also 

determined with growth at 4°, 25°, 30° and 37°C. 55°C was not included in the 

temperature range as a result of the complete loss in viability observed previously 

at this temperature (Section 3.2.2). Agitation was set to 130 rpm. Fat removal was 

determined after 168 h. The flasks were sampled regularly and pH, dry weight, 

cell viability and morphology were monitored.

Maximum fat removal, 75%, was achieved at 25°C with a buffer concentration of 

0.1 M and 0.2 M (Table 3.2.6). Increased buffer concentration greater than 0.2 M 

resulted in decreased fat removal, irrespective of the growth temperature. Also,
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increased growth temperature to 30° and 37°C resulted in decreased fat removal 

compared to 25°C, with only 1 - 6% fat removed at 4°C at the various 

concentrations. The effect of growth temperature with the buffer at 4°C was 

similar to that observed previously in Section 3.2.2 (Fig. 3.2.3) where no pH 

control was employed. Correspondingly, the small degree of growth observed at 

4°C, at approximately 0.001 - 0.003 h '1 correlated with the reduced degree of fat 

removed at this temperature. In contrast, pH control with 0.1 and 0.2 M buffer at 

30° and 37°C resulted in approximately four times more fat removed compared to 

no pH control (66% and 44% compared to 18% and 10% for pH control and no 

control at 30°C and 37°C, respectively).

Maximum growth rate was achieved at 25°C, at a buffer concentration of 0.1 M 

and 0.2 M, at 0.02 ± 0.001 h '1, with decreased growth rates for 30° and 37°C 

under the same conditions at approximately 0.019 and 0.017 h '1, respectively. 

Increased concentrations of buffer above 0.2 M, resulted in a decreased growth 

rate at all temperatures, which corresponded to decreased fat removal under these 

conditions.

The buffer was not found to be toxic to the yeast at concentrations 0.1 -  0.3 M, 

with 100% viability observed over the 168 h at all temperatures. There was a 

marginal reduction in cell viability after 168 h for 0.5 and 1.0 M buffer to 

approximately 98 ± 0.3%o and 95 ± 0.5%, respectively, irrespective of the growth 

temperature (results not shown).
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Table 3.2.6: Percentage fat removal and growth rate for Y. lipolytica RP2 after 168 h growth on tallow (20 g L '1) at 130 rpm with pH control 

by 0.1, 0.2, 0.3, 0.5, and 1.0 M potassium phosphate buffer, pH 7.0, at growth temperatures 4°, 25°, 30° and 37 °C, respectively.

Temperature
4°C 25°C 30°C 37°C

Buffer

concentration

(M)

Fat

removal

(%)

Growth rate 

(h '1)

Fat

removal

(%)

Growth rate 

(h '1)

Fat

removal

(%)

Growth rate 

(h’1)

Fat

removal

(%)

Growth rate 

(h '1)

0.1 5 .9+  1.4 0.003 ± 0.0003 74.5 ± 0.5 0.020 ±0.0010 66.2 ± 0.4 0.019 ±0.0005 43.6 ± 1.3 0.017 ±0.0003

0.2 5.8 ±0 .9 0.003 ± 0.0002 74.0 ± 2.2 0.020 ±0.0010 65.6 ±0 .6 0.019 ±0.0003 43.2 ± 1.8 0.017 ±0.0005

0.3 2.5 ± 0 .7 0.002 ± 0.0002 65.0 ± 1.0 0.018 ±0.0005 48.2 ± 0 .4 0.015 ±0.0002 33.9 ±1.3 0.012 ±0.0004

0.5 1.5 ± 0 .7 0.001 ± 0.0002 44.8 ± 1.5 0.014 ±0.0006 40.5 ± 0.4 0.014 ±0.0001 28.7 ±0.8 0.011 ±0.0005

1.0 1.1 ± 0 .7 0.0009 ±0.0001 20.5 ±1 .7 0.005 ±0.0001 17.7 ±0.3 0.004 ± 0.0002 10.6 ±0.6 0.004 ±0.0001



Buffer concentration and growth temperature with pH control, were both found to 

influence yeast morphology after 24 h growth. A similar degree of mycelium 

production was observed for 0.1 and 0.2 M  buffer at approximately 6% for 25°C 

and 30°C and 2.5% for 37°C (Fig. 3.2.11). Increased concentration of the buffer 

above 0.2 M resulted in a decrease in the ratio o f mycelia at 25°, 30° and 37°C, 

with less than 1% mycelia present in 1.0 M  concentration. After 24 h, a decrease 

in the mycelia ratio was observed, with less than 1% mycelia present by the end of 

the growth period. In contrast, no mycelia were detected at 4°C at any stage of 

growth, irrespective o f the buffer concentration, with morphology observed to be 

in the yeast-shape only. At all buffer concentrations, 25°C and 30°C resulted in 

similar ratios o f mycelium production, but a lower ratio was observed at 37°C.
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Figure 3.2.11: Percentage mycelial ratio after 24 h growth of Y. lipolytica RP2 on 

tallow (20 g L '1) with pH control by potassium phosphate buffer at concentrations 

0.1, 0.2, 0.3, 0.5 and 1.0 M  at temperatures 4°, 25°, 30° and 37°C, respectively. 

Agitation was set to 130 rpm.

The absence o f increased growth or fat removal upon the inclusion of increased 

concentrations o f potassium phosphate buffer, coupled with the similar degree of 

removal and growth observed with 0.1 M  and 0.2 M  at 25°C, 75% and 0.02 h"1, 

respectively, at 25°C indicated that 0.1 M potassium phosphate buffer, pH 7.0, 

was ideal for the growth o f Y. lipolytica RP2 on tallow, under these conditions.
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Similarly, the superior growth and fat removal achieved at 25°C indicated that this 

temperature was best for the growth of the yeast on tallow with pH control and all 

further growth studies were carried out at 25°C.

3.2.4.4 Characteristics of the growth of Y. lipolytica RP2 on tallow (20 g L'1) 

at optimised growth temperature, 25°C and pH, 7.0

Fat removal was determined only after 168 h in the previous temperature and pH 

investigations. Therefore, the growth characteristics of Y. lipolytica RP2 on tallow 

were assessed in minimal medium for up to 240 h under the optimised conditions 

of temperature and pH, at 25°C and pH 7.0 with 0.1 M potassium phosphate 

buffer, respectively. The flasks were sampled at regular intervals and fat removal, 

cell number, dry weight, cell viability, morphology and intracellular lipid were 

monitored. The surface tension, émulsification activity and emulsion stability of 

the growth medium were also measured.

Maximum fat removal, 75%, occurred after 168 h, which corresponded to 5 g L '1 

tallow in the medium, with no further removal after 240 h (Fig 3.2.12). The time 

required to achieve this fat removal, 168 h, was identical to that required in the 

absence of pH control as outlined in Section 3.2.1. Stationary growth was reached
n |

at 144 h, which corresponded to 2.2 x 10 cell ml' . Yeast viability was 

maintained at 100% during the 240 h. Dimorphic growth was observed after 24 h 

with 6.0 ± 1.0% mycelial-shaped cells produced (results not shown). However, 

after 24 h, the ratio o f mycelial cells decreased with less than 1% present at the 

end of the fermentation. Dry weight increased up to 15 g L’1 at 144 h, with no 

increase after that time. Dry weight values were used to determine the growth rate, 

specific rate of fat removal and yield coefficient, 0.020 ± 0.001 h’1, 0.035 ± 0.002 

g g"1 h '1 and 1.01 g g '1, respectively. These parameters were all greater with pH 

control to pH 7.0, compared to no pH control in Section 3.2.1.
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The intracellular lipid content o f the yeast cells changed during growth on tallow. 

At 24 h, intracellular lipid comprised 0.42 ± 0.20 g g '1. After 24 h, intracellular 

lipid content decreased to approximately 0.10 g g '1 by 120 h, and remained at this 

level until 240 h. This decrease in intracellular lipid was more pronounced and 

greater in magnitude with pH control compared to no pH control, where 

intracellular lipid decreased to 0.20 g g '1 after 168 h (Fig. 3.2.1). This 

corresponded to the greater degree o f growth and fat removal under pH control 

compared to no pH control.
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Figure 3.2.12: Cell number ( • ) ,  dry weight (O), tallow concentration (♦ )  and 

intracellular lipid (O ) content of Y. lipolytica RP2 when grown on tallow (20 g L' 

') for 240 h with pH control by 0.1 M potassium phosphate buffer, pH 7.0. 

Temperature and agitation were set to 25°C and 130 rpm.

Tallow dispersion increased over time during growth of the yeast and complete 

émulsification of the tallow occurred by 168 h (Fig. 3.2.13). No further change in 

dispersion occurred after 168 h. This corresponded to the time of maximum 

removal of the tallow by the yeast. The degree of dispersal with pH control was 

also greater that that observed during growth in the absence o f pH control in 

Section 3.2.1.
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72 h

Figure 3.2.13: Illustration o f the growth flasks o f Y. lipolytica RP2 on (20 g L '1) 

with 0.1 M potassium phosphate buffer, pH 7.0 after 24, 72 and 168 h. 

Temperature and agitation were set to 25°C and 130 rpm, respectively.

The increased tallow dispersion achieved with pH control compared to no control 

was also reflected in greater biosurfactant activity with the buffer (Table 3.2.7). 

Surface tension was reduced to 56 dynes cm ' 1 after 120 h, with no further 

reduction after this time. In contrast, surface tension was reduced to 62 dynes cm ' 1 

in the absence o f pH control, as outlined in Section 3.2.1. Similarly, under pH 

control to 7.0, emulsification activity (A540) was also enhanced. Emulsification 

activity increased to an absorbance of 1.61 ± 0.09 after 120 h, which was more 

than double that with no pH control (A540, 0.70). The decay ratio under pH 

control, decreased to -3 .80 after 120 h, which demonstrated increased emulsion 

stabilisation compared to no pH control (Kj, -5.10) after the same growth period. 

A small decrease in the surface tension, from 70 to 65 dynes cm ' 1 occurred in the 

control flask, which was not inoculated. No emulsification activity or stability was 

detected in the controls during 240 h.

Maximum fat removal and growth, 75% and 0.02 h ' 1 respectively, were achieved 

after 168 h growth with pH control by 0.1 M  potassium phosphate buffer, pH 7.0. 

Consequently, all further shake flask studies were performed for 168 h.
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Table 3.2.7: Surface tension, emulsification ability (A540) and emulsion stability (decay ratio, Kd) of the medium during the growth of Y  

lipolytica RP2 on tallow (20 g L '1) and the respective control (cell free) for 168 h with pH control by 0.1 M potassium phosphate buffer, pH 

7.0. Temperature and agitation were set to 25°C and 130 rpm, respectively. The medium was filtered through 0.2 fim filter prior to 

measurement. The absorbance and decay ratios were measured against kerosene.

Time (h) Surface tension 

(dynes cm'1)

Y. lipolytica RP2 
Emulsification 

activity (A 54o)

Decay ratio 

(Kd x 10 3)

Surface tension 

(dynes cm'1)

Control 
Emulsification 

activity (A 54o)

Decay ratio 

(Kd x 1 0  3)

0 70.0 ± 1.0 0.09 ± 0.02 -6.35 + 0.11 70.0+1.0 0.09 ± 0.02 -6.35 ±0.11

24 58.0 + 0.5 0.71+0.05 -4.25 ±  0.05 69.5 + 0.0 0.10 + 0.02 -6.40 ±0.10

48 57.5 + 0.1 1.20 + 0.11 -4.04 ± 0.04 69.0 ± 0.1 0.11+0.03 -6.35 ±0.05

72 57.5 + 0.0 1.45 + 0.06 -4.00 ± 0.06 69.0 + 0.1 0.10 + 0.02 -6.25 ±0.05

120 56.0 + 0.1 1.61+0.09 -3.80 + 0.07 67.0 ± 0.0 0 .11+0.04 -6.30 ±0.10

144 56.0 + 0.0 1.32 + 0.08 -4.21 ± 0.02 66.0 + 0.1 0.10 + 0.04 -6.35 ± 0.04

168 56.0 + 0.0 1.11+0.10 -5.50 + 0.04 65.0 ±0.1 0.09 + 0.01 -6.33 ±0.13

240 56.0 + 0.1 1.04 + 0.06 -5.81+0.05 65.0 + 0.0 0.10 + 0.02 -6.35 ±0.02



3 .2 .5  E ffc c t  o f a g ita tio n  on g ro w th  an d  fa t  r em o v a l

In the process for the selection of the isolates for further study (Section 3.1.2), fat 

removal with agitation was significantly greater than with no agitation. However, 

all previous agitated growth was performed at 130 rpm. Therefore, the effect of 

increased agitation to 200 rpm and baffled agitation at 130 rpm was investigated. 

Temperature was set to 25°C and pH was controlled with 0.1 M potassium 

phosphate buffer, pH 7.0. The flasks were sampled at regular intervals and the 

degree o f fat removal, dry weight, cell viability and morphology were monitored 

over 168 h.

A similar degree o f fat removal and dry weight production was observed for 130 

rpm under baffled and non-baffled agitation with approximately 5 g L '1 tallow 

remaining in flask after 168 h, which corresponded to 75% fat removal and 15 g 

L’1 dry weight (Fig. 3.2.14). The specific rate of fat removal and growth rate were 

similar at approximately 0.035 g g"1 h '1 and 0.02 h '1, respectively (Table 3.2.8). 

Increased agitation at 200 rpm resulted in lower fat removal, 60% after 168 h, 

which corresponded to 7.9 g L '1 tallow. Similarly, agitation at 200 rpm resulted in 

a lower degree of growth, with 12 g L '1 dry weight after 168 h. This corresponded 

to a lower rate of specific fat removal and growth compared to agitation at 130 

rpm, 0.027 g g’1 h '1 and 0.018 h '1, respectively. Cell viability was maintained at 

100% during 168 h growth period, in all cases.

130 rpm

0  30 60 90 120 150 180

lime (h)

Figure 3.2.14: Tallow concentration (♦ )  and dry weight (O) during growth of Y. 

lipolytica RP2 on tallow (20 g L '1) for 168 h at agitation rates of 130 rpm, 200 

rpm and 130 rpm in baffled flasks. Temperature was set at 25°C with pH control 

by 0.1 M potassium phosphate buffer, pH 7.0.
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Table 3.2.8: Percentage fat removal, specific rate of fat removal and growth rate 

for Y. lipolytica RP2 after 168 h growth on tallow (20 g L’1) with agitation at 130 

rpm, 200 rpm and 130 rpm in baffled flasks. Temperature was set at 25°C with pH 

control by 0.1 M potassium phosphate buffer, pH 7.0.

Agitation rate (rpm)
130____  200 ____ 130, baffled

Fat removal (%) 74.5 ±0.5 60.0 ±0.8 75.0 ± 1.2

Specific rate of fat 
removal (g g '1 h '1) 0.035 ± 0.002 0.027 ±0.002 0.035 ± 0.002

Growth rate (h '1) 0.020 ±0.001 0.018 ±0.002 0.020 ±0.002

The rate and type of agitation influenced yeast morphology at the beginning of the 

growth period (Table 3.2.9). At 24 h, 6.0 ± 1.0% mycelial-shaped cells were 

present at 130 rpm compared to approximately 2% mycelium produced at 200 

rpm and baffled growth. This corresponded to a marginally higher dry weight at 

130 rpm after 24 h, 4 g L’1, compared to 200 rpm and baffled agitation, 2.9 and

3.1 g L '1, respectively. After 24 h, there was a reversion back to the yeast-shaped 

cells with less than 1.0% mycelium present after 168 h, in all cases. Consequently, 

any differences in dry weight between the agitation conditions after 24 h were not 

as a result of the yeast morphology. Correspondingly, yeast morphology did not 

influence either the growth rate or the specific rate of fat removal, as illustrated by 

the identical rates achieved under baffled and non-baffled agitation at 130 rpm.

Table 3.2.9: Percentage ratio of mycelial cells of Y. lipolytica RP2 grown on 

tallow (20 g L’1) for 168 h at agitation rates of 130 rpm, 200 rpm and 130 rpm in 

baffled flasks. Temperature was set at 25°C with pH control by 0.1 M potassium 

phosphate buffer, pH 7.0.

Ratio of mycelial cells (% )

A gitation (rpm ) Oh 24 h 72 h 120 h 168 h

130 0 6.0 ± 1.0 1.3 ± 1.2 0.9 ±0.50 0.8 ± 0.10

200 0 1.9 ±0.7 1.5 ± 0.5 0.4 ±0.10 0.1 ±0.02

130, baffled 0 2.2 ±0.6 1.0 ±0.5 0.7 ±0.15 0.5 ±0.10
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In c re a se d  a g ita t io n  to  2 0 0  rp m  w a s  fo u n d  n o t  to  b e  b e n e f ic ia l  a n d  in d e e d , re su lte d  

in  re d u ce d  fa t  r e m o v a l a b i l i t y  a n d  g ro w th . B a f f le d  a g ita t io n  at 130  rp m  a c h ie v e d  a 

s im i la r  g ro w th  a n d  fa t r e m o v a l ra te  c o m p a re d  to  n o n -b a f f le d  a g ita t io n , b u t  fo a m  

fo rm a t io n  w a s  o b s e rv e d  in  th e  b a f f le d  f la s k s .  T h e re fo re , a g ita t io n  at 130  rp m , in  

n o n -b a f f le d  f la s k s ,  w a s  s e le c te d  as th e  id e a l a g ita t io n  ra te  a n d  a l l  fu r th e r  sh a ke  

f la s k  s tu d ie s  w e re  c a r r ie d  o u t at th is  ra te  o f  a g ita t io n .

3.2.6 Influence of the m ethod of inoculum preparation  of F. lipolytica RP2

In  th e  p r e v io u s  in v e s t ig a t io n s ,  Y. lipolytica R P 2  w a s  m a in ta in e d  o n  m a lt  e x t ra c t  

a g a r  a n d  in o c u lu m  fo r  g ro w th  s tu d ie s  w a s  p re p a re d  b y  g r o w in g  th e  y e a s t  in  

n u t r ie n t  b ro th  fo r  2 4  h. T h e  in f lu e n c e  o f  m a in ta in in g  a n d  p re p a r in g  the  y e a s t  in  

l ip id  o l iv e  o i l  a g a r an d  b ro th , r e s p e c t iv e ly ,  o n  g ro w th  a n d  fa t  r e m o v a l w a s  

d e te rm in e d . T h e  g r o w th  f la s k s  w e re  m a in ta in e d  at 2 5 ° C  a n d  130  ip m  w it h  p H  

c o n t r o l b y  0.1 M  p o ta s s iu m  p h o sp h a te  b u f fe r ,  p H  7 .0 , f o r  168  h . T h e  f la s k s  w e re  

s a m p le d  at r e g u la r  in te r v a ls  a n d  d r y  w e ig h t ,  c e l l  v ia b i l i t y  a n d  m o rp h o lo g y  a n d  fa t  

r e m o v a l w e re  m o n ito re d .

T h e  g r o w th  ra te , s p e c if ic  fa t  r e m o v a l ra te  an d  y ie ld  v a lu e s  w e re  s im i la r ,  0 .0 2  h "1, 

0 .0 3 5  g  g '1 h '1 a n d  1.01 g  g '1, r e s p e c t iv e ly  (T a b le  3 .2 .1 0 ) . T h is  w a s  th e  ca se  

ir r e s p e c t iv e  o f  th e  a g a r  e m p lo y e d  to  m a in ta in  th e  yea s t. S im i la r ly ,  n o  d if fe r e n c e  in  

th e  d e g re e  o f  g ro w th  o r  fa t  r e m o v a l w a s  o b s e rv e d  w h e n  e ith e r  n u t r ie n t  b ro th  o r  

o l iv e  o i l  b ro th  w a s  e m p lo y e d  to  p re p a re  the  in o c u lu m .
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Table 3.2.10: Growth rate, specific rate of fat removal and yield for Y. lipolytica 

RP2 grown on tallow (20 g L"1) for 168 h where the yeast inoculum was sourced 

from either malt extract agar or olive oil agar and prepared in nutrient broth or in 

olive oil broth. Temperature and agitation were set to 25° C and 130 rpm, 

respectively, with 0.1 M potassium phosphate buffer, pH 7.0.

Nutrient broth Olive oil broth

Malt extract Olive oil Malt extract Olive oil

agar agar agar agar

Growth rate 
(h '1)

0.020 ±0.001 0.020 ±0.003 0.020 ±0.002 0.020 ±0.003

Specific rate of 
fat removal 
( g g 1 h '1)

0.035 ±0.002 0.035 ±0.002 0.035 ±0.003 0.035 ±0.003

Yield 
[(g dry weight) 

(g fat removed)'11

1.01 ±0.01 1.01 ±0.02 1.00 ±0.02 1.01 ±0.02

The yeast cells were found to be 100% viable in all cases. In the preparation of the 

inoculum in nutrient broth, yeast morphology was similar, irrespective of the agar 

employed (results not shown). Yeast cells were in the yeast-shape at the time of 

inoculation and produced approximately 6% mycelia by 24 h growth, with a 

reduction to less than 1% mycelia-shape cells by the end of the growth period. In 

contrast, inoculum preparation in olive oil broth induced mycelium production, 

with approximately 3.0 ± 1.5% mycelia in the growth flasks at the time of 

inoculation, irrespective of the agar employed. However, the presence of mycelia 

in the medium at the time of inoculation did not result in increased fat removal or 

growth. Mycelia comprised less than 1.0% of overall cell number by the end of 

the fermentation, in all cases.

Biosurfactant activity during the fermentation was identical under all the 

parameters (results not shown). At 120 h, surface tension was reduced to 56 

dynes cm '1, with no further change in tension after that time. Maximum 

émulsification activity and stability values occurred at 120 h, 1.61 absorbance 

units and a Kd o f -3.8, respectively.
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In the absence of improved growth and fat removal by Y. lipolytica RP2 when 

maintained on a lipid medium (olive oil agar) and prepared as an inoculum in a 

lipid medium (olive oil broth), malt extract agar and nutrient broth were selected 

for yeast maintenance and inoculum preparation, respectively, for all further 

growth studies.

3.2.7 Influence of glucose as an additional carbon source with tallow and as 

a sole carbon source

The influence of glucose, as an additional substrate with tallow, on both the fat 

removal and growth rate was assessed. The yeast was also grown on glucose as 

the sole carbon source to assess its influence on cell morphology and biosurfactant 

production. Glucose was added to the medium at a concentration of 1.0 or 10.0 g 

L '1 and tallow at 20 g L '1. The growth flasks were sampled regularly and substrate 

removal, dry weight, intracellular lipid content, cell viability, morphology and 

biosurfactant activity were monitored.

Inclusion of glucose in the medium as an additional carbon source had little or no 

effect on fat removal and cell growth (Fig. 3.2.15). After 168 h, tallow 

concentrations were approximately 5.1, 5.3, and 5.4 g L’1 in 0, 1.0 and 10.0 g L '1 

glucose, respectively, corresponding to 75%, 73% and 71% tallow removal (Table 

3.2.11). Similarly, growth rates on tallow were approximately 0.020 -  0.022 h’1 

with glucose (1.0 and 10.0 g L '1) and without glucose, with a corresponding final 

cell dry weight of approximately 15 g L '1. The specific rate of tallow removal was 

0.030 - 0.035 g g '1 h’1, in all cases. The rate o f glucose depletion from the medium 

was reduced considerably in the presence of tallow. Complete glucose removal 

occurred after 24 h and 72 h for 1.0 and 10.0 g L '1 glucose, respectively, where 

glucose was present as the sole carbon source. In contrast, the glucose 

concentration was reduced from 1.0 to 0.28 g L '1 and 10.0 to 1.3 g L"1 after 168 h 

in the presence o f tallow. Yeast viability was maintained at 100% during 168 h, in 

all cases.
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Figure 3.2.15: Tallow ( ♦ )  and glucose ( T )  concentration and dry weight ( • )  for Y. lipolytica RP2 grown on tallow (20 g L '1) and/or

glucose (1.0 or 10.0 g V 1) for 168 h. Temperature and agitation were set to 25°C and 130 rpm, respectively, with 0.1 M potassium 
phosphate buffer, pH 7.0.

& 20 g L-1 glucose &

20 g L'1 tallow

0 30 60 90 120 150 180

time (h)

20 g L'1 tallow

1.0 g L'1 glucose

30 60 90 120 150 180

time (h)

1.0 g  L '1 g lu c o s e L '1 ta llow

10.0 g L'1 glucose

60 90 120 150 180

time (h)

10.0 g



Table 3.2.11: Growth rate, percentage substrate removal and the specific substrate removal rate by Y. lipolytica RP2 grown on tallow (20 g 

L"1) and/or glucose (1.0 or 10.0 g L '1) for 168 h. Temperature and agitation were set at 25°C and 130 rpm, respectively, with 0.1 M 

potassium phosphate buffer, pH 7.0.

Growth rate Substrate removal (%) Specific removal rate (g e*1 h'1)

Substrate (h'1) Glucose Tallow Glucose Tallow

1.0 g L ' 1 glucose 0.002 ± 0.0005 1 0 0 0 . 1 2 0  ± 0 . 0 1 1

10.0 g L ' 1 glucose 0 .0 1 2 1 0 . 0 0 1 1 0 0 0.070 ± 0.002

1.0 g L ' 1 glucose & 
20.0 g L ' 1 tallow

0 . 0 2 0  ± 0 . 0 0 1 84.7 ± 0.4 73.4 ± 0 .6 0.003± 0.001 0.035 ±0.002

10.0 g L' 1 glucose & 
20.0 g L' 1 tallow

0 . 0 2 2  ± 0 . 0 0 2 87.5 ±0.3 71.4 ± 1.2 0.018 ± 0 . 0 0 2 0.030 ±0.001

20.0 g L ' 1 tallow 0 . 0 2 0  ± 0 . 0 0 1 74.5 ± 0.5 0.035 + 0.002



Intracellular lipid content was 0.09 ± 0.01 g g ' 1 after 168 h growth, irrespective of 

the substrate employed (Fig 3.2.16). A similar pattern o f lipid content was 

observed when tallow was present as the carbon source, irrespective o f glucose 

addition or concentration. An increase to approximately 0.4 g g' 1 lipid was 

detected at 24 h, with a subsequent decrease during growth to approximately 0.10 

g g ' 1 by 168 h. This indicated that the increased intracellular lipid levels at 24 h 

was due to the presence o f tallow and not glucose in the medium.
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Figure 3.2.16: Comparison o f intracellular lipid levels in Y. lipolytica RP2 cells 

grown on either tallow (20 g L '1) or glucose (1.0 or 10.0 g L '1) as sole carbon 

source or as mixed substrate. Temperature and agitation were set to 25°C and 130 

rpm, respectively, with 0.1 M potassium phosphate buffer, pH 7.0.

Growth on glucose as the sole carbon source did not induce mycelium formation, 

which was only observed when tallow was employed as mixed or as the sole 

carbon source, at approximately 6 % at 24 h (Table 3.2.12). A decrease in 

mycelium formation over time was observed with less than 1 % mycelia present 

after 168 h. An illustration of the cell morphology for the respective substrates 

after 24 h growth is presented in Fig. 3.2.17.
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Table 3.2.12: Percentage mycelial formation by Y. lipolytica RP2 when grown on 

either tallow (20 g L '1) or glucose (1.0 or 10.0 g L '1) as sole carbon source or as 

mixed substrate. Temperature and agitation were set to 25°C and 130 rpm, 

respectively, with 0.1 M potassium phosphate buffer, pH 7.0.

Ratio of mycelial cells (%)

Time

(h)

1.0 g I / 1 

glucose

1 0 . 0  g L ' 1 

glucose

1.0 g L ' 1 glucose 

& 20 g L ' 1 tallow

10.0 g L ' 1 glucose 

& 20 g L ' 1 tallow

20 g I/ 1 

tallow

0 0 0 0 0 0

24 0 0 5.8 ± 1.2 5.5 ± 1.1 6 . 0  ± 1 . 0

72 0 0 1.4 ± 0.8 1.3 ± 0.7 1.3 ± 1.2

1 2 0 0 0 1.0 ±0.4 2.0 ±0 .4 0.9 ±0.5

168 0 0 0.8 ±0.3 0 . 8  ± 0 . 1 0 . 8  ± 0 . 1

1 .0  g  L  1 g lu c o s e  & t a l lo w

10.0 g L'1 glucose 
M *  •  • ^
- . * * : •

*
É « •  I* ^  ft
r V  .■ • •

*  .  V
* V©

10.0 g L 1 glucose & tallow tallow

Figure 3.2.17: Illustration of Y. lipolytica RP2 cell morphology after 24 growth 

on either tallow (20 g L’1) or glucose (1.0 or 10.0 g L '1) as sole carbon source or 

as mixed substrate. Temperature and agitation were set to 25°C and 130 rpm, 

respectively, with 0.1 M potassium phosphate buffer, pH 7.0. Cells were observed 

under x40 magnification.
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Surface tension was reduced from 70 to 56 dynes cm ' 1 after growth on tallow for 

168 h, irrespective of the inclusion of glucose in the medium (Table 3.2.13). In 

contrast, there was no change in surface tension with glucose employed as the sole 

carbon source. Similarly, émulsification activity (A540) and emulsion stability (Kd) 

were detected only when tallow was present in the medium, irrespective of 

glucose addition. Activity and stability increased after 24 h to a maximum at 120 

h, with a corresponding absorbance and Kd of 1.6 and -3.82 ± 0.03, respectively. 

Activity and stability decreased after this time. In contrast, no activity or stability 

was detected when glucose was the sole carbon source.

A reduction in surface tension to approximately 67.0 ± 2.0 dynes cm ' 1 was 

detected in the control flasks (no cells) containing either tallow or glucose (both 

concentrations) as the sole carbon source or with tallow and glucose as mixed 

substrates. No émulsification activity or emulsion stability was detected in any of 

the control flasks.

Overall, the inclusion of glucose at 1.0 and 10.0 g L" 1 had no effect on tallow 

removal by Y. lipolytica RP2. There was a concommitant use o f both substrates 

with a similar degree o f fat removal, 73.0 ± 2.0%, achieved after 168 h, 

irrespective of glucose presence in the medium. In the presence of tallow as the 

sole carbon source, or mixed with glucose, the yeast displayed dimorphic growth 

and demonstrated biosurfactant activity. Dimorphism or biosurfactant activity 

were not detected when glucose provided the sole carbon source.
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Table 3.2.13: Surface tension, emulsification activity (A 540) and emulsion 

stability (decay ratio, Kd) daring the growth of Y. lipolytica RP2 on either tallow 

(20 g L '1) or glucose (1.0 or 10.0 g L"1) as sole carbon source or as mixed 

substrate. Temperature and agitation were set to 25°C and 130 rpm, respectively, 

with 0.1 M potassium phosphate buffer, pH 7.0. The medium was filtered through 

0.2 |un filter prior to measurement. The absorbance and decay ratios were 

measured against kerosene.

Surface tension (dynes cm )

T im e
(h)

1.0 g L 1 
glucose

10.0 g L 1
glucose

1.0 g L*1 glucose 
& 20 g L '1 tallow

10.0 g L '1 glucose 
& 20 g Lf1 tallow

2 0 g I / ‘
tallow

0 70.0 ± 1.0 70.0 ± 1.0 70.0+ 1.0 70.0 ± 1.0 70.0 ± 1.0

24 69.5 ± 0.7 70.0 ±0.3 58.3 ±0.3 58.0 ±0.7 58.0 ±0.5

72 70.0 ±0.1 70.0 ±0.7 57.0 ±0.3 57.5 +0.1 57.5 ±0.3

1 2 0 70.0 ±0.0 70.5 ±0.5 56.0 ±0.1 56.0 ±0.2 56.0 ±0.1

168 70.0 ±0.3 70.0 ±0.1 56.0 ± 0.0 56.0 ±0.2 56.0 ± 0.1
Emulsification activity (A 540)

T im e
(ID

1.0 g I / 1 
glucose

10.0 g I / 1 
glucose

1.0 g I / 1 glucose 
& 20 g L’1 tallow

10.0 g Lf1 glucose 
& 20 g L*1 tallow

20 g L  1 
tallow

0 0.09 ±0.02 0.09 ±0.02 0.09 ±0.02 0.09 ±0.02 0.09 ±0.02

24 0.11 ±0.05 0 . 1 0  ± 0 . 0 1 0.70 ±0.02 0.69 ±0.05 0.71 ±0.05

72 0 . 1 1  ± 0 . 0 1 0 . 1 0  ± 0 . 0 2 1.46 ±0.07 1.44 ±0.02 1.45 ±0.06

1 2 0 0 . 1 0  ± 0 . 0 2 0.11 ±0.05 1.60 ±0.05 1.60 ±0.08 1.61 ±0.09

168 0.11 ±0.03 0.10 ±0.04 1.13 ±0.09 1.12 ± 0.09 1 . 1 1  ± 0 . 1 0

Decay ratio (K^x 1 O'3)

T im e
(ID

1.0 g L  ' 
glucose

10.0 g L '1 
glucose

1.0 g L '1 glucose 
& 20 g L '1 tallow

10.0 g L‘l glucose 
& 20 g L  1 tallow

20 g L  1 
tallow

0 -6.35 ±0.11 -6.35 ±0.11 -6.35 ±0.11 -6.35 ±0.11 -6.35 ±0.11

24 -6.30 ±0.08 -6.29 ±0.02 -4.23 ± 0.03 -4.27 ± 0.04 -4.25 ± 0.05

72 -6.31 ±0.09 -6.28 ±0.05 -4.02 ±0.05 -4.00 ±0.02 -4.00 ±0.06

1 2 0 -6.30 ±0.05 -6.29 ± 0.04 -3.79 ±0.05 -3.85 ±0.03 -3.80 ±0.07

168 -6.30 ±0.07 -6.32 ±0.10 -5.69 + 0.10 -5.75 ±0.02 -5.50 ±0.04
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3 .2 .8  In f lu en c e  o f n itro g en  so u rc e  an d  co n cen tra tio n

All previous growth studies in this investigation were performed with 2.0 g L' 1 

ammonium sulphate [(NI 14)2 8 0 4 ] as the nitrogen source. The influence of the 

source and concentration of nitrogen in the medium was investigated with respect 

to growth and fat removal, intracellular lipid content, biosurfactant production, 

and cellular morphology of Y lipolytica RP2.

A range of nitrogen concentrations at 0.5, 1.0, 2.0, 3.0 and 5.0 g L ' 1 were 

assessed, and the source of nitrogen as ammonium sulphate, urea and peptone 

were compared. The different nature o f the three sources, complex chemical and 

simple and complex organic, meant that a simple comparison with the amount 

added to the growth flasks could not be made. Therefore, the nitrogen source and 

concentration were compared based on the total nitrogen (g N L '1) added to the 

media (Table 3.2.14). Yeast extract provided 9.0 mg L ' 1 of total nitrogen in the 

minimal medium, and this value was not included in the calculation o f the amount 

o f total nitrogen in the medium .

Table 3.2.14: Comparison of concentration (0.5 - 5.0 g L '1) of nitrogen source, as 

(NH4)2 S0 4 , urea and peptone added to the medium, with the total nitrogen 

concentration in the medium (g N L"1).

Total Nitrogen in the medium (gNL* )

Concentration of nitrogen 

source added (g L'1) (NH4)2S 0 4 Urea Peptone

0.5 0 . 1 1 0.24 0.08

1 . 0 0 . 2 1 0.47 0.15

2 . 0 0.42 0.93 0.29

3.0 0.64 1.40 0.43

5.0 1 . 1 0 2.33 0.71
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Maximum fat removal, 73 -  75%, was achieved at concentrations between 2 -  5 g 

L' 1 1 -  3 g L' 1 urea and 3 -  5 g L ’ 1 peptone (Fig. 3.2.18). This

corresponded to total nitrogen concentration in the medium between 0.42 -  1.40 g 

N L '1. At lower nitrogen concentrations, 0.5 -  1.0 g L* 1 (N H ^SC)^ 0.5 g L ' 1 urea 

and 0.5 -  2.0 g L ' 1 peptone, fat removal was reduced to 60 - 65%, 65% and 43 -  

65%, respectively. Also, fat removal was reduced at high nitrogen levels. 

Inclusion of 5 g L ' 1 urea, corresponding to 2.33 g N L '1, resulted in 52% fat 

removal.
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Figure 3.2.18: Percentage fat removal by Y. lipolytica RP2 after 168 h growth on 

tallow (20 g L '1) with addition o f (N H ^SO *, urea and peptone at concentrations 

o f 0.5, 1.0, 2.0, 3.0, and 5.0 g L '1. Temperature and agitation were set at 25°C and 

130 rpm, respectively, with 0.1 M potassium phosphate buffer, pH 7.0.
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Maximum growth rates, 0.020 - 0.021 h ' , also occurred at nitrogen levels 

between 0.42 and 1.40 g N L ' 1 (Table 3.2.15). At lower nitrogen levels, at 0.5 -

1.0 g L ' 1 (NH4)2 S 0 4, 0.5 g L ' 1 urea, and 0.5 -  2.0 g L ' 1 peptone, growth rates were 

reduced to 0.015 -  0.018 h '1, 0.018 h ' 1 and 0.008 -  0.018 h '1, respectively. 

Similarly, a lower growth rate was achieved at the highest nitrogen concentration 

of 5 g L" 1 urea, at 0.017 h '1, which corresponded to the lower degree of fat 

removal at this concentration. Yeast viability was 100% in all cases.

Table 3.2.15: Growth rate for Y. lipolytica RP2 grown on tallow (20 g L '1) with 

addition of (NH4)2 S0 4, urea and peptone at concentrations of 0.5, 1.0, 2.0, 3.0, 

and 5.0 g L '1. pH control was by 0.1 M potassium phosphate buffer, pH 7.0 and 

temperature and agitation were set at 25°C and 130 rpm.

G row th rate ( h 1)

Concentration of nitrogen source added to medium (g U  )
Nitrogen
Source

0.5 1.0 2.0 3.0 5.0

(NH4)2 S 0 4 0.015 ± 0.018 + 0 . 0 2 0  + 0 . 0 2 0  ± 0 . 0 2 0  ±
0 . 0 0 2 0 . 0 0 2 0 . 0 0 1 0 . 0 0 2 0 . 0 0 1

Urea 0.018 ± 0 . 0 2 1  + 0 . 0 2 0  ± 0 . 0 2 0  ± 0.017 ±
0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1

Peptone 0.008 + 0.014 + 0.018 ± 0 . 0 2 1  ± 0 . 0 2 1  ±
0 . 0 0 1 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

The concentration of nitrogen influenced the amount of intracellular lipid after 

168 h (Table 3.2.16). Intracellular lipid content was approximately 0.1 g g' 1 when 

nitrogen levels were between 0.42 -  1.40 g N L" , corresponding to a carbon 

nitrogen ratio (C:N) o f 41:1 -  12:1. This corresponded to the total nitrogen 

concentration range resulting in maximum fat removal and growth rate. At 

nitrogen levels below 0.42 g N L '1, corresponding to C:N ratios above 56:1, lipid 

accumulation was induced. This was clearly evident for 0.5 g L ' 1 peptone (0.08 g 

N L '1), where intracellular lipid content was 0.35 g g"1. This indicated that a high 

ratio of a tallow carbon source to nitrogen induced lipid accumulation in Y. 

lipolytica RP2, irrespective of the nitrogen source. Similarly, a high C:N ratio 

(between 206:1 to 56:1) resulted in a lower yield for all nitrogen sources, which
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also corresponded to reduced growth and fat removal at these ratios. At C:N ratios 

below 56:1, yield values at unity were achieved, irrespective of the source of 

nitrogen. The exception was at 5 g L ' 1 urea, where reduced growth and fat 

removal resulted in a reduced yield of 0.89 g g '1.

Table 3.2.16: Comparison of the carbon to nitrogen ratio (C:N) with the amount 

of intracellular fat and yield of Y. lipolytica RP2 cells grown on tallow (20 g L '1)

with nitrogen addition by (N tL ^SO ^ urea and peptone at 0.5 - 5.0 g L '1.

Nitrogen Addition C:N ratio Intracellular lipid

[g (g dry weight) “1]

Yield [(g dry weight) 

(g fat removed)-1]

(NH4)2 S 0 4 (g L-1): 0.5 151:1 0.29 ±0.02 0.80 ± 0 . 0 1
1 . 0 79:1 0.18 ± 0 . 0 2 0.94 ±0.02
2 . 0 41:1 0.09 ± 0.02 1 . 0 1  ± 0 . 0 1
3.0 27:1 0 . 1 0  ± 0 . 0 1 1 . 0 0  ± 0 . 0 2
5.0 16:1 0.09 ±0.01 1 . 0 0  ± 0 . 0 2

Urea (g L '1): 0.5 72:1 0.17 ±0.02 0.95 ±0.02
1 . 0 37:1 0 . 1 0  ± 0 . 0 1 1 . 0 2  ± 0 . 0 2
2 . 0 19:1 0 . 1 0  ± 0 . 0 2 1 . 0 2  ± 0 . 0 1
3.0 1 2 : 1 0.09 ±0.02 1 . 0 1  ± 0 . 0 1
5.0 8 : 1 0.09 ±0.03 0.89 ±0.02

Peptone (g L’1): 0.5 206:1 0.35 ±0.03 0.64 ±0.02
1 . 0 108:1 0.30 ±0.01 0.84 ± 0.02
2 . 0 56:1 0.15 ± 0.01 0.98 ±0.01
3.0 38:1 0.09 ±0.03 1 . 0 1  ± 0 . 0 1

5.0 2 0 : 1 0 . 1 1  ± 0 . 0 2 1 . 0 2  ± 0 . 0 2

A similar degree o f tallow dispersal was observed in the growth flasks, 

irrespective o f the source and concentration of nitrogen. The nitrogen levels in the 

medium were not found to influence the biosurfactant properties surface tension, 

émulsification activity or decay ratio during growth (results not shown). Surface 

tension was reduced from 70 to 56 dynes cm ’ 1 after 120 h, in all cases, with no 

further reduction after this time. Emulsification activity and stability were greatest 

at 120 h, with an absorbance and Kj of approximately 1.60 and -3.80, irrespective 

of nitrogen source or concentration. In the control flasks (no cells), the surface 

tension was reduced to approximately 65 dynes cm ’ 1 by 168 h. No émulsification 

activity or emulsion stability was detected in the control flasks.
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Interestingly, both the source and concentration of nitrogen added to the growth 

medium did have an effect on yeast morphology (Fig. 3.2.19). The ratio of 

mycelial cells to overall cell number ranged between 20 - 30% between 0.5 and

1.0 g L ' 1 addition for both (N H ^SC ^ and urea after 24 h growth. However, 

mycelium formation was not induced to the same degree for peptone, with only 1 0

- 15% mycelia present at these concentrations, at 24 h. Increased concentration of 

nitrogen addition above 1.0 g N  L’ resulted in a decrease in the production of 

mycelial-shape cells, irrespective of the source o f nitrogen. After 24 h, the ratio of 

mycelial cells decreased over the course of the growth period to less than 4% 

mycelia at the lower concentrations, 0.5 - 1.0 g L ' 1 and to less than 1% at the 

higher concentrations, for all three sources. An illustration of the degree of 

mycelium formation for the different concentrations and sources of nitrogen at 24 

h growth is shown in Fig.s 3.2.20 a - b.

tim e (h)

•  0 5 g L '1 ■  1 0 g L ' *  2.0 g L '1 ▼  3 0 g L '1 ♦  5 0 g L '1 J

Figure 3.2.19: Percentage mycelium formation by Y. lipolytica RP2 during 168 h 

growth on tallow (20 g L"1) with the addition of (N H ^S O ^  urea and peptone at 

concentrations of 0.5 to 5.0 g L‘ . Temperature and agitation were set to 25°C and 

130 rpm, respectively, with 0.1 M potassium phosphate buffer, pH 7.0.

Overall, maximum fat removal and growth rates occurred at nitrogen 

concentrations between 0.42 -  1.40 g N L '1, and decreased above and below this 

concentration. (N H ^ S O ^  at a concentration of 2 g L '1, was chosen as a suitable 

nitrogen source for all further studies as it provided 0.42 g N L ' 1 in the medium 

and did not induce mycelium formation to any great extent.
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Figure 3.2.20 a: Illustration of cell morphology of Y. lipolytica RP2 after 24 h growth on tallow (20 g L '1) with nitrogen 

addition at 0.5, 1.0 and 2.0 g L ' 1 as (NH4)2S 0 4, urea and peptone. Temperature and agitation were set to 25°C and 130 rpm, 

respectively, with 0.1 M  potassium phosphate buffer, pH 7.0. Cells were observed under x20 magnification.
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Figure 3.2.20 b: Illustration o f cell morphology of Y. lipolytica RP2 after 24 h growth on tallow (20 g L '1) with nitrogen 

addition at 3.0 and 5.0 g L ' 1 as (NH^SCU, urea and peptone. Temperature and agitation were set to 25°C and 130 rpm, 

respectively with 0.1 M potassium phosphate buffer, pH 7.0. Cells were observed under x20 magnification.



3.2.9 Summary of the main findings from shake flask studies on the growth 

of Y. lipolytica RP2 on tallow (20 g L'1)

• Growth on tallow

• Growth temperature

• Surfactant addition

• pH control

• Agitation rate

• Inoculum preparation

• Additional carbon, 
glucose

• Nitrogen source and 
concentration

2 1 % fat removed after 168 h at room temperature 
and 130 rpm with no pH control. Observed 
reduction in surface tension and detection of 
emulsification activity in growth medium indicated 
biosurfactant production by Y. lipolytica RP2.

25°C

Surfactants Triton X-100 and Tween 80 were toxic 
to Y. lipolytica RP2 and tallow removal was 
reduced.

Increased fat removal to 75% after 168 h under pH 
control to pH 7.0 with 0.1 M potassium phosphate 
buffer at 25°C. Induction of dimorphic growth with 
pH control. Increased biosurfactant activity with pH 
control.

130 rpm

Maintenance of the yeast on a lipid agar and 
preparation of the inoculum for growth on tallow in 
a lipid medium did not improve growth or fat 
removal ability.

Concommitant use of glucose and tallow as mixed 
substrate by the yeast. Similar degree of tallow 
removed when glucose present as an additional 
carbon source. Glucose did not induce dimorphic 
growth or biosurfactant production.

Maximum tallow removal with 0.42 -  1.4 g L ' 1 total 
nitrogen in medium. (NH4)2 S0 4  at 2.0 g L" 1 selected 
as superior nitrogen source and concentration, 
respectively. A high carbon to nitrogen ratio 
resulted in cellular lipid accumulation.
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3.3 Scale-up of the degradation of tallow (20 g L'1) by Yarrowia lipolytica 

RP2 in 2 L and 10 L fermenters

An investigation was undertaken to assess the ability of Y. lipolytica RP2 to 

remove tallow on a larger scale. Scale-up studies were initially applied to a 2 L 

bench-top fermenter and subsequently to a pilot-scale 10 L fermenter.

3.3.1 2 L fermenter studies

Scale-up of the growth of Y. lipolytica on tallow to a 2 L fermenter was performed 

under the conditions determined as ideal for fat removal in shake flask 

investigations and included temperature (25°C), pH (7.0), nitrogen (2 g L ' 1 

(NH^SO;}), with inoculum preparation in nutrient broth. The rates o f agitation 

and aeration were optimised for the fermentation and the effect of the method of 

pH control to 7.0 investigated.

3.3.1.1 Optimisation of agitation

Y. lipolytica RP2 was grown on tallow in the 2 L fermenter at agitation rates of 

250, 500, 700 and 900 rpm with an aeration rate of 1 VVM with pH control by 0.1 

M potassium phosphate buffer, pH 7.0. Fat removal was determined at the end of 

the fermentation, after 65 h. The fermenter was sampled at regular intervals and 

dry weight, cell viability, cell morphology, intracellular lipid and biosurfactant 

activity were monitored.

Fat removal, growth rates and yield were calculated after 65 h (Table 3.3.1). 

Results were similar at agitation rates of 500, 700 and 900 rpm. After 65 h, 

approximately 75% of the fat was removed with a corresponding growth rate of 

0.072 h '1. This was a significant reduction in the time required for fat removal 

compared to shake flask studies (168 h) and correspondingly, a greater growth 

rate (0.02 h" ). At the lower agitation rate in the fermenter, 250 rpm, less fat was 

removed, 26.8% and a lower growth rate achieved, 0.03 h '1, compared to the 

higher agitation rates. Similarly, the yield value at 500 -  900 rpm, 0.94 g g '1, was
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greater than achieved at 250 rpm, 0.86 g g"1. In all fermentations, 100% cell 

viability was maintained during 65 h.

Table 3.3.1: Percentage fat removal, growth rate and yield after 65 h growth of Y. 

lipolytica RP2 on tallow (20 g L '1) in 2 L fermenter, at agitation rates of 250, 500, 

700 and 900 rpm. Aeration and temperature were set to 1 VVM and 25°C, with 0.1 

M potassium phosphate buffer, pH 7.0

Agitation ra te  (rpm )

250 500 700 900

Fat removal (%) 28.6 ± 
3.2

75.0 ± 
1 . 0

74.9 ± 
1.5

74.5 ± 
1 . 2

Growth rate (h"1) 0.030 ± 
0.003

0.072 ± 
0 . 0 0 2

0.072 ± 
0.003

0.072 + 
0.003

Yield |(g dry weight) 
(g fat removed)' ]

0 . 8 6  + 
0.005

0.94 ± 
0 . 0 0 2

0.94 + 
0.003

0.94 + 
0.005

Intracellular lipid content followed a similar pattern, irrespective of the agitation 

rate (Fig. 3.3.1). At 12 h, the cell lipid content increased to approximately 0.5 g g' 

1 after inoculation and then decreased to between 0.10 g g ' 1 and 0.15 g g ' 1 lipid 

between 12 to 65 h. The initial lipid content of the cells was marginally higher in 

the fermenter compared to shake flask studies where approximately 0.4 g g" 1 lipid 

was present at 12 h (Section 3.2.4.4). However, the final value was similar in the 

both the fermenter and shake flasks at 65 and 168 h, respectively.

Yeast morphology was also monitored during the fermentations. Agitation in the 2 

L fermenter resulted in a lower production of mycelial cells compared to shake 

flask studies at 130 rpm. Mycelial-shaped cells comprised 1.0 ± 1.0% of the 

overall cell shape at 12 h in the 2 L fermenter compared to 6.0% at 24 h in shake 

flask culture. After 12 h in the fermenter, no mycelial-shaped cells were observed 

and the yeast was in the yeast-shape only. The cell morphology was identical, 

irrespective of the agitation rate employed. An illustration of the cell morphology 

at 12 h is provided in Fig. 3.3.2.
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Figure 3.3.1: Intracellular lipid content of Y. lipolytica RP2 cells when grown on 

tallow (20 g L '1) in 2 L fermenter for 65 h at agitation rates of 250, 500, 700 and 

900 rpm. Temperature and aeration were set to 25°C and 1 W M , respectively, 

with 0.1 M  potassium phosphate buffer, pH 7.0.
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Fig. 3.3.2 : Illustration o f Y. lipolytica RP2 cell morphology after 12 h growth on 

tallow (20 g L’1) in 2 L fermenter at agitation rates o f 250, 500, 700 and 900 rpm. 

Aeration and temperature were set to 1 W M  and 25°C, respectively, with 0.1 M 

potassium phosphate buffer, pH 7.0. Cells were observed under x20 

magnification.
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A reduction in surface tension was detected during the fermentation at all 

agitation rates (Table 3.3.2). The greatest reduction was achieved at agitation rates 

of 500, 700 and 900 rpm, with a final surface tension of approximately 42.5 dynes 

cm ' 1 after 65 h. This value was lower than that detected in shake flask studies 

(Section 3.2.4.4), where surface tension was reduced to 56.0 dynes cm ' 1 after 120 

h. At 250 rpm, surface tension was not reduced to the same magnitude as that 

detected at the higher agitation rates, with a tension of 58.0 ± 0.1 dynes cm " 1 after 

65 h.

Maximum emulsification activity was achieved after 24 h at 500 -  900 rpm with 

an absorbance in the range of 2.03 to 2.08 units. Similarly, maximum emulsion 

stability was detected at 24 h for 500 -  900 rpm with a Kd (decay ratio) between 

-2.23 and -2.27. Activity and stability were enhanced in 2 L fermentation 

compared to shake flask culture at 130 rpm, which achieved a maximum 

absorbance and Kd of 1.6 and -3.8, respectively, after 120 h (Section 3.2.4.4). In 

contrast, agitation at 250 rpm in 2 L fermenter resulted in a slower increase to 

maximum activity and stability with an absorbance and Kd of 1.83 and -2.85, 

respectively, after 3 8  h. This correlated with the higher surface tension achieved at 

250 rpm.

The surface tension in the controls (no cells) demonstrated only a marginal 

decrease in surface tension during the fermentation, from 70 dynes cm ' 1 to 

approximately 65.0 dynes cm ' 1 at 65 h (results not shown), irrespective of the 

agitation rate employed. Similarly, no emulsification activity or emulsion stability 

was detected in the controls, irrespective of the agitation rate.

Maximum fat removal and growth, 75% and 0.072 h’ , were achieved after 65 h 

agitation at 500 rpm. No further increase in fat removal, growth or biosurfactant 

activity occurred at higher agitation rates. Agitation below 500 rpm resulted in 

reduced fat removal, growth and activity. Consequently, 500 rpm was chosen as 

the ideal rate of agitation for all further 2 L fermenter studies.
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Table 3.3.2: Surface tension, émulsification activity (A540) and emulsion stability 

(decay ratio, Kd) of growth medium of Y. lipolytica RP2 on tallow (20 g L '1) in 2 

L fermenter for 65 h at agitation rates o f 250, 500, 700 and 900 rpm. Temperature 

and aeration were set to 25°C and 1 VVM, respectively, with 0.1 M potassium 

phosphate buffer, pH 7.0. The medium was filtered through 0.2 jam filter prior to 

measurement. The absorbance and decay ratios were measured against kerosene.

Surface tension (dynes c m 1)

T im e
(10

250 rpm 500 rp m 700 rpm 900 rp m

0 70.0 ± 1.0 70.0 + 1.0 70.0+1.0 70.0+1.0

1 2 66.5 + 0.1 52.5 + 0.5 52.0 + 0.1 52.0 + 0.1

24 60.0 + 0.3 43.5 + 0.1 43.5 + 0.0 44.0 + 0.2

38 58.5 + 0.3 43.0 + 0.1 43.0 + 0.3 43.0 + 0.3

48 58.0 + 0.6 43.0 + 0.0 42.5 + 0.1 43.0 + 0.6

65 58.0 + 0.1 42.5 + 0.0 42.5 + 0.1 42.5 + 0.3
Emulsification activity (A 540)

T im e
(h)

250 rp m 500 rp m 700 rpm 900 rpm

0 0.09 + 0.02 0.09 + 0.02 0.09 + 0.02 0.09 + 0.02

1 2 1.55 + 0.10 1.95 + 0.05 1.93 + 0.07 1.97 + 0.04

24 1.77 + 0.05 2.05 + 0.11 2.08 + 0.04 2.03+0.10

38 1.83 + 0.12 1.90 + 0.06 1.93 + 0.04 1.82 + 0.03

48 1.50 + 0.06 1.77 + 0.14 1.80 + 0.06 1.75 + 0.11

65 1.22 + 0.15 1.54 + 0.07 1.55 + 0.10 1.48+0.05
Decay ratio (Kd x  10' )

T im e
(li)

250 rp m 500 rp m 700 rp m 900 rp m

0 -6.35 + 0.11 -6.35 + 0.11 -6.35 + 0.11 -6.35 + 0.11

1 2 -3.30 + 0.05 -2.35 + 0.11 -2.37 + 0.02 -2.31 +0.04

24 -3.00 + 0.21 -2.27 + 0.04 -2.23 ± 0.06 -2.25 + 0.08

38 -2.85 + 0.07 -3.80 + 0.15 -3.81 + 0.12 -3.75 + 0.05

48 -3.05 + 0.01 -4.08 + 0.04 -3.99 + 0.21 -4.01 +0.14

65 -3.89 + 0.03 -4.45 ± 0.02 -4.40 + 0.11 -4.51+0.09
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3 .3 .1 .2  O p tim isa tio n  o f a e ra tio n

Y. lipolytica RP2 was grown on tallow at aeration rates of 0.5, 1.0, and 3.0 VVM 

and no aeration. Agitation was set at 500 rpm and pH was controlled by 0.1 M 

potassium phosphate buffer, pH 7.0. Fat removal was determined at the end of the 

fermentation, after 65 h. The fermenters were sampled at regular intervals and dry 

weight, cell viability, cell morphology, intracellular lipid and biosurfactant 

activity were monitored.

The fat removal, growth rate and yield were calculated after 65 h (Table 3.3.3). 

Maximum fat removal, 75%, was achieved at aeration rates of 1.0 and 3.0 VVM 

after 65 h. This corresponded to a maximum growth rate and yield of 0.072 h ’ 1 

and 0.94 g g '1, respectively. Fat removal was lower at 0.5 VVM, with 65% 

removal. Correspondingly, growth rate and yield were lower, 0.046 h ' 1 and 0.89 g 

g’1, respectively. In the absence of aeration, fat removal was reduced considerably 

to approximately 5%. Consequently, the growth rate and yield without aeration 

were also significantly reduced to 0.005 h " 1 and 0.07 g g '1, respectively. Cell 

viability was 100% during aerated growth. In contrast, in the absence of aeration, 

cell viability was reduced to approximately 60% after 65 h.

Table 3.3.3: Percentage fat removal, growth rate and yield for Y. lipolytica RP2 

grown on tallow (20 g L '1) in 2 L fermenter for 65 h at aeration rates of 0, 0.5, 1.0 

and 3.0 VVM. Temperature and agitation were set at 25°C and 500 rpm, 

respectively, with 0.1 M potassium phosphate buffer, pH 7.0.

Aeration ra te  (VVM)

0 0.5 1.0 3.0

Fat removal (%) 5.0 ± 
1 . 0

64.5 ±
2 . 1

75.0 + 
1 . 0

74.5 ± 
0.9

Growth rate (h '1) 0.005 ± 
0.003

0.046 ± 
0.005

0.072 ± 
0 . 0 0 2

0.072 ± 
0 . 0 0 1

Yield [(g dry weight) 
(g fat removed)’1]

0.07 ± 
0 . 0 0 2

0.89 + 
0.005

0.94 ± 
0 . 0 0 2

0.94 ± 
0.004
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Intracellular lipid content followed a similar pattern when the fermenter was 

aerated at 0.5, 1.0 and 3.0 VVM (Fig. 3.3.3). An increase in lipid content occurred 

at 12 h, to 0.5 g g '1, which subsequently decreased during the course of the 

fermentation to approximately 0.10 g g'1 by 65 h. In the absence of aeration, 

cellular lipid increased to 0.3 g g' 1 at 12 h and decreased to 0.25 g g' 1 at 65 h. This 

accumulation o f lipid was attributed to the cessation of growth, which occurred 

after 1 2  h in the absence of aeration (results not shown).

0 VVM 0.5 W M

time (h)
1.0 W M

time (h)

10 2 0  30  40 5 0  60  7 0

time (h)

Figure 3.3.3: Intracellular lipid content of Y. lipolytica RP2 cells grown on tallow 

(20 g L '1) in 2 L fermenter for 65 h at aeration rates of 0, 0.5, 1.0 and 3.0 VVM. 

Temperature and agitation were set to 25°C and 500 rpm, respectively, with 0.1 M 

potassium phosphate buffer, pH 7.0.

Yeast morphology was also monitored during the fermentations. A small degree 

of mycelial cells were detected after 1 2  h growth, at approximately 1 . 0  ± 1 . 0  % of 

overall cell number, when air was supplied to the fermenter at 0.5, 1.0 and 3.0 

VVM (results not shown). After 12 h, no mycelial shape cells were detected. In 

contrast, the yeast morphology was in the yeast shape only during 65 h in the 

absence o f aeration.
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A similar reduction in the surface tension occurred at 0.5, 1.0 and 3.0 VVM, from 

approximately 70 dynes cm ' 1 at the time of inoculation to 43 -  44 dynes cm ' 1 by 

24 h and remained at this tension until the end of the fermentation (Table 3.3.4). 

In the absence of aeration, there was a marginal reduction in surface tension to 

approximately 65 dynes cm '1.

Maximum émulsification activity (A540) and emulsion stability (decay ratio, Kj) 

were achieved after 24 h when the fermenter was aerated at 0.5, 1.0 and 3.0 VVM, 

with an aborbance in the range o f 2.00 to 2.05 units and a Kd between -2.24 and 

-2.30, respectively. In the absence of aeration, émulsification activity and 

emulsion stability were significantly reduced with only a marginal increase in 

absorbance to 0.20 and decrease in K(j to -6.00 after 24 h. This corresponded to 

the absence of any significant reduction in surface tension.

The surface tension in the controls (no cells) was reduced from 70 to 65.0 dynes 

cm ' 1 after 65 h (results not shown), irrespective o f the aeration rate employed. 

Similarly, no émulsification activity or emulsion stability occurred in the controls.

Maximum fat removal, 75% and growth, 0.072 h ' 1 were achieved at an aeration 

rate o f 1 VVM, with identical results at 3 VVM. Aeration o f the fermenter at rates 

below 1 VVM resulted in reduced fat removal, growth and yield. Consequently, 1 

VVM was chosen as the aeration rate for all further fermenter studies.
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Table 3.3.4: Surface tension, émulsification activity (A540) and emulsion stability 

(decay ratio, Kd) o f growth medium of Y. ïipolytica RP2 on tallow (20 g L '1) in 2 

L fermenter for 65 h at aeration rates o f 0, 0.5, 1.0 and 3.0 VVM. Temperature and 

agitation were set to 25°C and 500 rpm, respectively, with 0.1 M potassium 

phosphate buffer, pH 7.0. The medium was filtered through 0.2 (J.m filter prior to 

measurement. The absorbance and decay ratios were measured against kerosene.

Surface tension (dynes cm )

Time
(h )

0 VVM 0.5 VVM 1.0 VVM 3.0  VVM

0 70.0+1.0 70.0 ± 1.0 70.0 ± 1.0 70.0 ± 1.0

1 2 65.0 ±0.2 53.0 ±0.3 52.5 ±0.5 53.0 ±0.1

24 65.0 ±0.3 43.0 + 0.6 43.5 ±0.1 44.0 ±0.1

38 6 6 . 0  ± 0 . 2 43.0 ±0.6 43.0 ±0.1 43.0 ±0.1

48 64.5 ±0.5 43.0 ±0.1 43.0 ±0.0 43.5 ±0.3

65 65.0 ±0.5 43.0 ±0.3 42.5 ±0.0 43.0 ±0.1
Emulsification activity (A 540)

Time
(h )

0 W M 0.5 VVM 1.0 VVM 3 .0  VVM

0 0.09 ±0.02 0.09 + 0.02 0.09 ±0.02 0.09 ±0.02

1 2 0.18 ±0.05 1.95 ±0.02 1.95 ±0.05 1.94 ±0.08

24 0 . 2 0  ± 0 . 0 2 2.03 + 0.05 2.05 ±0.11 2.00 ±0.05

38 0.12 + 0.03 1.80 ± 0 . 1 1 1.90 ±0.06 1.89 ±0.03

48 0.13 ±0.08 1.65 + 0.07 1.77 ± 0.14 1.80 ± 0 . 0 1

65 0.12 ±0.07 1.40 + 0.02 1.55 ± 0.10 1.50± 0.15
Decay ratio (K ^x 10'3)

Time
(h)

0 VVM 0.5 VVM 1.0 W M 3 .0  VVM

0 -6.35 ±0.11 -6.35 ±0.11 -6.35 ±0.11 -6.35 ±0.11

1 2 -6.01 ±0.04 -2.45 ±0.05 -2.35 ±0.11 -2.31 ±0.04

24 -6 . 0 0  ± 0 . 2 1 -2.30 ±0.11 -2.27 ±0.04 -2.24 ±0.08

38 -6.25 + 0.11 -3.88 ±0.02 -3.80 ±0.15 -3.77 ±0.05

48 -6.24 ±0.04 -4.17 + 0.11 -4.08 ± 0.04 -4.10 + 0.14

65 -6 . 1 1  ± 0 . 0 1 -4.60 ±0.07 -4.45 ±0.02 -4.51 ±0.09
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The operational set-up for the 2 L fermenter after 24 h growth o f Y. lipolytica RP2 

on tallow (20 g L '1) under agitation and aeration rates o f 500 rpm and 1 VVM, 

respectively, is illustrated in Fig. 3.3.4. Temperature was set to 25°C and pH was 

controlled to 7.0 by 0.1 M  potassium phosphate buffer.

F igure 3.3.4: Illustration of the 2 L fermenter set-up after 24 h growth of Y. 

lipolytica RP2 on tallow (20 g L '1) with pH control to pH 7.0 by 0.1 M potassium 

phosphate buffer. Agitation and aeration were set at 500 rpm and 1 WM, 

respectively. Temperature was controlled to 25°C by a circulating water bath.
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3 .3 .1 .3  E f fe c t  o f th e  m eth o d  o f pH  co n tro l to pH  7 .0  on ta llo w  b io d eg ra d a t io n

The effect of various methods to control medium pH to 7.0 in the 2 L fermenter 

was assessed. The methods included (a) the inclusion of 0.1 M potassium 

phosphate (KOH-KH2PO4) buffer in the medium; (b) the inclusion o f phosphate 

in the medium, as either NaH2PC>4 or KH2 P0 4, at a concentration o f 12.0 and 13.6 

g L"1, respectively, with pH adjustment to 7.0 with 0.5 M NaOH and (c) manual 

addition o f NaOH, Ca(OH ) 2  or KOH, at a concentration o f 0.5 M when required. 

Temperature, agitation, and aeration were set at 25°C, 500 rpm and 1 VVM, 

respectively. Fat removal was determined at the end of the fermentation, after 65 

h. The fermenters were sampled at regular intervals and pH, growth, cell viability, 

morphology, intracellular lipid and biosurfactant activity were monitored.

Percentage fat removal, growth rate and yield for pH control by the various 

methods were determined (Table 3.3.5). Maximum fat removal, 75%, was 

achieved after 65 h with pH control by 0.1 M potassium phosphate buffer. pH 

control with 0.5 M KOH achieved a lower rate of removal at approximately 6 6 %. 

In contrast, fat removal was greatly reduced with pH control by either NaH2P0 4 

and KH2 PO4 or with the addition of 0.5 M NaOH and Ca(OH)2 . Growth patterns 

were similar with the buffer and KOH and a final dry weight o f 14 and 13 g L ' 1 

was achieved with the buffer and KOH, respectively (Fig. 3.3.5). Maximum 

growth rate was achieved with the buffer, 0.072 h ' 1 with a lower growth rate with 

KOH at 0.069 h '1. Growth was reduced with the other four methods of pH control, 

with corresponding lower final dry weights and growth rates. Yield values were 

similar with all the methods of pH control between 0.094 and 0.096 g g '1, with the 

exception of Ca(OH)2 , which achieved a lower yield o f 0.75 g g '1.

Inclusion of the phosphate salts, NaH2 P0 4  and KH2PO4 , required the addition of 

approximately 10 ml of 0.5 M NaOH at the start of the fermentation to adjust the 

media to pH 7.0. No further addition was required during the course o f the 

fermentation. Manual pH control with NaOH and Ca(OH) 2  resulted in the addition 

o f 25 ml and 5 ml o f the bases, respectively, during the initial 24 h o f the 

fermentation. In contrast, the higher growth rate associated with KOH-control,
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necessitated the addition o f 50 ml over the initial 24 h growth period and a further 

5 ml was added during 24 -  6 8  h.

Table 3.3.5: Percentage fat removal, growth rate and yield for Y. lipolytica RP2 

after 65 h growth on tallow (20 g L '1) in 2 L fermenter with manual pH control to 

pH 7.0 by various methods. Aeration, agitation and temperature were set at 1

W M, 500 rpm and 25°C, respectively.

M ethods of pH  
control

F a t removal 
(% )

G row th ra te
(If1)

Yield [(g dry  weight) 
(g fat removed ) ' 1 1

O.IM K O H-K H 2PO4 75.0 ± 1.0 0.072 ± 0.002 0.94 ± 0.002

12 g L ' 1 NaH2P 0 4 27.4 ± 1.2 0.029 ± 0.003 0.95 ±0.090

13.6 g L ' 1 KH2PO4 35.5 ± 2 .5 0.033 ±0.002 0.94 ±0.030

0.5 M N aO H 25.3 ±  1.8 0.028 ±0.003 0.96 ± 0.050

0.5 M  Ca(OH ) 2 20.3 ±0 .8 0.018 ±0.007 0.75 ± 0.050

0 .5M K Q H 66.3 ±1 .5 0.069 ± 0.002 0.94 ± 0.020

time (h)

Figure 3.3.5: Dry weight o f Y. lipolytica RP2 grown on tallow (20 g L '1) for 65 h 

in 2 L fermenter with manual pH control to pH 7.0 by various methods. Aeration, 

agitation and temperature were set at 1 WM, 500 rpm and 25°C, respectively.
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Intracellular lipid increased after 12 h to approximately 0.5 g g '1, after which time 

intracellular lipid decreased to between 0.15 and 0.10 g g' 1 with the various 

methods of pH control (Fig. 3.3.6). The exception was with Ca(OH)2 , where 

intracellular lipid increased to 0.38 g g ' 1 at 1 2  h and was not reduced to the same 

degree after this time with 0.3 g g ' 1 lipid present at the end o f the fermentation.
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Figure 3.3.6: Intracellular lipid content of Y. lipolytica RP2 cells grown on tallow 

(20 g L '1) for 65 h in 2 L fermenter with various methods of pH control to pH 7.0. 

Aeration, agitation and temperature were set 1 VVM, 500 rpm and 25°C, 

respectively.
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Yeast viability was 100% during 65 h for all the fermentations. Dimorphic growth 

was detected at 1 2  h growth with approximately 1 . 0  ± 1 . 0  % mycelial-shaped cells 

observed for the different methods of pH control (results not shown). The 

exception was 0.5 M Ca(OH) 2  control, where no mycelial cells were observed. 

Cells were in the yeast-shape only after 12 h under all conditions and remained in 

the yeast-shapc until the end of the fermentation.

A difference in the degree of tallow dispersal was observed at 24 h with the 

different methods o f pH control, which correlated with the degree o f fat removed 

(Fig. 3.3.7). The tallow was emulsified by 24 h with 0.5 M KOH and 0.1 M 

potassium phosphate. The tallow was dispersed into very small ‘lumps’ by 24 h 

with KH2 PO4 , but no further émulsification of the tallow was observed after 24 h. 

In contrast, the tallow remained as large ‘lumps’ with pH control by N atfPC ^, 

NaOH and Ca(OH ) 2  control. By the end of the fermentation, the tallow was 

dispersed into smaller lumps and partially emulsified with NaH2 P0 4  and NaOH 

control, but remained in large lumps with Ca(OH)2 . In the controls (no cells), 

tallow dispersal was not observed with any method of pFI control (results not 

shown).
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0.1 M  K O H -K H 2P O 4 12 .0  g  L 1 N aH 2P 0 4

13.6 g L 1 KH2PO4 0.5 M NaOH

0.5 M Ca(OH) 2 0.5 M KOH

Figure 3.3.7: Illustration o f the growth medium of Y. lipolytica RP2 on tallow (20 

g L '1) in 2 L fermenter after 24 h where pH was controlled to pH 7.0 by various 

methods. Aeration, agitation and temperature were set to 1 W M ,  500 rpm and 

25°C, respectively.
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Biosurfactant activity measurements correlated with the observed differences in 

tallow dispersion between the various methods of pH control (Table 3.3.6). 

Surface tension was reduced to 42 dynes cm" 1 by 24 h with pH control by the 

buffer and 0.5 M KOH and no further change in tension occurred by the end of the 

fermentation. pH control with KH2PO4 resulted in a decrease to 45 dynes cm " 1 

after 24 h, with no further change after 65 h. In contrast, a more gradual decrease 

in the surface tension over the course o f the fermentation occurred with pH 

control by NaOH, NaH2P 0 4  and Ca(OH)2 , which resulted in a reduction in surface 

tension to between 50.0 and 58.5 dynes cm ' 1 after 65 h. Correspondingly, tallow 

dispersion was observed to be lower with these three methods o f pH control. 

Maximum émulsification activity, which corresponded to an absorbance of 

between 1.99 and 2.05 units after 24 h, was achieved with the buffer, KOH and 

KH2PO4 . Activity was reduced with NaOH, NaH2 P0 4  and Ca(OH)2 . Similarly, 

maximum emulsion stability was achieved with the buffer, KOH and KH2PO4 

after 24 h, with a corresponding Kd of between -2.27 and -2.33. A significantly 

higher Kj was achieved after 24 h with NaOH, NaH2P0 4  and Ca(OH)2 , which 

indicated a lower stabilising capability with these methods of pH control.

In the controls (no cells), surface tension was reduced to between 65 and 70 dynes 

cm ' 1 with the various methods of pH control (results not shown). Emulsification 

activity or stability were not detected in the controls, irrespective of the method of 

pH control employed.
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Table 3.3.6: S u r fa c e  te n s io n , é m u ls if ic a t io n  a c t iv it y  ( A 540) a n d  e m u ls io n  s t a b i l i t y  

(d e c a y  ra t io , K d )  o f  g ro w th  m e d iu m  o f  Y. lipolytica R P 2  o n  t a l lo w  (2 0  g  L ' 1) in  2 

L  fe rm e n te r  f o r  65  h  w it h  p H  c o n t ro l to  p H  7 .0  b y  v a r io u s  m e th o d s . T e m p e ra tu re , 

a g ita t io n  an d  a e ra t io n  w e re  se t to  2 5 ° C ,  5 0 0  r p m  and  1 VVM, r e s p e c t iv e ly .  T h e  

m e d iu m  w a s  f i l t e r e d  th ro u g h  0 .2  [ im  f i l t e r  p r io r  to  m e a su re m e n t. T h e  a b s o rb a n ce  

a n d  d e c a y  ra t io s  w e re  m e a su re d  a g a in s t  k e ro se n e .

Surface tension (dynes cm 1)

Time
(h)

0.1 M  
K O H - 

K H iP 0 4

12.0 g L '1 
N aH 2P 0 4

13.6 g L ’1
k h 2p o 4

0.5 M  
N aO H

0.5 M  
C a(O H )2

0.5 M  
K O H

0 70.0 ± 1.0 7 0 .0 + 1 .0 7 0 .0 +  1.0 70.5 ± 0 .3 70.5 ± 0 .3 70.5 ± 0 .3

12 52.5 + 0.5 63.5 + 0.7 54.0 + 0.3 62.5 ± 0 .5 65.5 ± 0 .2 50.5 ± 0 .3

24 43.5 + 0.1 60.5 + 0.1 45.0 + 0.5 60.5 ± 0.1 63.5 ± 0 .3 42.5 ± 0 .3

38 43 .0  + 0.1 56.0 + 0.3 45 .0 + 0.1 57.0 ± 0 .3 60.5 ± 0 .3 43 .0 ± 0 .5

48 43 .0  + 0.0 54.0 + 0.5 45.5 + 0.3 55.0 ± 0 .5 59.0 ± 0 .5 43 .0  ± 0 .1

65 42.5 + 0.0 50.0 + 0.3 45.0 + 0.3 50.0 ± 0 .3 58.5 ± 0 .1 42 .0  ± 0 .1

Emulsification activity (A540)

Time
(h)

0.1 M  
K O H - 

KH2PO4

12.0 g L '1 
N aH 2P 0 4

13.6 g I / 1
k h 2p o 4

0.5 M  
N aO H

0.5 M  
C a(O H )2

0.5 M  
K O H

0 0.09 + 0.02 0.09 ± 0.02 0.09 + 0.02 0.09 ± 0 .0 2 0.09 ± 0 .0 2 0.09 ± 0.02

12 1.95 + 0.05 1.60 + 0.02 1.90 ± 0 .0 4 1.56 ± 0 .2 0 0.35 ± 0 .0 7 1.92 ± 0 .0 2

24 2.05 + 0.11 1.82 + 0.03 1.99 + 0.01 1.80 ± 0 .05 0.45 ± 0 .0 2 2.02 ± 0 .05

38 1.90 + 0.06 1.84 + 0.07 1.87 + 0.02 1.82 ± 0.10 0.40 ± 0 .0 6 1.92 ± 0 .0 6

48 1.77 + 0.14 1.66 + 0.05 1.67 + 0.05 1.65 ± 0 .0 6 0.18 ± 0.02 1.75 ± 0 .0 2

65 1.55 + 0.10 1.17 + 0.09 1.25 + 0.10 1.20 ± 0.11 0.17 ± 0 .0 4 1.50 ± 0 .0 6

Decay ratio (K<i x  1 O'3)

Time
GO

0.1 M  
K O H -

k i i 2p o 4

12.0 g L 1 
N aH 2P 0 4

13.6 g L  1
k h 2p o 4

0.5 M  
N aO H

0.5 M  
C a(O H )2

0.5 M  
K O H

0 -6.35 + 0.11 -6.35 + 0.11 -6.35 + 0.11 -6.35 ± 0 .11 -6.35 + 0.11 -6.35 ± 0 .11

12 -2.35 + 0.11 -4.30 + 0.05 -2.60 + 0.15 -3.35 ± 0.05 -5.85 ± 0.02 -2.65 ± 0.06

24 -2.27 + 0.04 -3 .4 1 + 0 .1 1 -2.31 + 0.06 -3.51 ± 0 .11 -5.50 ± 0 .11 -2.33 + 0.05

38 -3 .80 + 0.15 -4 .10 + 0.05 -3.95 ± 0 .0 4 -4.25 ± 0.05 -5.95 ± 0 .0 4 -4 .00 + 0.08

48 -4.08 + 0.04 .4 .44  + 0.04 -4.15 ± 0 .0 8 -4.50 ± 0.04 -6.00 ± 0 .0 3 -4 .20 + 0.10

65 -4.45 + 0.02 -5 .80 + 0.05 -4.85 ± 0 .01 -5.35 ± 0 .05 -6.00 ± 0.12 -4.75 + 0.07
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Reduced fat removal and growth with NaOH, NaHaPCU and Ca(OH) 2  control 

indicated that Na+ and Ca2+ ions may be inhibitory to the yeast. Increased 

phosphate, as either NaH2P0 4  or KH2PO4 , did not result in increased fat removal 

or growth. The superior degree of growth and fat removal achieved with the 

buffer (KOH-KH2PO4) and 0.5 M KOH, together with a higher degree of 

biosurfactant activity in the presence of K+ (with the buffer, KOH and KH2PO4), 

implied a possible role of this ion in the fermentation. To investigate this further, 

the level of potassium in both the yeast cell and the medium was assessed with the 

different methods of pH control.

In all cases, the initial K+ concentration in the cells was approximately 70 nmol 

K+ (106 cell) ' 1 (Figure 3.3.8). Cellular K+ levels were greatest with pH control by 

0.5 M KOH and 0.1 M potassium phosphate buffer and followed a similar pattern 

during the course of the fermentation. An increase from 70 to 180 nmol K+ (106 

cell) ' 1 occurred in the cells at 1 2  h, which then decreased to between 80 and 60 

nmol KH (106 cell) ' 1 by 24 h for the buffer and KOH, respectively. Cellular K+ 

levels remained at this level until the end o f the fermentation. Cells under these 

two methods of pH control increased in number exponentially, to approximately 

3.8 x 108 cell ml' 1 by the end of the fermentation. Cellular K+ levels for pH 

control with KH2 PO4 increased to approximately 160 nmol (106 cell) ' 1 K+ at 12 h. 

However, after 12 h, cellular K 1 continued to decrease to 18 ± 0.5 nmol K+ (106 

cell) ' 1 by the end of the fermentation. Correspondingly, cell growth was not as 

extensive as achieved with the buffer and KOH, with a final cell count of 2.5 x 

108 cell m l'1. Where the source of K+ was from the minimal medium only (0.9 g 

L ' 1 K2HPO4) as for NaOH, Ca(OH) 2  and NaH 2P0 4  control, no significant increase 

in cellular K+ was observed at 12 h and K+ concentration remained at the initial 

level o f 70 nmol K+ (106 cell)'1. After 12 h, K+ levels decreased and less than 10 

nmol K+ (106 cell) " 1 was detected by 65 h, with these three methods of pH control. 

This decrease in cellular K+ correlated with a lower degree of growth, with a final
o 1

cell number of approximately 1.5 x 10 cell ml' for NaOH and NaH2P0 4  and 0.8 

x 1 0 8 cell ml' 1 for Ca(OH)2.
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Figure 3.3.8: Comparison of cell number ( • ) ,  intracellular K+ (■ )  and K+ in the medium (□ ) during growth of Y. lipolytica RP2 on tallow (20 

g L '1) in 2 L fermenter for 65 h with pH control to pH 7.0 by various methods. Aeration, agitation and temperature were set to 1 W M, 500 rpm 

and 25°C.
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The extracellular K+ levels remained constant during the fermentations at their 

respective molarities and included 10 mM K+ addition from the medium itself. 

The exception was with 0.5 M KOH, where K+ increased during the fermentation 

from approximately 10 to 50 mM K+ after 24 h, due to the periodic addition of 

approximately 50 ml of the base to the medium over the initial 24 h to maintain 

neutral pH. The buffer contributed the greatest amount of K+ to the medium, at 

approximately 160 mM, through its composition as KOH (60 mM) and KH2PO4 

(lOOmM). pH control by 13.6 g L ' 1 KH2PO4 contributed approximately 100 mM 

K+ (exclusive of the 10 mM contribution from the minimal medium). However, 

the higher level of K+ in the medium with KH2PO4 control compared to KOH did 

not correlate with cellular K+ values or the degree of growth and fat removal.

Maximum growth and fat removal by Y. lipolytica RP2 occurred with K+ at a 

greater concentration than present in the minimal medium, corresponding to 

intracellular K+ content of approximately 80 nmol K+ (106 cell)'1. Maximum K+ 

addition and pH control was by 0.1 M potassium phosphate buffer or 0.5 M KOH. 

Consequently, 0.1 M potassium phosphate buffer and 0.5 M KOH were selected 

for pH control in further fermentation investigations.
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3 .3 .2 10  L  f e rm e n te r  s tu d ie s

The ability o f Y. lipolytica RP2 to remove tallow was assessed in a larger working 

volume, in a 10 L fermenter. The effect o f agitation in the 10 L fermenter was 

investigated with respect to impeller position on the agitator with pH control by 

0.1 M potassium phosphate buffer, pH 7.0. The effect o f pH control to 7.0 by the 

buffer and 0.5 M  KOH/HC1 on tallow biodégradation and growth was also 

compared.

An illustration of the operational set-up for the 10 L fermenter is shown in Fig. 

3.3.9, with pH control by 0.5 M KOH7HC1. Where pH control was by potassium 

phosphate buffer, acid/base reservoirs were not required.

Control unit

Acid, Base and 
Antifoam reservoirs

p H  probe
DO probe

Figure 3.3.9: Illustration o f the operational set-up of the 10 L fermenter during 

the growth o f Y. lipolytica RP2 on tallow (20 g L '1) under automated pH control to 

pH 7.0 with 0.5 M  KOH/O.5 M  HC1. Temperature, aeration and agitation were 

controlled to 25°C, 1 W M  and 1000 rpm, respectively.
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3 .3 .2 .1  E f f e c t  o f  a g ita t io n  on ta l lo w  b io d é g r a d a t io n

The influence o f the impeller position on the degree o f growth and fat removal 

was assessed during scale-up to the 10 L fermenter. Two impellers were fixed at 

the base o f the agitator in the 2 L fermenter during operation. In the 10 L 

fermenter, performance was compared with either two impellers positioned at the 

base o f the shaft, similar to 2 L operation, or with one impeller at the base o f the 

shaft and the second positioned 135 mm above it (Fig. 3.3.10). In the latter case, 

the second impeller was located at the surface o f the media at the start o f the 

fermentation.

F igure 3.3.10: Illustration o f the impeller position on the agitator for the 10 L 

fermenter. (A) 2 impellers are positioned at the base o f the shaft and (B) 1 

impeller is positioned at the base o f the shaft with the second impeller 135 mm 

above it.
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The 10 L fermenter was operated under the superior conditions of temperature and 

aeration, as determined in previous investigations, at 2 5 ° C  and 1 V V M ,  

respectively. pH was controlled with 0.1 M potassium phosphate buffer, pH 7.0. 

Agitation was increased to 1000 rpm for scale-up from 2 L to 10 L fermentation 

based on constant mixing as detailed in Section 2.2.6 .4. Fat removal was 

determined at the end of the fermentation, at 65 h. The fermentations were 

sampled at regular intervals and growth, viability, intracellular lipid, dissolved 

oxygen, cell morphology and biosurfactant production were monitored. 

Intracellular and medium K+ levels were also assessed.

Approximately 6 8 % and 64% tallow was removed with 1 and 2 impellers 

positioned at the base o f the agitator shaft, respectively (Table 3.3.7). The 

placement of 2  impellers at the base of the agitator shaft resulted in high foam 

formation, which was difficult to control even with the addition of antifoam.

Yeast growth followed a similar pattern, irrespective of impeller position, with 

exponential growth after 1 2  h and a similar final dry weight o f approximately 14 g 

L " 1 (Fig. 3.3.11). This corresponded to a growth rate of 0.072 h '1, in both cases. A 

marginal decrease in dissolved oxygen (DO) during the fermentation indicated 

increased use of oxygen by the yeast during exponential growth from 12 to 48 h, 

irrespective o f impeller position. Maximum decrease occurred at 24 h, to 

approximately 8 6  ± 1% DO, and increased to above 90% DO after 48 h. This 

indicated that aeration at 1 VVM supplied sufficient oxygen to the vessel. The 

yield achieved with 2  impellers was marginally higher than that with 1  impeller, 

as a result of the lower degree o f fat removed, at approximately 1.09 and 1.03 g g' 

\  respectively.
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Table 3.3.7: Percentage fat removal, growth rate and yield after 65 h growth of Y. 

lipolytica  RP2 on tallow (20 g L'1) in 10 L fermenter where (A) 1 impeller and (B) 

2 impellers were fitted to the base of the agitator. Temperature, aeration and 

agitation were set to 25°C, 1 V V M  and 1000 rpm, respectively, with pH control by 

0.1 M potassium phosphate buffer, pH 7.0.

No. of impellers fitted to the base of the agitator

1 2

Fat removal (%) 68.3 ± 1.5 64 .410.85

Growth rate (h"1) 0.072 + 0.003 0.072 + 0.001

Yield [(g dry weight) 
(g fat removed)'1]

1.03 + 0.02 1.09 + 0.01

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

time (h) time (h)

Figure 3.3.11: Dry weight ( • )  and percentage dissolved oxygen (A ) during the 

growth of Y. lipolytica  RP2 on tallow (20 g L'1) in 10 L fermenter for 65 h where 

(A) 1 impeller and (B) 2 impellers were fitted to the base of the agitator. 

Temperature, aeration and agitation were set to 25°C, 1 V V M  and 1000 rpm, 

respectively, with pH control by 0.1 M potassium phosphate buffer, pH 7,0.

The intracellular lipid content was similar, irrespective of the impeller position 

(Fig. 3.3.12). Cellular lipid content increased after inoculation up to 

approximately 0.5 g g'1 at 12 h. A decrease to 0.10 ± 0.01 g g'1 occurred by 38 h, 

with no further change in lipid levels by 65 h.
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Cell viability was 100% under both agitation conditions. No mycelial cells were 

observed with cell morphology in the yeast-shape only during the fermentation, 

irrespective of impeller number at the base of the agitator. An illustration of the 

yeast morphology is shown in Fig. 3.3.13.

time (h) time (h)

Figure 3.3.12: Intracellular lipid content of Y. lipolytica RP2 cells grown on 

tallow (20 g L '1) for 65 h in 10 L fermenter where (A) 1 and (B) 2 impellers were 

fitted to the base of the agitator. Temperature, aeration and agitation were set to 

25°C, 1 W M and 1000 rpm, respectively, with pH control by 0.1 M potassium 

phosphate buffer, pH 7.0.

(A) (B)

. ¥
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Figure 3.3.13: Illustration of Y. lipolytica RP2 cell morphology after 12 h growth 

on tallow (20 g L '1) in 10 L fermenter where (A) 1 impeller and (B) 2 impellers 

were fitted to the base of the shaft. Temperature, aeration and agitation were set to 

25°C, 1 WM and 1000 rpm, respectively, agitator with pH control by 0.1 M 

potassium phosphate buffer, pH 7.0. Cells were observed under x40 

magnification.
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Surface tension of the cell free medium was reduced to 42 dynes cm'1 after 24 h, 

irrespective o f the impeller position with no further change after this time (Table 

3.3.8). In the control (no cells), a decrease in surface tension to approximately 65 

dynes cm'1 occurred after 65 h (results not shown).

The relative concentration of the biosurfactant in the medium was assessed and 

was determined as the inverse of the critical micelle dilution, (CMD)'1, in 

accordance to the method detailed in Section 2.2.11.2. The surface tension of a 

series of dilutions of the cell free medium in distilled water were measured (Fig. 

3.3.14). The critical micelle concentration (CMC) of the surfactant corresponded 

to the maximum dilution of the growth medium at which the decreased surface 

tension level was maintained.

After 12 h, dilution of the medium resulted in an immediate increase in surface 

tension, which implied that the biosurfactant was at its CMC in the medium. At 24 

to 65 h, the surface tension was retained at 42 dynes cm'1 in a dilution o f the 

medium to 0.5 (v/v) and increased at higher dilutions. This indicated an increase 

in biosurfactant concentration after 12 h, with CMD'1 corresponding to a value of

2.0. The positioning o f the impellers in the fermenter did not affcct surface 

tension reduction, with identical values under both agitation conditions.
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Table 3.3.8: Surface tension of growth medium of Y. lipolytica RP2 on tallow (20 

g L"1) in 10 L fermenter for 65 h where 1 or 2 impellers were fitted to the base of 

the agitator. Temperature, aeration and agitation were set to 25°C, 1 WM and 

1000 rpm, respectively, with pH control by 0.1 M potassium phosphate buffer, pH 

7.0. Medium was filtered through 0.2 p.m filter prior to measurement.

Surface tension (dynes cm'1)

Time (h)

No. of impellers fitted to the base of the agitator 

1 2

0 70.0 ± 1.00 70.0 ± 1.00

12 49.3 ±0.33 48.8 ±0.33

24 41.8 ±0.25 42.0 ± 0.25

38 42.0 ±0.00 42.0 ±0.33

48 42.8 ±0.25 42.5 ±0.50

65 42.0 ±0.00 42.3 ±0.17
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Figure 3.3.14: Change in surface tension with medium concentration during the 

growth of Y. lipolytica RP2 on tallow (20 g L"1) in 10 L fermenter for 65 h where 

(A) 1 or (B) 2 impellers were fitted to the base of the agitator. Temperature, 

aeration and agitation were set to 25°C, 1 WM and 1000 rpm, respectively, with 

pH control by 0.1 M potassium phosphate buffer, pH 7.0.
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The émulsification activity of the biosurfactant and the stability of its emulsion 

formation (decay ratio, Kd) with kerosene was determined (Table 3.3.9). As noted 

in surface tension measurements, impeller positioning did not affect activity or 

stability with identical values achieved. Maximum émulsification activity and 

emulsion stability occurred after 24 h and corresponded to an absorbance of 

between 2.10 and 2.05 units and a Kd of between -2.22 and -2.28 for 1 and 2 

impellers, respectively. Although the surface tension remained constant after 24 h, 

the émulsification activity of the biosurfactant decreased to between 1.58 and 1.55 

units by the end of the fermentation for 1 and 2 impellers, respectively. Similarly, 

the emulsion stability, as indicated by the Kd values decreased after 24 h with a Kj 

of between —4.40 and -4.44 for 1 and 2 impellers, respectively at 65 h.

Table 3.3.9: Emulsification activity and émulsification stability (decay ratio, Kd) 

of growth medium of Y. lipolytica RP2 when grown on tallow (20 g L '1) in 10 L 

fermenter for 65 h where 1 or 2 impellers were fitted to the base of the agitator. 

Temperature, aeration and agitation were set to 25°C, 1 VVM and 1000 rpm, 

respectively, with pH control to 7.0 by 0.1 M potassium phosphate buffer. 

Medium was filtered through a 0.2 (am filter prior to measurement against 

kerosene.

Number of impellers fitted to the base of the agitator

Time

(h)

Emulsification 

activity (A540)

Decay ratio 

(Kdx 10'3)

Emulsification 

activity (A540)

Decay ratio 

(Kdx lO'3)

0 0.09 + 0.02 -6.35 ±0.11 0.09 ±0.02 -6.35 ±0.11

12 1.99 ±0.03 -2.25 ±0.01 2.00 ±0.05 -2.30 ±0.11

24 2.10 ±0.05 -2.22 ±0.05 2.05 ±0.02 -2.28 ± 0.09

38 1.89 ±0.08 -3.75 ±0.02 1.90 ±0.01 -3.80 ±0.02

48 1.75 ±0.05 -3.99 ±0.07 1.73 ±0.02 -3.97 ±0.10

65 1.58 ±0.04 -4.40 ±0.11 1.55 ±0.03 -4.44 ± 0.05
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Intracellular K+ increased to approximately 180 nmol K+ (106 cell)"1 by 12 h, with 

a decrease to 80 nmol K+ (106 cell)'1 by 24 h with no further change detected after 

this time, irrespective of impeller positioning (Fig. 3.3.15). This was similar to the 

variation in K+ levels during 2 L fermentation with the buffer. Cells increased 

exponentially after 12 h to approximately 3.9 x 108 cell ml'1 by the end of the 

fermentation, which was also similar to 2 L fermentation. The level of K in the 

medium was constant during the fermentation, at approximately 170 mM.

time (h) time (h)

Figure 3.3.15: KH in the medium (□ ), intracellular K+ (■ ) and cell number ( • )  

of Y. lipolytica RP2 during growth on tallow (20 g L’1) in 10 L fermenter for 65 h 

with (A) 1 impeller and (B) 2 impellers were fitted to the base of the agitator. 

Temperature, aeration and agitation were set to 25°C, 1 V V M  and 1000 rpm, 

respectively, with pH control by 0.1 M potassium phosphate buffer, pH 7.0.

The placement of two impellers fixed to the base of the agitator did not result in 

increased fat removal or growth but did result in greater foam formation compared 

to one impeller at the base. Consequently, the positioning of one impeller at the 

base and the other 135 mm above it on the drive shaft was selected as the 

preferred method of agitation in the 10 L fermenter and was employed for all 

further 10 L studies.
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3.3.2.2 Comparison of pH control to 7.0 with 0.5 M KOH/HC1 and 0.1 M 

potassium phosphate buffer

In the 10 L fermenter, automated pH control to 7.0 with 0.5 M KOH/HC1 and with 

0.1 M potassium phosphate buffer were compared. Agitation was set at 1000 rpm 

with one impeller positioned at the base of the agitator shaft and the other 135 mm 

above it, with aeration and agitation set to 1 V V M  and 25°C, respectively. Fat 

removal was determined after 65 h. The fermenters were sampled at regular 

intervals and growth, viability, dissolved oxygen, cell morphology, intracellular 

lipid and biosurfactant production were monitored. Intracellular and medium K+ 

levels were also assessed.

An identical degree of fat was removed after 65 h, approximately 68%, with pH 

control by both KOH/HC1 and the buffer (Table 3.3.10). Correspondingly, the 

growth rates and yield values were identical for the two methods of pH control, 

0.072 h '1 and 1.03 g g"1, respectively. Exponential growth occurred after 12 h and 

dry weight increased to 14 g L '1 by the end of the fermentation (Fig. 3.3.16). In 

both cases, a marginal decrease in the dissolved oxygen between 84 and 86% 

occurred after 24 h growth and increased to approximately 90% at the end of the 

fermentation. This indicated that aeration at 1 V V M  supplied sufficient oxygen to 

the vessel.

In terms of scale-up from the 2 L fermenter, automatic pH control with 0.5 M 

KOH in 10 L fermenter resulted in a similar degree of fat removal compared to 

manual addition in 2 L fermenter, which removed 66% fat. The growth rate and 

final dry weight in the 10 L fermenter was marginally higher than that achieved in 

the 2 L vessel (0.069 h"1 and 12.6 g L"1, respectively). This was attributed to the 

automation of base addition in the 10 L fermenter compared to manual addition in 

the 2 L vessel. The scale-up to 10 L fermentation with pH control by the buffer 

resulted a marginal decrease in fat removal from 75% to 68%. However, the 

growth rate and final dry weight values were identical in both 2 L and 10 L 

fermenters.
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Table 3.3.10: Percentage fat removal, growth rate and yield after 65 h growth of 

Y. lipolytica RP2 on tallow (20 g L '1) in 10 L fermenter with pH control to pH 7.0 

by 0.5 M KOH/HC1 and 0.1 M potassium phosphate buffer. Temperature, aeration 

and agitation were set to 25°C, 1 V VM  and 1000 rpm.

0.5 M KOH/ 0.1 M potassium

HC1 phosphate buffer

Fat removal (%) 68.2+1.3 68.3 + 1.5

Growth rate ( h 1) 0.072 + 0.01 0.072 + 0.003

Yield [(g dry weight) 
(g fat removed)'1]

1.03 + 0.02 1.03 + 0.02

tim e (h) tim e (h)

Figure 3.3.16: Dry weight ( • )  and dissolved oxygen (A.) during the growth of Y. 

lipolytica RP2 on tallow (20 g L'1) for 65 h in 10 L fermenter with pH control to 

pH 7.0 by (A) 0.5 M KOH/HC1 and (B) 0.1 M potassium phosphate buffer. 

Temperature, aeration and agitation were set to 25°C, 1 V V M  and 1000 rpm, 

respectively.

Yeast viability was 100% during the fermentation with both methods of pH 

control. Yeast morphology was observed to be in the yeast-shape only (results not 

shown) throughout the 65 h, in both cases. In contrast, a small percentage of 

mycelial cells, 1.0 ± 1.0%, were observed in the 2 L fermentations at 12 h with 

yeast-shape only cells after this time.
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Intracellular lipid content followed an identical pattern, irrespective of the method 

of pH control employed (Fig 3.3.17). Lipid content in the cells increased after 

inoculation to approximately 0.5 g g"1 at 12 h. After 12 h, the fat content of the 

cells decreased and by 38 h had reduced to approximately 0.10 g g '1 and remained 

at this level until the end of the fermentation. This was identical to intracellular 

lipid levels during the course of 2 L fermentation with manual addition of KOH 

for pH control and the inclusion of the buffer.

3 0  4 0  5 0  6 0  7 0

time (h)

0  1 0  2 0  3 0  4 0  5 0  6 0  7 0

time (h)

Figure 3.3.17: Intracellular lipid content for Y. lipolytica RP2 cells grown on 

tallow (20 g L '1) in 10 L fermenter for 65 h with pH control to 7.0 by (A) 0.5 M 

KOH/HC1 and (B) 0.1M potassium phosphate buffer. Temperature, aeration and 

agitation were set to 25°C, 1 VVM and 1000 rpm, respectively.

Surface tension was reduced to approximately 42 dynes cm'1 after 24 h growth 

with no further change after 65 h, irrespective of the method of pH control (Table

3.3.11). This was a similar reduction to that achieved in the 2 L fermenter (Fig.

3.3.6), in both cases. In the controls (no cells), surface tension was reduced 

marginally during the 65 h to between 65 and 70 dynes cm'1 for both methods of 

pH control.

The surface tension was maintained at 42 dynes cm'1 when diluted to 0.5 (v/v) 

with distilled water after 24 -  65 h (Fig. 3.3.18). This corresponded to a CMD"1 of

2.0. In contrast, the surface tension increased when diluted to 0.5 (v/v) after 12 h 

growth, which indicated that the biosurfactant was not as concentrated at the 

earlier stage of the fermentation. Increased dilution of the cell free medium greater 

than 0.5 (v/v) resulted in increased surface tension up to 72 dynes cm'1. A similar 

pattern of surface tension resulted with both buffer and KOH pH control.
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Table 3.3.11: Surface tension of growth medium of Y. lipolytica RP2 on tallow 

(20 g L '1) in 10 L fermenter for 65 h with pH control to 7.0 by 0.5 M KOH/HC1 

and 0.1 M potassium phosphate buffer. Temperature, aeration and agitation were 

set to 25°C, 1 W M  and 1000 rpm, respectively. Medium was filtered through 0.2 

p.m filter prior to measurement.

Surface tension (dynes cm'1)

Time (h)

0.5 M  KOH/HC1

Y. lipolytica RP2 Control

0.1 M  potassium phosphate buffer

Y. lipolytica RP2 Control

0 70.5 ±0.3 70.5 ±0.3 70.0 ± 1.0 70.0 ± 1.0

12 45.0 ±0.2 70.0 ±0.5 49.3 ±0.3 69.0 ±0.5

24 42.0 ±0.3 69.0 ±0.7 41.8 ± 0.3 69.0 ±0.5

38 42.0 ±0.0 69.5 ±0.0 42.0 ±0.0 67.0 ±0.3

48 42.5 ±0.3 70.0 ±0.1 42.8 ±0.3 65.0 ±0.1

65 42.0 ±0.2 70.0 ±0.1 42.0 ±0.0 65.0 ±0.0

0.0001 0.0010 0 0100 0.1000 1 0000

fraction concentration (v/v)

Figure 3.3.18: Change in surface tension with medium concentration during the 

growth of Y. lipolytica RP2 on tallow (20 g L '1) in 10 L fermenter for 65 with pH 

control to 7.0 by (A) 0.5 M KOH/ HC1 and (B) 0.1 M potassium phosphate buffer. 

Temperature, aeration and agitation were set to 25°C, 1 V V M  and 1000 rpm.
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The émulsification activity (A540) and the stability of its emulsion formation 

(decay ratio, Kid) was determined and no difference was detected between pH 

control by KOH and the buffer (Table 3.3.12). Activity was similar during 12 -  38 

h growth period, with a marginally greater activity at 24 h, corresponding to an 

absorbance of 2.14 and 2.10 for KOH and the buffer, respectively. After 38 h, the 

activity decreased. Emulsion stability was similar in the 12 - 24 h period with a 

corresponding Kd in the range of -2.22 to -2.27 for KOH and the buffer. After 24 

h, a decrease in emulsion stability occurred. The activity and stability values 

followed a similar pattern to those achieved under 2 L fermentation after 24 h, for 

both methods of pH control. No émulsification activity or stability was detected in 

the controls (no cells), irrespective of the method of pH control (results not 

shown).

Table 3.3.12: Emulsification activity (A540) and émulsification stability (decay 

ratio, Kd) of growth medium of Y. lipolytica RP2 grown on tallow (20 g L '1) in 10 

L fermenter for 65 h with pH control to 7.0 by 0.5 M KOH/HC1. Temperature, 

aeration and agitation were set to 25°C, 1 VVM and 1000 rpm, respectively. 

Medium was filtered through a 0.2 pm filter prior to measurement against 

kerosene.

0.5 M KOH/HC1 0.1 M potassium phosphate buffer

Emulsification Decay constant Emulsification Decay constant

Time (h) activity (A540) (Kdx 10'3) activity (A54o) (Kdx IO’3)

0 0.09 ±0.02 -6.35 ±0.11 0.09 ±0.02 -6.35 ±0.11

12 1.95 ±0.05 -2.27 ±0.08 1.99 ±0.03 -2.25 ±0.01

24 2.14 ± 0.10 -2.23 ±0.13 2.10 ±0.05 -2.22 ±0.05

38 1.98 ±0.08 -3.64 ±0.21 1.89 ±0.08 -3.75 ±0.02

48 1.67 ±0.03 -4.05 ±0.02 1.75 ±0.05 -3.99 ±0.07

65 1.50 ±0.14 -4.35 ±0.07 1.58 ±0.04 -4.40 ±0.11
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Intracellular K+ levels were similar for pH control by both KOH and the buffer 

(Fig. 3.3.19). Intracellular K+ levels increased after 12 h growth to approximately 

180 nmol K+ (106 cell)'1 with a subsequent decrease by 24 h to approximately 80 

nmol K+ (106 cell)'1 with no further change by the end of the fermentation. This 

overall pattern was similar to that achieved in 2 L fermentation with the buffer 

and KOH, although K+ levels were marginally lower after 65 h with manual KOH 

pH control at 60 nmol K+ (106 cell)'1 in the 2 L vessel (Fig. 3.3.8). Cell number 

increased exponentially after 12 h to a final cell count of approximately 3.9 x 108 

cell ml"1 after 65 h, for both methods of pFI control. This was similar to that 

achieved in 2 L fermentation with both KOH and the buffer, which had a cell 

number of approximately 3.8 x 108 cell ml"1 after 65 h.

K+ in the medium increased over the initial 24 h growth period, from 

approximately 10 mM to 60 mM with KOH, through the automated addition of 

400 ml KOH. After 24 h, no further KOH was required as pH remained at 7.0 and 

consequently, K+ levels remained constant in the medium. This level of K+ 

addition was marginally higher compared manual KOH control in the 2 L vessel, 

which resulted in the addition of 50 ml of the base to the medium (40 mM K+). 

The K+ level in the medium with buffer pH control remained constant throughout 

the fermentation at approximately 170 mM. This was identical to that detected in 

the 2 L fermenter.

(A) (B)

O

= (13

time (h)

0 10 2 0  3 0  40  5 0  6 0  70

lime (h)

Figure 3.3.19: K+ in the medium (□), intracellular K+ (■ ) and cell number ( • )  

of Y. lipolytica RP2 during growth on tallow (20 g L"1) in 10 L fermenter for 65 h 

with pH control to 7.0 by (A) 0.5 M KOH/HC1 and (B) 0.1 M potassium 

phosphate buffer. Temperature, aeration and agitation were set to 25°C, 1 VVM 

and 1000 rpm, respectively.

186



Overall, 68% fat was removed with a corresponding growth rate of 0.072 h"1 

during the growth of Y. lipolytica RP2 on tallow (2% w/v) in 10 L fermenter with 

pH control to 7.0 by either 0.5 M KOH/HC1 or 0.1 M potassium phosphate buffer. 

There was no loss in fat removal ability during scale-up from 2 L to 10 L 

fermentation with pH control by KOH. A marginal loss in fat removal, from 75% 

to 68%, occurred upon scale-up with 0.1 M potassium phosphate buffer. The 

addition of KOH was selected as the preferred method of pH control and K+ 

addition to the medium.

3.3.2.3 Further characterisation of the growth of Yarrowia lipolytica RP2 on 

tallow (20 g L"1) with pH control to 7.0 by 0.5 M KOH/HC1

During the growth of Y. lipolytica RP2 on tallow, information on other parameters 

associated with growth and fat removal is desirable. These included sludge 

volume index (SVI), as an indication of yeast settleability, the location of the 

residual tallow in the system and the lipid, nitrogen and protein content of the 

yeast cell. These parameters were assessed during the growth of the yeast on 

tallow (20 g L"1) in 10 L fermenter for 65 h with pH control to pH 7.0 by 0.5 M 

KOH/HC1. Aeration, agitation and temperature were set to 1 VVM, 1000 rpm and 

25°C, respectively.

The yeast cells at the end of the fermentation, 65 h, settled out of the medium 

quickly yielding an SVI of 1.0 ± 0.01 ml g'1. The bulk of the fat that was not 

removed during the fermentation by the yeast remained inside the fermenter and 

approximately 5% of the tallow loading was detected in the biomass, which had 

settled out of the medium (Table 3.3.13). The waste liquor, or the cell free 

medium after the yeast cells had settled, contained 2.1% lipid at the end of the 

fermentation.

The growth of Y. lipolytica RP2 on tallow under optimised conditions yielded a 

high degree of biomass, with a cell dry weight of approximately 14 g L '1 after 65 

h. The biomass was assessed as to its possible use for single cell protein (SCP).
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The total nitrogen and protein content of the cells was determined (Table 3.3.14). 

In the early stages of fermentation, at 12 h, cells comprised a higher lipid than 

protein level, approximately 0.5 g g"1 and 0.2 g g '1, respectively. Nitrogen content 

in the cells comprised 0.37 g g'1. After 12 h, intracellular lipid decreased. In 

contrast, the level of protein and nitrogen increased. The high protein content at 

the end of the fermentation, 0.42 g g '1 after 65 h, indicated the possible use of the 

yeast for SCP production. The overall yield of protein per tallow consumed at the 

end of the fermentation was 0.44 g g '1.

Table 3.3.13: Location of fat not removed by Y. lipolytica RP2 after 65 growth on 

tallow (20 g L"1) in 10 L fermenter. Temperature, agitation and aeration were set 

at 25°C, 1000 rpm and 1 V V M , respectively. pH was controlled automatically with

0.5 M KOH/HC1.

Location of fat Percentage of initial tallow loading

Trapped in settled biomass 5.2 ±0.8

Remained inside the fermenter 24.7 ±1.5

Waste liquor 2.1 ±0.7

Table 3.3.14: Total nitrogen and protein composition of Y lipolytica RP2 cells 

grown on tallow (20 g L’1) in 10 L fermenter for 65 h. Temperature, agitation and 

aeration were set at 25°C, 1000 rpm and 1 V V M , respectively. pH was controlled 

automatically with 0.5 M KOH/HC1.

Time (h) 0 12 24 38 48 65

Total Nitrogen 

[g (g dry weight)'1]

0.43 ± 

0.005

0.37 ± 

0.008

0.55 ± 

0.010

0.53 ± 

0.005

0.55 ± 

0.006

0.51 ± 

0.005

Total protein 

[g (g dry weight)'1]

0.14 ± 

0.008

0.20 ± 

0.009

0.45±

0.007

0.42 ± 

0.002

0.43 ± 

0.003

0.42 ± 

0.006

Total lipid

[g (g dry weight)'1]

0.11 ± 

0.050

0.50 ± 

0.021

0.28 ± 

0.040

0.15 ± 

0.052

0.10 ± 

0.011

0.10 ± 

0.013
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3.3.3 Summary of the main findings from 2 L and 10 L fermentation 

studies on the growth of Y. lipolytica RP2 on tallow (20 g L '1)

• 2 L fermenter

• 10 L fermenter

75% fat removed after 65 h with pH control by 0.1 M 
potassium phosphate buffer- significant reduction from 168 
h required for similar removal in shake flask studies.

500 rpm and 1 VVM were selected as the rates of agitation 
and aeration, respectively.

Increased biosurfactant activity and reduced dimorphism 
compared to shake flask fermentations under optimised 
conditions.

K+ was key for maximum fat removal and growth.
-80 nmol K+ (106 cell)'1 correlated with maximum 
biodégradation.

The presence of Na+ and increased Ca2+ in the medium 
reduced fat removal. Addition of H2PO4' at a greater 
concentration than present in the minimal medium had no 
effect on fat removal.

68% fat removed after 65 h on scale-up from 2 L fermenter, 
with pH control by 0.1 M potassium phosphate buffer or 0.5 
M KOH/HC1.

Agitation set at 1000 rpm with one impeller placed at the 
base of the agitator and the second positioned 135 mm 
above it.

No loss in growth or biosurfactant activity during scale-up 
from 2 L to 10 L fermentation.

Biosurfactant concentration correlated to a CMD"1 of 2.0.

The biomass generated after 65 h with pH control by 
KOH/IICI comprised 0.4 g g'1 protein, which indicated the 
potential of Y. lipolytica RP2 in SCP production.
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D I S C U S S I O N



Isolation of fat-degrading organisms from the wastewater treatment system of a 

rendering factory provided a novel source for organisms in this study. The 

production of tallow and bonemeal in the factory resulted in wastes with high 

levels of tallow, which in turn could promote the growth of organisms with the 

particular ability to degrade tallow. Activated sludge and wastewater from the 

rendering operation were chosen as potential sources of organisms. Tallow itself 

was also assessed as a potential source of lipid-degraders.

In the isolation of microorganisms from various environments, the use of 

enrichment culturing is generally applied. In the laboratory, tallow was used as the 

sole carbon source in the enrichment culture at a concentration of 20 g L '1 (2% 

w/v), to promote the growth and survival of fat-degrading microorganisms only. 

This concentration was chosen to provide a sufficiently high concentration of 

tallow for the enrichment and was also employed in all of the growth studies. 

Interestingly, the use of tallow for isolation and enrichment has not previously 

been reported. However, a number of concentrations of various oils, including 

olive, diesel and crude oil have been reported for isolation purposes, ranging from

5 to 20 g L"1 (Okuda et ah, 1996; Margesin and Schinner, 1997; Zinjarde et ah, 

1997; Zinjarde and Pant, 2002b).

The minimal medium chosen was based on that described by Shikoku-Chem 

(1994), where it was previously used for the growth of lipolytic organisms 

isolated from a food-factory waste treatment plant. In this study, olive oil and 

nutrient agars were selected as the isolation media for lipolytic organisms. As a 

result of the enrichment process in the laboratory, a number of both filamentous 

and non-filamentous organisms were isolated. Activated sludge, wastewater and 

the tallow itself provided a source of non-filamentous organisms. Of these non- 

filamentous organisms, 10 of the isolates were yeast and these were selected as 

part of this investigation, which began with their identification. The filamentous 

organisms formed part of a separate investigation (Fleming, 2002).

Lipid-containing waste streams and sludges, including those from industrial and 

food processing industries and domestic systems, are well documented as 

potential sources of lipolytic microorganisms. Okuda et al. (1991) isolated several
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lipid-degrading Bacillus sp. from wastewater systems of meat processing plants. 

Shikoku-Chem (1994) isolated a Pseudom onas and an A cinetobacter species from 

activated sludge sourced from a food factory. Microbial consortia were isolated 

from restaurant grease traps and from activated sludge in a domestic wastewater 

treatment system, which were then applied to the biological treatment of grease 

and food waste (Wakelin and Forster, 1998; Tano-Debrah et al., 1999; Fong and 

Tan, 2000). Food derived industrial wastes have provided the source of many lipid 

degrading yeasts, including Yarrowna lipolytica  (Chigusa et al., 1996; Deak et al., 

2000; Lee et al., 2001). Natural environments, such as water and soil, which were 

contaminated with waste lipids, have also served as a source of lipid-degrading 

organisms. Ota and Kushida (1988) recovered a number of fungi and yeast from 

soil that demonstrated lipolytic ability. A strain of Yarrowia lipolytica  was 

isolated from both oil-polluted soil (Margesin and Schinner, 1997) and oil- 

polluted seawater (Ahrean et al., 1971; Heslot, 1990; Zinjarde et al., 1998; 

Zinjarde and Pant, 2002a & b). The majority of studies on tallow biodégradation, 

however, have employed lipolytic microorganisms sourced from culture 

collections (Kajs and Yanderzant, 1980; Bednarski et al., 1993 & 1994; Tan and 

Gill, 1984, 1985 & 1987; Koritala et al., 1987; Papanikolaou et al., 2001 & 

2002a).

The first stage in the identification of the isolates began with an examination of 

the gross morphology of yeast cultures on solid medium. Observations on colony 

surface, colour and texture aid in the identification of the organism and so reduce 

the number of tests required (Barnett et al., 1983). The isolated yeasts in this 

study all produced cream-coloured, non-mucoid colonies that lacked 

ballistospores (Table 3.1.1). Other differentiating characteristics of the colonies 

included form, elevation and margin. Based on colony morphology, two of the 

isolates, NF 9 and NF 32 B were distinct from the other yeast cultures.

Although examination of the isolate gross morphology in liquid culture is of 

diagnostic value, examination of cellular morphology is a more powerful tool and 

provides information on the shape and mode of reproduction of the isolate. As a 

rule, the cellular morphology and mode of reproduction of yeast strains are 

examined in liquid culture (van der Walt and Yarrow, 1984) and for this purpose,
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malt extract broth was employed. In many cases, the cell shape may be 

characteristic of a particular genera or species, for example: triangular cells of 

Trigonopsis or oval cells of Malassezia (van der Walt and Yarrow, 1984; Zinjarde 

and Pant, 2002b). The isolated yeasts in this study all possessed an oval cell shape 

with the exception of NF 9, which was ellipsoidal (Table 3.1.3). Malassezia may 

be stimulated in the presence of lipid, such as olive oil, however growth is very 

weak at 25°C which effectively dismissed this species as one of the isolates in this 

study (Yarrow and Ahearn, 1984).

The mode of yeast reproduction, as either vegetative or sexual, is an important 

characteristic in its identification. Vegetative reproduction is achieved by either 

budding or by the formation of cross walls in mycelium or single cells (Kreger- 

van Rij, 1987). Budding may be referred to in terms of the position of the budding 

sites and the position, as monopolar, bipolar or multipolar (multilateral) and this 

characteristic may be useful in differentiating different species of yeasts (Kreger- 

van Rij, 1984). Multilateral budding was noted for all of the isolates (Table 3.1.3). 

Similarly, the formation of pseudomycelium and true mycelium aids species 

identification. Pseudomycelium formation was noted in the majority of the 

isolates with the exception of NF 9 and NF 48. However, it is worth noting that 

the morphological features of yeast can vary when cultured on different media 

(Kreger-van Rij, 1987).

Ascospore formation and shape is an important taxonomic criterion and is the 

main feature of sexual reproduction in ascosporogenous yeasts. However, a clear 

view of the ascospore structure cannot always be detected by light microscopy 

and may require scanning electron microscopy (SEM) or transmission electron 

microscopy (TEM) (Kreger-van Rij, 1987). Typical features include round, oval, 

reniform, cylindrical, wartiness and needle-shaped spores. Ascospores were 

produced by the isolates, with the exception of NF 32 B, but their structure was 

not determined (Table 3.1.3).

Physiological properties primarily serve to describe, differentiate and identify 

yeast strains. They also serve to describe, characterise and differentiate species
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and to a lesser extent, genera (van der Walt and Yarrow, 1984). The 

characteristics which have proved most useful for routine identification purposes 

are those associated with the utilisation of carbon and nitrogen sources, growth at 

elevated temperatures, growth on media of high sugar and salt content, formation 

of typical metabolites and the susceptibility of the yeast to antibiotics 

(cycloheximide) (Barnett et a l, 1983; van der Walt and Yarrow, 1984). 

Consequently, these physiological tests were chosen in this study to identify the 

isolates (Table 3.1.4 -  3.1.6).

In the physiological tests, NF 9 and NF 32 B were further characterised as distinct 

from the other isolates as both organisms fermented D-glucose and had a negative 

urease test. The two organisms also differed in their ability to grow in 10% NaCl. 

Fermentation of sugars was not achieved by the remaining isolates but all eight 

had a positive urease test. A positive urease test is an indication of membership of 

the basidiomycetes (van der Walt and Yarrow, 1984). However, ascospore 

formation was detected in these isolates, which implied that they were 

ascomycetous in nature. The urease test follows a general rule of thumb only and 

a number of ascomycetes are an exception to this, including Yarrowia lipolytica 

and species of the genus Lipomyces (van der Walt and Yarrow, 1984). The 

negative reaction to the Diazonium Blue B test for all the isolates indicated that 

none were members of the basidiomycetes. All of the isolates demonstrated good 

growth in 1000 ppm cycloheximide, which proved to be a useful differentiating 

characteristic in the complete identification of the isolates.

A key was employed, which was devised by Barnett et al. (1983) to identify the 

isolates. This key permitted the identification of yeast based predominantly on its 

physiological characteristics and did not necessitate a definitive examination of 

cell morphology and mode of reproduction. The primary key characteristics were 

the fermentation of D-glucose and the assimilation of nitrate and erythritol 

(Appendix A & B). The identification methods of Barnett et al. (1983) and 

Kreger-van Rij (1984) have been routinely employed (Ota and Kushida, 1988; 

Chigusa et al., 1996; Zinjarde and Pant, 2002b). Other identification methods 

have included karyotyping (Deak et al., 2000), the Biolog identification system
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(Lee et ol., 2001) and the employment of a yeast identification agency (Ashy and 

Abou-Zeid, 1982).

Application of the keys resulted in the identification of three distinct yeasts among 

the ten isolates. The isolates, NF 9 and NF 32 B, were identified as Debaromyces 

hansenii (Fig. 3.1.11, Table 3.1.11) and Candida zeylanoides (Fig. 3.1.12, Table

3.1.12), respectively. The remaining isolates were all identified as Yarrowia 

lipolytica (Fig.s 3.1.3-3.1.10, Tables 3.1.7-3.1.10). These three organisms have 

also been isolated together from a common dairy source (Peterson et al., 2001).

The characteristic in the key, which leads to identification, does not give a 

complete description of the species. It should be noted that the correctness of 

identification should be checked by comparing the features of the strain with those 

of the complete standard description of a species. This is necessary (i) because the 

strain may belong to a new, undescribed species and (ii) because an error in 

observation of one of the tests of one of the key characteristics may lead to an 

incorrect name (Kreger-van Rij, 1987). In this study, the identification of isolate 

NF 32 A as Yarrowia lipolytica was verified by Deutsche Sammlung von 

Mikroorganismen und Zelkulturen GmbH, Germany (Appendix C).

Screening of the isolates in pure culture on tallow as the sole carbon source 

permitted the selection of one of the isolated yeasts with superior degradative 

ability, for further study. Investigations were undertaken in pure culture, as 

opposed to mixed culture, to allow for a more accurate understanding of the 

characteristics of the growth of the isolate on tallow and the effect of 

environmental conditions on tallow degradation and removal. In mixed cultures, 

interactions between species and potential shifts in the population distribution of 

species could introduce variability in the systems. The minimal medium employed 

in the enrichment culturing was also used in the screening process and in all 

growth studies. Degradative ability of the isolates was assessed after growth for 

168 h on 20 g L '1 tallow at room temperature (22 - 25°C) with and without 

agitation at 130 rpm. Tallow, which comprised less than 7% free fatty acids, was 

employed in all growth studies in this investigation. This ensured that batch to
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batch variation of the tallow was kept to a minimum and that triglycerides 

comprised greater than 90% of the substrate. The concentration of tallow used in 

this study, 20 g L '1, was within the range of levels previously reported. 

Concentrations of 1 - 8 g L '1 of tallow and grease (Tan and Gill, 1985 & 1987; 

Wakelin and Forster, 1997), 10 g L '1 of both tallow (Kajs and Vanderzant, 1980) 

and animal derived fat (Papanikolaou e t al., 2002a) and 30 g L'1 of various tallows 

(Bednarski et al. 1993 & 1994; Marek and Bednarski, 1996) have been employed. 

In the absence of agitation, the fermentative capacity was reduced, for all of the 

isolates. Agitation of the medium has been reported as an essential parameter in 

the effective degradation of lipids and hydrocarbons (Tan and Gill, 1984; Zinjarde 

and Pant, 2002b).

The isolates identified as Yarrowia lipolytica  demonstrated superior fat removal 

ability and removed 21% of the tallow after 168 h (Fig. 3.1.13). The lipid- 

degrading ability of various Yarrowia lipolytica  strains has been well 

documented, especially on oils and greases with some investigations specific to its 

degradation of animal fats (Kajs and Vanderzant, 1981; Tan and Gill, 1985; 

Bednarski et a l., 1994; Papanikolaou et al., 2001 & 2002a). A lower degree of fat 

removal was achieved by D ebarom yces hansenii and Candida zeylanoides, 16% 

and 17%, respectively. Although reports on the ability of these two organisms to 

degrade lipid have not been specifically documented, a number of unidentified 

Candida  species isolated from waste streams have demonstrated lipolytic ability 

(Ota and Kushida, 1988; Chen et al., 1990). However, Candida zeylanoides  has 

been reported as a potential pathogen (Levenson et al., 1991; Liao et al., 1993; 

Whitby et a l., 1996). This, coupled with its lower degradative ability and that of 

D ebarom yces hansenii ruled out the suitability of these organisms for further 

investigation.

Yarrowia lipolytica  is a non-pathogenic yeast and has a recognised GRAS 

(generally regarded as safe) status, which made it the preferred candidate for 

further investigation (Barth and Gaillardin, 1997; Casaregola et al., 2000; Perez- 

Campo and Dominguez, 2001; Spencer et al., 2002). The yeast was designated as 

Yarrowia lipolytica  RP2, where RP referred to its isolation from a rendering plant 

and 2 indicated that it was the second isolate to be extensively studied in the

195



laboratory. The first organism studies in the laboratory for its ability to degrade 

tallow was a filamentous fungus, Trichoderm a harzianum  Rifai RP1 (Fleming, 

2002).

The characteristics of the growth of Yarrowia lipolytica  RP2 on tallow in minimal 

medium were investigated. Growth studies were scaled-up from shake flask to 2 L 

and 10 L fermenters. The key growth parameters assessed included inoculum 

preparation, growth temperature, surfactant addition and biosurfactant production, 

medium pH, nutrition, agitation and aeration. The effect of these parameters on 

the yeast cell, including its morphology and lipid composition and ultimately on 

tallow removal was also investigated.

An inoculum size of 2% (v/v) was employed in all growth studies. Inoculum sizes 

for growth on lipids vary, ranging from 1% (v/v) (Ashy and Abou-Zeid, 1982; 

Okuda et al., 1991) to 4 - 5% (v/v) (Wakelin and Forster, 1997; Chen et al., 1999; 

Rau et al., 2001) and up to 10 -  12 % (v/v) (Tan and Gill, 1984 & 1985; 

Desphande and Daniels, 1995; Oswal et al., 2002). In general, the majority of 

studies use a 2% (v/v) inoculum, which was superior for the growth of Candida  

lipolytica  on fish oil (Hottinger et a l., 1974b). The employment of nutrient broth 

and olive oil broth as inoculum media was compared. It was hoped that 

preparation of the inoculum on olive oil, a lipid carbon source, would be 

advantageous to the cultivation of RP2 on tallow through the stimulation of 

properties, such as enzymes and emulsifiers, commonly associated with growth on 

lipid. Olive oil grown inocula for lipid biodégradation has been reported (Tan and 

Gill, 1985 & 1987; Novotny et al., 1988; DeFelice et al., 1997). However, inocula 

from both nutrient and olive oil broths achieved identical growth and fat removal 

(Table 3.2.10). Consequently, nutrient broth was selected as the preferred method 

of inoculum preparation as it provided not only an effective medium for yeast 

growth, but also facilitated an easier extraction of the yeast cells.

Cultivation of the inoculum on tallow itself was not performed in this study based 

on two considerations. Firstly, the stimulation of any extracellular properties 

associated with growth on tallow would be lost, as the inoculum comprises the 

addition of the yeast cells only to the growth medium. Addition of the medium
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would add additional substrate to the growth flask, which would then have to be 

accounted for in the determination of fat removal by RP2. Secondly, the absence 

of a long lag phase coupled with the small number of yeast cells added as the 

inoculum meant that any activity stimulated in the inoculum cells would be soon 

surpassed through growth on tallow in the growth vessel itself. The short lag 

phase for the initiation of growth of Saccharomycopsis lipolytica on olive oil with 

a small inocula of washed, glucose grown cells indicated that substantial changes 

in cell metabolism was not necessary for effective utilisation of fats by the yeast 

(Tan and Gill, 1984).

Tallow removal and growth of RP2 were superior at 25°C, with a decrease in 

biodégradation with increased temperature to 30°C and 37°C and at 4°C (Fig.s

3.2.3 & 3.2.4). RP2 was unable to survive at 55°C and consequently no tallow 

was removed. However, cell viability was maintained at 4°C, 30°C and 37°C, 

although growth was reduced at these temperatures. The ability of RP2 to survive 

outside its ideal growth temperature on tallow is an important characteristic in the 

development of a fat removal system, where fluctuations in temperature can result 

from extraneous environmental factors. The ability to withstand periods of non- 

optimal growth conditions is of importance in the selection of a microbial culture 

(Wakelin and Forster, 1997).

The influence of temperature on microbial growth on lipid can be considered on a 

number of levels. Temperature may be optimised with respect to cell growth. In 

general, Y. lipolytica has been grown on lipids in the mesophilic range at 15°- 

20°C (Margesin and Schinner, 1997), 25°C (Kajs and Vanderzant, 1980; Marek 

and Bednarski, 1997), 28°C (Papanikolaou et al., 2001, 2002a & b) with the 

majority of studies performed at 30°C (Tan and Gill, 1985; Chigusa et al., 1996; 

DeFelice et al., 1997; Scioli and Vollaro, 1997; Kim et al., 1999; Zinjarde and 

Pant, 2002b).

Optimisation of temperature can also be considered in terms of the substrate itself. 

The solid nature of the tallow can be overcome through its liquefaction at elevated 

temperatures. Beef tallow has a melting point of 42°C (Hur and Kim, 1999;
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Mason, 2003). In this study, liquefaction of tallow occurred at 55°C, but it also 

resulted in cell death. The application of elevated temperatures for lipid 

biodégradation has proved to be both detrimental and beneficial. Removal rates of 

sheep tallow were lower at 50°C compared to 35°C in an anaerobic system using 

mesophilic sludge (Broughton et al., 1998). In contrast, effective removal of wool 

grease was achieved through its melting (Becker et al., 1999) and successful lipid 

removal with a microbial consortium at 60°C was reported (Nakona and 

Matsumura, 2001). However, in both these cases, thermophilic organisms were 

employed. Although the elevation of the temperature would liquefy the fat, the 

use of a thermophilic organism for the biodégradation of tallow would incur 

certain disadvantages. Primarily, this would include the required heating of the 

biodégradation vessel together with subsequent downstream cooling and overall 

higher capital costs. For this reason, mesophilic temperatures have generally been 

used for studies on the assimilation of lipid substrates.

Lastly, temperature can also be optimised with respect to enzyme activity, 

specifically lipase, which would result in optimal hydrolysation of the lipid for 

microbial uptake. Temperature optima of lipases are as diverse as the sources 

from which they are obtained with those from fungal sources having activity 

peaks ranging from 20°C to 50°C (White and White, 1997). Activity peaks for 

lipases from Y. lipolytica are generally at 37°C (Ota et al., 1982; Destain et al., 

1997; Corzo and Revah, 1999). Interestingly, in these studies the temperature 

employed for lipase production is lower, at 29°C to 30°C. This would suggest that 

the temperature of optimum production does not necessarily correlate with 

optimum activity. Indeed, Hadeball (1991) states that in general, the optimal 

temperature for lipase production normally agrees with the optimal conditions for 

growth. In the case of RP2, this temperature was 25°C and all growth studies were 

performed at this temperature.

The main restriction to the growth of organisms on the hard fats, such as tallow, is 

their solid nature in the mesophilic range of growth. As growth at elevated 

temperatures was not feasible for RP2, increasing the bioavailability of the tallow 

through the addition of surfactants was investigated. Surfactants have been shown
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to be beneficial in various technological applications, especially in terms of 

biodégradation of hydrocarbon liquids or solids, fats, oils and various organic 

compounds (West and Harwell, 1992; Finnerty, 1994; Rouse et a l, 1995; Banat, 

1995; Van der Meeren and Verstraete, 1996). Biodégradation of organic 

compounds with limited water solubility, such as the hard fats, is slow due to the 

low availability of these compounds to microbial cells (Zhang and Miller, 1994). 

The surfactant may improve the availability of the substrate to the microbial cells 

through émulsification thereby reducing the surface tension at the phase boundary.

Cationic and anionic commercial surfactants can result in damaging effects on cell 

membranes and for this reason are often disregarded for use in biological systems 

(Shabati and Gutrick, 1985). However, nonionic surfactants, such as Triton X-100 

and Tween 80 are attractive due to their low toxicity and relative insensitivity to 

pH and electrolyte concentration. Inclusion of Tween 80, at 0.05% (w/v), 

improved the growth of Candida intermedia on the alkane hexadecane (Wang and 

Ochoa, 1972). Tween 80, included at 0.01% (w/v), was used to increase olive oil 

dispersal during an investigation into lipid degradation by activated sludge (Hsu et 

a i, 1983). Similarly, Tween 80 (1.0% w/v) in the growth medium of Y. lipolytica 

on animal derived fat was used to increase fat dispersion (Papanikolaou et al., 

2002a). In this study, Triton X-100 and Tween 80 were included in the growth 

medium at various concentrations (0 -  0.5% w/v) and their subsequent effect on 

fat dispersion and growth investigated.

The surfactants did increase the surface area of the tallow through increased 

dispersal (Fig. 3.2.7). However, fat removal was dramatically decreased in the 

presence of the surfactants and they exerted a toxic effect on the yeast (Fig.s 3.2.5 

& 3.2.6). This was most evident with Tween 80, at all concentrations, where less 

than 40% of the yeast cells were viable with only 2 - 3% of the tallow removed. 

The presence of Triton X-100 also reduced yeast cell viability, albeit with a 

marginally less toxic effect. Nevertheless, Triton X-100 resulted in decreased 

biodégradation with only 3 to 10% of the fat removed. Similarly, a number of 

surfactants were toxic to test bacteria and prevented the biodégradation of 

hydrocarbons (Roch and Alexander, 1995).
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The prevention of tallow removal by the surfactants may be attributed to three 

factors: (i) their presence was detrimental to cell physiology, which in turn led to 

cell death, (ii) the surfactants impeded lipid assimilation by interfering with 

substrate-cell interactions and (iii) the surfactants were incompatible with any 

surfactant material produced by the yeast itself. In the first case, studies have 

shown that the presence of non-ionic surfactants in the culture medium can alter 

the physiological properties of yeast (Vasileva-Tonlcova et al., 2001). Y. lipolytica 

cells were permeabilised by 0.1% Triton X-100, which led to the release of 20% 

protein from the cells and morphological changes including altered cell shape and 

folded walls (Galabova et a l, 1996). Ultrastructural changes in the cell and 

membrane occurred, weakening the cohesion between proteins and lipids and 

thereby resulted in cell lysis and an overall decrease in culture viability.

Contact between the cell and the substrate is a prerequisite for lipid uptake. The 

cell surface aids in the hydrophobic interaction between the cell and the lipid, 

thereby facilitating its transport into the cell (Kàppeli and Fiechter, 1977; Mineki 

et al., 1984). Reduction in fat removal with surfactants has been attributed to the 

removal of this attraction between the cell and the substrate. For example, growth 

of Candida lipolytica on fish oil was inhibited by Triton X-100, at a concentration 

of 0.1% (w/v) (Hottinger et al., 1974b). A reduction in attraction between oil 

droplets and the microbial cell occurred in the presence of the surfactant. 

Similarly, efforts to increase the specific surface area of an oil phase by surfactant 

addition had the undesirable result of inhibiting oil degradation (Hori et al., 2002).

The presence of the surfactants may result in an incompatibility with the natural 

cell-associated and extracellular emulsifying properties of Y. lipolytica. 

Biosurfactant production by Y. lipolytica has been reported (Roy et al., 1979; 

Zinjarde et al., 1997; Kim et al., 2000d). This incompatibility between chemical 

surfactants and biosurfactants leads to reduced lipid biodégradation (Zhang and 

Miller, 1994; Kim et al., 2000d). Ultimately, it is the ionic compatibility of 

additional surfactants with extracellular components rather than substrate 

accessibility that is of greater concern (Rouse et al., 1995). Consequently, 

surfactants were not considered in a fat removal system with Y. lipolytica RP2.
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During the growth of RP2 on tallow (without pH control), in the absence of 

chemical surfactant addition, the tallow was dispersed from a solid substrate into 

discrete balls of fat in shake flasks (Fig. 3.2.2). This suggested the possible 

production of a biosurfactant by the yeast. Biosurfactant production in Y. 

lipolytica may be induced by the addition of long chain fatty acids, hydrocarbons 

or glycerides (Pareilleux, 1979; Cirigliano and Carman, 1984 & 1985; Kim et a l, 

2000d).

The characteristics of a biosurfactant can be difficult to assess (Parkinson, 1985). 

Many present the properties of the specified preparation, which can be the whole 

broth, separated broth or an extract, in terms of surface tension and emulsifying 

properties (Cirigliano and Carman, 1984; Mulligan et al., 1984; Muriel et al., 

1996; Kim et al., 2000c). Emulsification is assessed generally by both its activity 

and its stabilising properties. The activity indicates the ability of the surfactant to 

form an emulsion through spectrophotometric measurement, where one liquid 

phase is dispersed into micro-droplets in another liquid phase (Deasi and Banat,

1997). The ability of the surfactant to stabilise this emulsion is determined 

through the decay ratio, which is assessed by measuring the breakdown time, 

under gravity, of a suspended hydrocarbon in aqueous surfactant. The most 

common hydrocarbons employed include kerosene and hexadecane (Cirigliano 

and Carman, 1984; Muriel et al., 1996; Kim et al., 2000c). In this study, separated 

broth was used to determine the three aspects of biosurfactant activity, with the 

use of kerosene to determine both the émulsification activity and emulsion 

stability.

In shake flask studies, when RP2 was grown on tallow in minimal medium at 

ambient temperature, surface tension decreased from 70 to 62 dynes cm'1 (Table 

3.2.2). This reduction was small. However, biosurfactant production by Y. 

lipolytica has more notably been considered in terms of émulsification activity 

rather than its surface tension reducing properties (Roy et al., 1979; Cirigliano and 

Carman, 1985; Zinjarde et al., 1997; Kim et al., 2000d; Waché et al., 2000). 

Emulsification activity of the medium reached a maximum of 0.7 absorbance 

units which was almost four times that achieved by Cladosporium resinae grown 

on various hydrocarbons (Muriel et al., 1996). Emulsion stability, however was
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not as effective compared to the fungus, which had a Kd o f -3.68 compared to -

5.1 for RP2, under non-optimised growth conditions. This was not surprising, as 

the two parameters are not mutually dependent (Cirigliano and Carman, 1985; 

Kim et al., 2000c). Emulsification activity and stability in the medium increased 

with growth of RP2 to a maximum level at 120 h and then decreased after 168 h, 

corresponding to the beginning of stationary growth. This is similar to the growth 

pattern of Endomycopsis lipolytica on hydrocarbon, where activity increased 

during the active growth phase and then decreased with the decline in growth 

(Roy et al., 1979). Overall, the reduction in surface tension and detection of 

émulsification activity by Y. lipolytica RP2 in the presence of tallow and the 

subsequent substrate-uptake was taken as indirect proof of biosurfactant 

production by the yeast.

Environmental factors and growth conditions such as temperature, pH, agitation 

and oxygen availability affect biosurfactant production through their affects on 

cellular growth and activity (Desai and Banat, 1997). In this study, pH, agitation 

and aeration and nutrition were found to influence biosurfactant activity.

Under the optimised conditions of pH and temperature, 25°C and pH 7.0, tallow 

dispersion was greatly enhanced with an observed émulsification of the tallow 

compared to the observed ‘balls’ of fat where pH was not controlled (Fig. 3.2.13). 

Similarly, a two-phase mixed-liquor occurred during grease degradation with 

activated sludge when the pH was acidic, resulting in the formation of small balls 

of grease (Wakelin and Forster, 1998). At or near neutral pH, a single-phase 

mixed-liquor was observed, with complete dispersion of the lipid. This was 

considered of importance in the operation of the system.

The increase in tallow dispersion with pH control was reflected in an increase of 

biosurfactant activity compared to the absence of pH control. Surface tension was 

further reduced from 62 to 56 dynes cm"1 (Table 3.2.7). The pattern of activity and 

emulsion stabilisation was identical to that observed with no pH control. 

However, émulsification activity increased to a maximum of 1.6 absorbance units 

by 120 h, which was more than double that achieved with no pH control.
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Similarly, emulsion stability was also increased with pH control. This degree of 

activity was greater than that detected in this study with the commercial 

surfactants Triton X-100 and Tween 80 (A540 of 1.22 and 1.06, respectively) at a 

concentration of 0.5% (w/v) (Table 3.2.3). An accurate comparison with activity 

values for other systems cannot be made as methods differ in both its 

determination and hydrocarbons used. However, an activity of 0.21 absorbance 

units was achieved by Enodmycopsis lipolytica against n-dodecane (Roy et al., 

1979), 0.88 absorbance units against hexadecane by Candida lipolytica 

(Cirigliano and Carman, 1984) and 2.51 units against hexadecane by a Norcardia 

sp. (Kim et al., 2000c). In terms of emulsion stabilising properties, a decay ratio, 

Kd, of -3.8 achieved by RP2 with pH control was now comparative to that 

produced by the fungus Cladosporium resinae, with a Kd of -3.7 (Muriel et al., 

1996). In their investigation, Muriel et al. suggested that the properties of the 

biosurfactant produced by the fungus were comparative with commercial 

surfactants.

The increase in biosurfactant activity by RP2 with pH control was attributed to 

two factors. Firstly, many biosurfactants are pH sensitive. Cultivation of 

sphorolipid by Candida bambicola grown on animal fat demonstrated increased 

productivity under pH controlled conditions compared to no pH control 

(Desphande and Daniels, 1995). Similarly, pH sensitivity was noted for 

Pseudomonas aeruginosa (Guerra-Santos et al., 1986; Zhang and Miller, 1992). 

Secondly, increased activity is related to the increase in cell growth. For growth 

associated biosurfactant production, parallel relationships exist between growth, 

substrate utilisation and biosurfactant production (Desai and Banat, 1997). 

Emulsification is a cell density-dependent phenomenon, that is, the greater the 

number of cells, the higher the concentration of extracellular product (Ron and 

Rosenberg, 2001).

Interestingly, surface tension values between 65 and 70 dynes cm"1 were detected 

in the control (no cells) with pH control (Table 3.2.2 & 3.2.7). However, this 

reduction in tension was not attributed to any surfactant activity as neither 

émulsification activity or stabilising properties were detected. No reference to 

reduction in surface tension of a control medium was found in the literature. This
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small reduction in tension was therefore not considered of great consequence 

given the large reduction in tension in the growth vessel.

Increased agitation and aeration under fermenter growth (2 L and 10 L) resulted in 

a further increase in biosurfactant activity. This was reflected in a decrease in 

surface tension to a minimum tension of 42 dynes cm'1, compared to 56 dynes cm"

1 in shake flasks (Table 3.3.2, 3.3.4 & 3.3.8). This was comparable to the surface 

tension of the biosurfactant produced by Candida lipolytica  when grown on waste 

olive oil (Haba et al., 2000) and tetradecane (Pareilleux, 1979) and a 

Pseudom onas sp. grown on waste oil (Cooper et al., 1981). In general, a good 

biosurfactant producer is one that reduces the surface tension to 40 dynes cm’1 

(Haba et al., 2000). Higher émulsification activity and emulsion stability values 

with a maximum absorbance and Kd ranges between 2.05 to 2.14 units and -2.27 

to -2.22 by 24 h, respectively were detected in the fermenters (Table 3.3.2, 3.3.4

& 3.3.9). These values corresponded with exponential growth of the yeast and 

observed émulsification of the tallow in the 2 L and 10 L fermenters. In yeast, 

biosurfactant production has shown to be increased when agitation and aeration 

rates are increased (Spencer et a l ,  1979). Moreover, Sheppard and Cooper (1990) 

concluded that oxygen transfer is one of the key promoters for the process 

optimisation and scale-up of surfactin production in Bacillus subtilis. 

Consequently, the increased activity by the biosurfactant produced by RP2 when 

cultivated in the fermenter may be attributed to the aeration of the growth vessel.

Production and yields of biosurfactants vary greatly depending on the nutritional 

environment of the growing microorganism (Rosenberg, 1986). IMo reduction in 

surface tension or presence of émulsification activity was noted when Y. lipolytica  

RP2 was grown on glucose as the sole carbon source. This was in agreement with 

previous investigations (Pareilleux, 1979; Cirigliano and Carman, 1984). Activity 

of the biosurfactant produced by RP2 grown on tallow was not influenced by the 

presence of glucose. This is contrary to a previous report where biosurfactant 

production by Candida lipolytica  was repressed upon the addition of glucose 

(Cirigliano and Carman, 1984). However, glucose has been included in the growth 

medium of Candida bam bicola  with lipid for biosurfactant production, with no
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detrimental effects (Desphande and Daniels, 1995; Casas and Garcica-Ochoa, 

1999).

The source or concentration of nitrogen did not affect the activity of the 

biosurfactant produced by Y. lipolytica  RP2. This is inconsistent with other 

reports on the influence of nitrogen on biosurfactant production. Nitrogen source 

and C:N ratio influenced rhamnolipid production by Pseudom onas 47T2 (Haba et 

al., 2000). Increased productivity of the Pseudom onas biosurfactant occurred with 

increased nitrogen and a low C:N ratio (8:1) yielded highest production of the 

biosurfactant. The source of nitrogen had a different effect on different organisms. 

Ammonium salts and urea were the preferred nitrogen sources for production by 

A rthrobacter parafineus (Duvnjak et al., 1983), whereas nitrate supported 

maximum surfactant production in Pseudom onas aeruginosa  (Guerra-Santos et 

al., 1984). However, the common regulatory principles of biosurfactant synthesis 

are different for each organism and respond to different kinds of nutrient 

limitation (Syldatk and Wagner, 1987). It is the concentration of the carbon source 

that determines the conversion of carbon available to the biosurfactant (Hommel 

et al., 1987). The presence of 20 g L' 1 tallow in each flask provided an identical 

concentration of carbon to the yeast, which would have directly contributed to the 

identical biosurfactant activity, irrespective of nitrogen addition.

Ionic nutrition, under optimised temperature and pH, was found to influence RP2 

biosurfactant activity. The presence of K+, at a concentration of 60 mM resulted in 

maximum activity (Table 3.3.6). This was achieved through pH control with 

KOH-KH2PO4 buffer, KOH and KH2PO4 . Na+ and Ca2"1 additions to the medium 

with pH control resulted in decreased activity. Growth of the yeast was also 

enhanced with K+ and reduced in the presence of Na+ and Ca2+. This underlined 

the relationship between cell growth and biosufactant activity. The presence and 

concentration of metal ions in the medium can affect the production of 

biosurfactants (Desai and Banat, 1997). However, the effect of metal ions is 

related to the organism itself. Iron limitation stimulates biosurfactant production 

in Pseudom onas flourescens (Persson et al., 1990) and Pseudom onas aeruginosa  

(Guerra-Santos et al., 1984 & 1986), whereas addition of iron and manganese 

salts stimulates biosurfactant production in both Bacillus subtilis (Cooper et al.,
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1981) and Rhodococcus sp. (Abu-Ruwaida et ah, 1991). Interestingly, the 

emulsifier produced by Endomycopsis lipolytica was characterised as a complex 

of metal ion(s) with peptide, although the ion(s) involved were not elucidated 

(Roy et ah, 1979).

The critical micelle dilution (CMD) of the growth medium was measured, as its 

inverse is an indication of the relative concentration of the biosurfactant produced. 

An appreciable increase in surface tension, above 42 dynes cm’1, occurred only 

when the CMD was more than 0.5 (v/v) (Fig. 3.3.16). The CMD’1 and relative 

concentration of RP2 biosurfactant corresponded to a value of 2.0. A similar 

biosurfactant concentration was reported for Rhodococcus rubra (Khan and 

Forster, 1988). In contrast, a biosurfactant with a CMD-1 in excess of 40 was 

reported for a Pseudomonas sp. (Persson and Molin, 1987) and in excess of 200 

for a Gram-negative bacterium (Mulligan et al., 1984). This indicated that RP2 

biosurfactant concentration was low and that its potential for production as a by­

product of the fermentation would not be economically viable under these 

conditions. However, under the optimised fermenter conditions for RP2, this 

concentration of biosurfactant was sufficient to effectively emulsify the tallow and 

thereby aid in its uptake.

Medium pH was monitored regularly as a small reduction in pH is often an 

indication of metabolic activity in the yeast. However, a decrease in medium pH 

occurred, from pH 7.0 to 2.5, in the early stages of the fermentation with RP2 at 

25°C (after 75 h) (Fig. 3.2.1). This decline in pH may be attributed to both the 

metabolism of fatty acids (Tan and Gill, 1984) and the depletion of ammonium 

sulphate during growth (Zinjarde and Pant, 2002a). Similarly, a decrease in pH 

during the growth of activated sludge on restaurant grease, which is mainly 

composed of triglyceride lipids, resulted in a highly acidic effluent from fed-batch 

cultures (Wakelin and Forster, 1998). Reduction in pH inhibited the growth of 

yeast on fats (Hottinger et ah, 1974a). Cultivation of Saccharomycopsis lipolytica 

and Candida utilis on tallow resulted in a significant decrease in medium pH 

while the use of a pH controlled medium increased the overall yield (Kajs and 

Vanderzant, 1980).
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The production of an acidic environment may be detrimental to the production 

and activity o f lipase by RP2. The cell-bound lipase of Saccharomycopsis 

lipolytica is inhibited at low pH values (Ota et al., 1982). Although a variety of 

pH values have been employed for growth and lipase production of Y. lipolytica, 

none were reported below pH 4.0. Cultivation of different strains of the yeast has 

been achieved at low pH values of 4.0 to 5.0 (Novotny et al., 1988; DeFelice et 

al., 1997; Corzo and Revah, 1999). However, pH 6.0 to 7.0 is the more commonly 

employed pH range (Ota et al., 1982; Marek and Bednarski, 1996; Destain et al., 

1997; Pereira-Meirelles et al., 2000; Papanikolaou et al., 2002a). Although the use 

of media at pH 5.0 or lower in alkane fermentations can restrict the growth of a 

contaminant (Litchfield, 1977), such low pH values would seriously reduce 

growth rates on fats. In this investigation, the effect of pH control on tallow 

removal by RP2 was investigated. Buffered medium was employed to control the 

medium pH to minimise the risk of contamination through acid/base addition or 

pH probes during the fermentation.

The choice o f the buffer for a system is dependent on a number of factors 

including the pKa, which should be close to the required pH, buffer solubility, 

cost effectiveness and interaction with ions/molecules in the solution. Biological 

systems can be particularly sensitive to certain buffers. Tris buffers can be 

cytotoxic, phenolic buffers posses antiseptic properties and imidazole is too 

sensitive and unstable for a biological buffer (Perrin and Dempsey, 1979). 

Biologically inactive buffers such as MES and HEPES have the advantage of 

forming only weak complexes with certain ions. However, these buffers can 

interfere in biological assays such as the Folin and Lowry protein assays, giving 

false results (Perrin and Dempsey, 1979) and can also be more expensive than 

other alternatives.

Phosphate buffers have been traditionally used in biological systems and generally 

fall within the physiological range o f pH 6 to 8 (Perrin and Dempsey, 1979). 

Although phosphate buffers can be problematic in terms of ion complexation, 

phosphate provides a source of the required element phosphorous. Phosphate is 

required in large amounts by yeast cells for nucleic acid and phospholipid 

production (Walker, 1998). The ability o f RP2 to degrade tallow in the presence
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of phosphate is of the utmost importance as generally waste streams contain 

phosphate, which is often present in high concentrations, as a result of food 

(DeFelice et al., 1997) and animal processing (Borja et al., 1998). The use of 

various phosphate buffers for pH control or inclusion of phosphates for both 

nutrient and internal buffering has been widely documented (Moo-Young et al., 

1971; Hottinger et al., 1974b; Ashy and Abou-Zeid, 1982; Okuda et al., 1991; 

Aggelis and Komaitis, 1999; Fléck et al., 2000; Vasileva-Tonlcova et al., 2001).

To determine the pH for superior fat removal by RP2, a wide pH range buffer, 0.1 

M citrate phosphate, was employed to control the pH from pH 3.0 to 8.0. In 

agreement with the majority of investigations, pH 7.0 was superior for growth of 

RP2 (Fig. 3.2.9). pH control to 7.0 greatly increased tallow degradation after 168 

h from 21% to 69% in shake flasks (Fig. 3.2.8). Although the pFI may not be 

optimal specifically for lipase or assimilation of lipids, it does represent the value 

at which the combination of the processes involved worked together most 

efficiently.

Interestingly, variation from pH 7.0 by ± 1.0 unit resulted in less than 10% 

reduction in maximum tallow removal and growth, but control below pH 6.0 

resulted in a considerable decrease in biodegradation to approximately 23% at pH

3.0. Reduced tallow removal at the more acidic pH values was not related to cell 

viability, which was maintained at all pH values. However, it may be due to lipase 

inactivation, as noted previously. Similarly, maximum growth rates for 

Saccharomycopsis lipolytica on olive oil and oleic acid were achieved at pH 7.0, 

with similar values at pH 8.0 but a decline in growth occurred below pH 6.0 (Tan 

and Gill, 1984). The stability of RP2 viability over a wide range of pH values 

coupled with the similarity in degradative ability with small changes in pH is an 

important characteristic in the development of a fat removal system, where pH 

fluctuations can occur during operation. Indeed, the pH for superior fat removal 

by RP2 is comparable to the pH of many industrial and domestic waste streams 

which, in general, falls between pH 6.5 to 7.5 (Boczar et al., 1992; Chigusa et al.,

1996).
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In the investigation into pH it was noted that the yeast could utilise the citrate in 

the buffer as a carbon source. This ruled out the suitability of citrate phosphate 

buffer for further growth studies as tallow would not be the sole carbon source 

available to the yeast. The ability of Y. lipolytica to assimilate citrate has been 

noted (Heslot, 1990; Novotny et al., 1994). Biodégradation of tallow was 

therefore assessed at pH 7.0, in the presence of other phosphate buffers 

(potassium and sodium) at a concentration of 0.1 M, which do not provide an 

additional carbon source. Use of potassium phosphate (KOH-KH2PO4) buffer 

resulted in the greatest degree of fat removal, 75%, after 168 h in shake flasks 

(Table 3.2.5). Interestingly, this was greater than that achieved with citrate 

phosphate buffer.

Potassium phosphate buffer concentration was varied from 0.1 to 1.0 M and the 

influence of temperature (between 4° to 37°C) on buffering capacity and on 

biodégradation was also assessed. The similar degree of fat removed and growth 

rate with 0.1 and 0.2 M concentrations resulted in the selection of 0.1 M for 

further growth studies (Table 3.2.6). Temperature profiles with pH control were 

similar to that noted during growth temperature investigations in absence of pH 

control with 25°C resulting in superior growth and biodégradation. pH control 

increased the degree of fat removed at the other mesophilic temperatures, 30°C 

and 37°C, by the same magnitude (approximately 4) as was noted at 25°C. At 

4°C, pH control resulted in the same degree of tallow removal, irrespective of pH 

control and reduced growth may be attributed to the inability of RP2 to proliferate 

to any great degree at this temperature.

Various methods of pH control to 7.0 were examined in the 2 L fermenter. These 

methods included: (i) the inclusion of 0.1M potassium phosphate (KOH-KH2PO4) 

buffer; (ii) the inclusion of either NaH2PC)4 or KH2PO4 in the medium with an 

initial adjustment of the pH to 7.0 with 0.5 M NaOH and (iii) the manual addition 

of 0.5 M NaOH, KOH or Ca(OH)2, where required. The inclusion of 12 g L' 1 

KH2PO4 in the medium for pH control was reported for the cultivation of Y. 

lipolytica, although 5 M KOH was employed for the pH adjustment, as opposed to 

0.5 M NaOH in this study (Papanikolaou et al., 2002b). The three bases assessed
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for pH control have been employed for pH control in wastewater treatment and 

fermentations (Taylor et al., 1994; DeFelice et al., 1997; Kim et al., 2000b; Voss 

and Steinbiichel, 2001). The concentration employed in this study, 0.5 M, was 

lower than concentrations reported for pH control during lipid degradation studies, 

which ranged between 1.0 to 5.0 M (DeFelice et al., 1997; Papanikolaou and 

Aggelis, 2002; Papanikolaou et al., 2002b). However, 0.5 M was selected to 

ensure that during its addition to the medium, the cells would not be exposed to 

damaging large pH oscillations.

pH control with potassium phosphate buffer resulted in maximum fat removal and 

growth in the 2 L fermenter, which was closely followed by manual KOH control 

(Table 3.3.5). However, under automated pH control in the 10 L fermenter, both 

the buffer and KOH resulted in an identical degree of fat removal. In large-scale 

and industrial systems for treatment of fats, oils and greases, pH control is 

generally implemented through the addition of a base, rather than the inclusion of 

a buffer (Keenan and Sabelnikov, 2000; de Villiers and Pretorius, 2001). Control 

of pH via buffered medium may have a serious financial impact on the 

development of a fat removal system. Consequently, KOH addition was selected 

as the preferred method of pH control in the development of a fat removal system.

Y. lipolytica RP2 readily assimilated glucose as the sole carbon source, which was 

reflected in a greater rate of growth and substrate removal with the sugar 

compared to tallow (Table 3.2.11). Interestingly, when glucose was present as an 

additional substrate with the tallow, there was a concomitant use of both 

substrates. Conflicting evidence exists on the pattern of glucose and lipid 

utilisation when present as mixed substrates. Diauxic growth by Streptomyces 

lividans results where lipid assimilation occurs only after glucose exhaustion 

(Peacock et al., 2003). In contrast, Candida bombicola utilises both glucose and 

sunflower oil simultaneously (Casas and Garcica-Ochoa, 1999). Similarly, a 

mixed culture of Candida scotii and a Candida sp. effectively assimilates animal 

fat and sugars from continuous culture (Kostov et al., 1986).

The specific rate of tallow removal by RP2 was not inhibited by the sugar (0.030- 

0.035 g g '1 h '1, in all cases) but quite the reverse occurred, with an inhibition of the
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rate of glucose removal by the fat. This is contrary to that reported for 

Streptomyces lividans by where the rate of glucose assimilation was identical 

when present as the sole carbon source or mixed with triolein and the presence of 

glucose was inhibitory to fatty acid degradation (Peacock et al., 2003). 

Interestingly, glucose inhibited lipase production by Candida curvata (Montet et 

al., 1985) and by Candida deformans (Muderhwa and Ratomahenina, 1985). 

Similarly, high levels of glucose, at 10 g L’1, repressed lipase activity in a strain of 

Y. lipolytica (Marek and Bednarski, 1996). This was attributed to lipase regulation 

through catabolic repression. For RP2, catabolic repression of lipase was not 

evident based on the similar degree of tallow removal, even in the presence of 10 

g L '1 glucose. Instead, glucose assimilation was reduced with unaltered fat 

removal by RP2. Inhibition of glucose assimilation has been reported. Alkanes 

inhibited both the transport and the assimilation of glucose by Candida 107, 

which was attributed to the breakdown products formed during alkane 

assimilation and degradation (Gill and Ratledge, 1973).

Fatty acids, when assimilated by yeast are utilised for lipid synthesis or are 

degraded completely via the (3-oxidation pathway. The absence of lipid 

accumulation in Y. lipolytica RP2 at the end of the fermentation indicated that 

assimilated lipids underwent (3-oxidation (Fig. 3.2.16). During oxidation, acetyl 

CoA is produced and its build-up can inhibit glucose transport in the yeast. This 

may be attributed to acetyl CoA exerting allosteric modification to a glucose 

carrier (Gill and Ratledge, 1973). The build-up of ATP during fatty acid oxidation 

can inhibit the enzymes of glycolysis, which in turn can result in accumulation of 

glucose-6-phosphate. Glucose-6-phosphate is an intermediate in the production of 

new biomass from glucose and its accumulation results in catabolite repression of 

glucose transport (Azam and Kotyk, 1969; Walker, 1998). In this investigation, 

glucose inhibition was not complete.

Uptake of glucose may also be physically prevented by alkanes through their 

association with boundary layers of the yeast cell during assimilation (Gill and 

Ratledge, 1973). However, in the case of RP2 this was not considered. If the 

alkanes formed a physical barrier, required elements for proliferation of the yeast
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such as nitrogen, phosphates and potassium would also have been prevented from 

being assimilated, with a subsequent reduction in growth.

Overall, the ability of RP2 to grow on and degrade tallow to the same degree even 

in the presence of an additional and more readily available substrate, glucose, is 

an important characteristic of the yeast. Sugars and carbohydrates can often form 

part of the waste liquor from food processing wastes with fats (Najafpour et al., 

1994; DeFelice et al., 1997; Scioli and Vollaro, 1997; Fong and Tan, 2000). In the 

development of a microbial system to remove waste fats, the selected organism(s) 

would be required to remove fats, irrespective of any additional carbon 

composition of the waste. The concomitant use of sugar and lipid by RP2 would 

theoretically allow for the reduction of two COD contributing wastes.

Nitrogen is an essential requirement for yeast proliferation and specifically for 

protein (enzyme) production. The metabolism of Y. lipolytica is lipid- and protein- 

oriented and consequently, nitrogen sources may play a critical role in the 

metabolism of this yeast (Szabo and Stofanikovâ, 2002). Therefore, the influence 

of both the source and the concentration of nitrogen on tallow biodégradation by 

RP2 were assessed. Nitrogen was added to the medium at concentrations between 

0.5 and 5.0 g L '1 from three sources: the inorganic ammonium sulphate and the 

organic urea and peptone, the latter of which is a complex compound. These 

compounds represented the most commonly used nitrogen sources, although 

concentrations employed varied between 1 and 6 g L '1 (Novotny et al., 1988; 

Mendoza-Espinosa and Stephenson, 1996; Pereira-Meirelles et al., 2000). In 

industrial fermentation media, available nitrogen is usually in the form of complex 

mixtures of amino acids. Similarly, commercial fertilisers can supply the required 

nitrogen (Wakelin and Forster, 1998). Nevertheless, media are often 

supplemented with inexpensive inorganic nitrogen forms, such as ammonium 

sulphate (Walker, 1998).

The varying levels of total nitrogen in ammonium sulphate, urea and peptone 

necessitated a comparison of the three compounds in terms of total nitrogen rather 

than simply the concentration added to the medium (Table 3.2.14). RP2 required a 

threshold level of total nitrogen in the system, at 0.42 g N L '1 or higher, in order to
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achieve 75% removal of the tallow (Fig. 3.2.18). This threshold level was 

independent of the nitrogen source, which implies an absence of specificity by 

RP2 for the source of nitrogen provided. This is an important consideration in the 

development of a system to biodegrade fat, where the type of nitrogen supplied is 

often dependent on economic factors. Ammonium sulphate, at a concentration of

2 g L’1, provided the threshold concentration of nitrogen required and was selected 

as the nitrogen source for growth of RP2 on tallow. Interestingly, ammonium 

sulphate also provides a source of sulphates, which is required by yeast for the 

synthesis of sulphur-containing amino acids (Walker, 1998).

A threshold level of total nitrogen was also required by Y. lipolytica for maximum 

removal of crude oil (Zinjarde and Pant, 2002b). Ammonium sulphate 

concentrations at 5 g L' 1 resulted in maximum biodégradation with no further 

increase in removal upon increased nitrogen addition. In the case of RP2, the 

requirement for nitrogen was lower, at approximately 2 g L' 1 ammonium sulphate. 

Interestingly, at the highest concentration of total nitrogen, 2.3 g N L' 1 

(corresponding to 5 g L’ 1 of urea), there was a decrease in tallow biodégradation 

with approximately 60% fat removed by RP2. This was as a result of either the 

elevated concentration of the nitrogen or urea. Evidence for reduced 

biodégradation with urea as compared to ammonium sulphate by Y. lipolytica has 

been reported (Zinjarde and Pant, 2002b).

An essential but often neglected part of the nutritional requirements of yeast is the 

ionic constituents of the medium. The bioavailability of these ions and their 

interactions with each other will influence fermentation (Jones and Gadd, 1990). 

In the pH investigation in the 2 L fermenter with (i) phosphate buffer; (ii) 

phosphate salts NaH2PÛ4 and KH2PO4 and (iii) bases NaOH, Ca(OH)2 and KOH, 

the influence of their ionic components (K+, H2PO4, Na+ and Ca2+) on fat removal 

were assessed. Enhanced fat biodégradation by RP2 and growth correlated with 

K+ addition from pH control by the buffer and KOH and to a lesser extent with 

KH2PO4. The addition of II2PO4 greater than that present in the minimal medium 

did not benefit fat removal and the presence of Na+ and Ca2 ' resulted in reduced 

fat removal and growth. The minimal medium comprised approximately 5 mM
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H2PO4 and a concentration of 2 -  4 mM has been reported as optimal for yeast 

growth (Jones and Gadd, 1990).

Yeast has an absolute requirement for K ! for growth and it plays a central role in 

the regulation of growth and fermentation under aerobic and fermentative 

conditions (Jones and Gadd, 1990; Chelius and Wodzinski, 1994; Walker, 1998). 

The influence of K+ was examined further and K+ levels in the medium and 

intracellular K+ levels were measured during the course of the fermentations. 

Intracellular K+ levels increased during 0 - 12 h from approximately 70 to 

between 160 and 1 80 nmoles K+ (106 cell) '1 with pH control by the buffer, KOH 

and KH2PO4 (Fig. 3.3.8). After 12 h, intracellular K+ decreased and the K+ level 

was maintained between 60 and 80 nmoles K+ (106 cell) '1 with the buffer and 

KOH control, which corresponded to the K+ level of the initial inoculum. Cells 

were harvested in the exponential phase after growth in nutrient broth and it is 

apparent that maintenance of such a K+ level in RP2 was required for maximum 

growth and corresponding maximum fat removal. In metabolising yeast cells, the 

net uptake of K+ is rapid (Jones and Gadd, 1990). The rapid accumulation of K+ in 

the earlier stages of growth has been suggested as reflecting the activities and 

requirements of protein synthesis (Hughes and Poole, 1989). A similar pattern of 

intracellular K+ was reported for Saccharomyces cerevisiae, with an increase in 

K+ during the first 12 h of growth followed by a decrease to initial K+ level 

(Perkins and Gadd, 1993). The level of K+ in S. cerevisiae was 8-times lower than 

that detected in RP2, with a constant level of approximately 10 nmoles K+ (106 

cell) '1 reported. This indicated a higher requirement for intracellular K+ in RP2 

compared to S. cerevisiae.

The intracellular K+ level was not maintained to initial inoculum concentration 

with KH2PO4 control after 24 h and the K+ level decreased to 18 nmoles K+ (106 

cell) '1 by the end of the fermentation (Fig. 3.3.8). The decrease in intracellular K+ 

associated with KH2PO4 control did not correspond with the level of K+ available 

in the medium, as KH2PO4 contributed approximately 100 mM K+ compared to 40 

mM K+ with KOH control. Instead, the presence of Na+, as NaOH was added at 

approximately 20 mM for initial pH adjustment, was assumed to be detrimental to
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K+ uptake and consequently, maintenance of the intracellular K+ levels associated 

with maximum growth. Na' and K+ share the same carrier system in yeast (Eilam,

1982) and there is an inter-relationship between K+ and Na+, where the 

requirement for K+ increases with increased Na+ concentration in the medium 

(Jones and Gadd, 1990). Na+ may exert toxic effects on cellular functions in yeast 

cells (Suelter, 1970). The effect of reduced growth rate with Na+ was underlined 

by agar growth studies with Saccharomyces cerevisiae (Camacho et al., 1981). 

The maximum growth rate attained with Na+ was lower as the K+ concentration 

was decreased in the agar from 6.6 to 3.4 mM. In this study, the K+/Na+ ratio in 

the medium was approximately 5:1 for KH2PO4 control compared to 

approximately 10:1 and 30:1 for KOH and buffer control. This implied that a ratio 

of K+/Na+ greater than 10:1 in the growth medium is required by RP2 for superior 

fat removal and growth in the fermenter.

A complete loss in intracellular K+ concentration, to less than 10 nmoles K+ (106 

cell)'1 by the end of the fermentation, occurred with pH control by NaH2P04, 

NaOH and Ca(OH)2 (Fig. 3.3.8). Additional K+ was not added to the medium with 

pH control by NaH2PÛ4, NaOH and Ca(OH)2 and 10 mM K+ was provided from 

the minimal medium itself. This lower concentration of K+ available to RP2 

correlated with the lower degree of fat biodégradation and growth with these 

methods. The high affinity K+ carrier system is expressed when cells are grown in 

low K+ concentration (Borst-Pauwels, 1981; Jones and Gadd, 1990; Walker, 

1998). This system requires energy expenditure by the cell to locate and transport 

K+ and coupled with competition between Na+ and K+, would, in turn, reduce the 

overall growth rate of the yeast.

In the case of control with Ca(OH)2, growth of RP2 was greatly restricted. The 

deleterious effect of Ca2+ on the growth of RP2 may be considered at two levels. 

Firstly, Ca2+ may interfere with K+ uptake. Ca2+ at 2mM inhibited K+ (5mM) 

uptake by 40% in yeast (Jones and Gadd, 1990). Secondly, Ca may be inhibitory 

due to antagonism of the uptake of Mg21 (Walker, 1994). Mg2+ is required by 

yeast primarily as an enzyme co-factor (Walker, 1998) and it has also been 

postulated to co-ordinate cell growth and division (Walker, 1986). pH control by
2"FCa(OH)2 resulted in an overall concentration o f 5.3 mM  Ca in the medium

215



compared to 0.7 mM Mg2+. A 10-times excess of Ca2+ over Mg2+ prevented cell 

growth in Saccharomyces cerevisiae, while a 3-times excess decreased the growth 

rate (Walker, 1998). Moreover, the role of Ca2+ as a competitor for Mg2+ binding 

to ATP presents one reason for the inhibitory effects of excess Ca2+ so commonly 

encountered in industrial media (Jones and Gadd, 1990).

In shake flask investigations into the selection of a suitable buffer for fat 

biodégradation by RP2, the antagonistic effect of N a1 on fat removal with sodium 

phosphate buffers (Na2HP04-NaH2P0 4 and NaOH-NaPLPC^) was not as 

pronounced as growth in the fermenters. However, fat removal and growth was 

lower with the sodium phosphate buffers compared to KOH-KH2PO4 buffer, 68% 

compared to 75% removal and 0.016 h' 1 compared to 0.020 h"1 after 168 h, 

respectively (Table 3.2.5). The reduced impact of Na+ on growth in shake flask 

studies may be attributed to the lower growth rate in the flasks compared to 

fermenter cultivation. The lower growth rate would reduce the rate of K+ uptake 

from the medium in the shake flasks. This in turn would have lowered the 

requirement for a high extracellular K+ concentration. In K+-deficient conditions, 

Na+ may reduce the minimum concentration of K+ required to prevent cell death 

(Camacho et al., 1981). This indicated that yeast viability was maintained in the 

presence of high Na+ and low K+ concentrations. This was the case as viability 

was 100% during the shake flask investigations with the sodium phosphate 

buffers. However, yeast vitality would not be maintained, which would result in 

lower growth and fat removal.

In general, lipid fermentation media comprise both K+ and Na+ and K+/N ah ratios 

in the range of 7:5 (Papanikolaou et al., 2002a; Papanikolaou and Aggelis, 2002), 

3:1 (DeFelice et al., 1997) and 5:1 (Chigusa et al., 1996) are reported. However, 

these fermentations were operated at or below pH 6.0. External pH plays an 

important role on the regulation of ionic uptake by yeast (Borst-Pauwels, 1981). 

The deleterious effect of Na+ is decreased, as the pH is decreased below pH 7.0 

(Jones and Gadd, 1990) and the effect of Na' on K+ uptake would not be as 

pronounced below pH 6.0 in these fermentations.
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pH control to 7.0 with potassium phosphate buffer and KOH was also assessed in 

the 10 L fermenter. Fat removal, growth and intracellular K+ levels were identical 

with both methods of control (Fig. 3.3.19). The automation of KOH control in the

10 L fermenter resulted in the addition of 60 mM K+ to the medium compared to 

50 mM with manual addition in the 2 L vessel. Consequently, intracellular K+ 

levels increased from 60 nmol K+ (106 cell) '1 under manual KOH addition in the 2 

L fermenter (Fig. 3.3.8) to 80 nmol K+ (106 cell)-1 under automated addition in the

10 L fermenter at 65 h (Fig. 3.3.19). This indicated that a threshold level of 

approximately 60 mM K* was required to achieve maximum fat removal.

This study underlined the importance and complexity of yeast ionic nutrition 

during cultivation on lipid. The influence of K+ on yeast cells during lipid or 

hydrocarbon assimilation has not been outlined directly in the literature. However, 

increased growth rate and yield of Candida lipolytica, cultivated on fish oil at pH 

7.5, occurred when the concentration of KH2PO4 was increased from 6 to 15 g L' 1 

(Hottinger et al., 1974b). Overall, in this system, under ideal growth conditions, a 

K+/Na' ratio in the medium greater than 10:1 resulted in superior growth and fat 

removal by the yeast. In the development of a fat removal system with RP2, K+ 

concentration will be a limiting factor in biodégradation if it is not present at the 

required concentration (> 60 mM). However, any deficiency in K+ can be 

overcome through pH control with KOH. The addition of Ca above that present 

in the minimal medium was detrimental to growth and biodégradation. In contrast, 

increased H2PO4- above that present in the minimal medium did not affect fat 

removal or growth. This is an important consideration in light of the potentially 

high phosphate content of waste streams (DeFelice et al., 1997; Borja et al.,

1998).

Y. lipolytica is a dimorphic yeast and the stimulation of mycelial growth is 

dependent on growth conditions (Barth and Gaillardin, 1997; Walker, 1998). In 

this study, pH, the carbon and nitrogen source and agitation and aeration were 

found to be influential on RP2 morphology.
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In shake flask investigations, RP2 cell morphology varied with pH control during 

its cultivation on tallow. In the absence of pH control, yeast morphology was 

observed to be in the yeast-shape only. Similarly, only yeast-shape morphology 

was observed during the growth of the yeast on hexadecane in minimal media, 

where medium pH decreased from pH 6.0 to 3.0 (Rodriguez and Dominguez, 

1984). In contrast, when the medium pH for RP2 was controlled with 0.1 M 

citrate phosphate buffer between pH 5.0 to 8.0, both yeast- and mycelium-shaped 

cells were observed (Table 3.2.4). At pH 3.0 and 4.0, only yeast-shaped cells were 

detected. Changes in the pH of the medium have been shown to induce a strong 

morphogenic response in Y. lipolytica, with an increase in mycelial growth 

parallel to an increase in pH (Szabo, 1999; Ruiz-Herrera and Sentandreu, 2002; 

Szabo and Stofanikova, 2002). Yeast-shaped cells are the dominant morphological 

form in an acidic environment, whereas mycelium growth is induced upon the 

increase of pH to neutral. Dimorphic growth of Candida lipolytica  occurs on 

hexadecane when the medium pH is near neutral (Rodriguez and Dominguez, 

1984). Similarly, Y. lipolytica  mycelium formation increases when pH is 

controlled to pH 6.0 by potassium phosphate buffer (Novotny et al., 1994). 

Although the morphogenic influence of pH has been known for decades, the 

mechanism of its action has not yet been elucidated.

The production of approximately 6% mycelial shaped cells after 24 h growth of 

RP2 on tallow at pH 7.0 also occurred when both sodium and phosphate buffers 

were used for pH control. The mycelium development was therefore not as a 

result of citrate, which has been shown to induce dimorphism in some strains of Y. 

lipolytica  (Rodriguez and Dominguez, 1984; Novotny et al., 1994; Ruiz-Herrera 

and Sentandreu, 2002), but attributed to pH and the presence of tallow. Potassium 

phosphate buffer concentration and temperature also influenced mycelium 

production during the initial 24 h growth period at pH 7.0. Increased buffer 

concentration above 0.2 M resulted in a decrease in mycelium production at all 

temperatures (Fig. 3.2.11). Increased phosphate was reported to induce increased 

mycelium production in Y. lipo lytica , but was shown to be strain dependent 

(Novotny et al., 1994). Mycelia ratios were similar at 25°C and 30°C but reduced 

at 37°C, at all buffer concentrations. At 4°C, no mycelia were produced,

218



irrespective of buffer concentration, although all cell proliferation was greatly 

reduced at this temperature. The influence of temperature on morphology has not 

been previously documented, with investigations performed solely at optimum 

growth temperatures (Ota et al., 1984; Szabo, 1999; Kim et al., 2000a).

In shake flasks, increased agitation to 200 rpm and with baffled growth at 130 rpm 

reduced mycelium formation to approximately 2% at 24 h compared to 6% in 

non-baffled agitation at 130 rpm (Table 3.2.9). Increased agitation and aeration in 

the 2 L fermenter also resulted in a reduction in mycelium production. When the 

fermenter was both agitated and aerated, irrespective of the rate, dimorphism was 

observed only at 12 h and mycelial-shaped cells comprised only 1% of the overall 

cell shape. Interestingly, when the fermenter was not aerated, only yeast-shape 

cells were present. In contrast, anaerobic stress was reported to have induced 

mycelium formation in Y. lipolytica (Ruiz-Herrera and Sentandreu, 2002). In the 

absence of aeration, however, growth of RP2 cells was restricted and cell viability 

was reduced to 60% by the end of the fermentation. Similarly, when Y. lipolytica 

cell growth was inhibited through the use of antimycin A, yeast-shaped cells were 

the dominant morphology (Sazbo, 1999). Scale-up from 2 L to 10 L fermentation 

resulted in only yeast-shaped cell morphology during the fermentation. This may 

be attributed to the higher degree of agitation employed in the 10 L vessel 

compared to 2 L studies in order to achieve constant mixing. The absence of 

mycelium production in the 10 L fermenter further underlined the absence of its 

role in tallow biodégradation.

The amount of mycelial-shaped cells after 24 h in shake flasks was reduced in all 

cases, with less than 1% mycelium present after 168 h. The presence of less than 

6% mycelium after 24 h implied that dry weight values reflected the number of 

cells present and dimorphism did not interfere with its use for the determination of 

growth and specific removal rates. Yeast shaped cells were the dominant 

morphology in all growth vessels during growth of the yeast and subsequent fat 

removal. Similarly, the yeast-shape was observed to be the predominant 

morphology when Y. lipolytica was grown on alkanes, animal derived fats and 

during emulsifier production (Gutierrez and Erickson, 1977; Rodriguez and 

Dominguez, 1984; Zinjarde et al., 1997; Papanikolaou et al., 2002b). A transition
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from mycelium to yeast-shape has been suggested as a prerequisite for effective 

alkane degradation (Zinjarde et al., 1998). Preparation of RP2 inoculum in olive

oil broth stimulated a small degree of dimorphic growth. Inoculation with 

mycelial cells did not influence degradation and yeast-shaped cells dominated 

during growth of RP2 on tallow. Consequently, the induction of dimorphism in 

RP2 when exposed to lipid at or near neutral pH was an interesting phenomenon, 

but was not considered of importance in the degradation of tallow.

The presence of glucose as the sole substrate for RP2 did not induce mycelium 

production and yeast morphology when grown on tallow was not influenced by 

the presence of the sugar (Table 3.2.12). The morphology of Saccharomycopsis 

lipolytica was in yeast-shape only when glucose was the carbon source (Ota et al.,

1984).

The concentration and the source of nitrogen added had an interesting effect on 

the morphology of RP2, which was independent of the total nitrogen 

concentration in the medium. Mycelium production was observed to be greater 

where nitrogen as ammonium sulphate and peptone was limiting compared to 

nitrogen-rich media (Fig. 3.2.19). Similarly, the growth of Y. lipolytica under 

nitrogen-limited conditions resulted in a predominance of mycelial-shaped cells 

with some yeast-shaped cells also observed (Aggelis and Komaitis, 1999). This 

has been interpreted as a foraging strategy by the yeast under limiting conditions 

(Szabo and Stofanikova, 2002). Under nitrogen-limiting conditions, at less than 

0.42 g N L '1, ammonium sulphate induced dimorphic growth to a greater extent 

than peptone, with the detection of between 25 to 30% mycelial cells compared to

7 to 15% at 24 h, respectively. The effect of peptone on the morphology of Y. 

lipolytica has been reported with a reduction in the presence of mycelial cells, in 

comparison to other nitrogen sources (Szabo and Stofanikova, 2002). In nitrogen- 

rich media, mycelial cells comprised up to 6% of overall cell shape of RP2 at 24 h 

with ammonium sulphate and urea. In contrast, increased concentration of 

ammonium sulphate stimulated rather than inhibited the formation of mycelium 

by Y. lipolytica (Szabo, 1999). Interestingly, the addition of urea induced a higher 

percentage of mycelial cells at 24 h compared to the other two nitrogen sources 

where the required nitrogen levels for maximum biodégradation were applied. In
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all cases, a reduction in mycelial cells was observed after 24 h and yeast-shaped 

cells comprised greater than 95% of the overall cell number by the end of the 

fermentations.

Although mycelial development was only initiated during the lag phase, the 

induction of a quarter of the cells as mycelial-shaped (as with 1 g L '1 urea) may be 

disadvantageous to fat removal system design and its operation on a large scale. 

Also, the observed transition from mycelial- to yeast-shaped cells, required for 

tallow biodégradation, might be retarded if  the initial mycelium concentration is 

high. This in turn may alter the rate of tallow removal when fermentations are 

operated on a larger scale. Consequently, although dimorphism was found not to 

play a role in fat removal, a nitrogen source that would both supply the required 

concentration of nitrogen and not be a strong morphogen would be desirable in the 

design of the system, such as 2 g L’1 ammonium sulphate.

Cell growth was assessed in terms of viable cell number through both methylene 

blue staining and haemocytometer counts and also by dry weight measurements. 

Haemocy tome ter counting was preferred over the more ‘traditional’ plate count 

method, as it was a more rapid method of cell enumeration. Also, examination of 

the cells microscopically permitted a cursory examination of the yeast 

morphology, which was also monitored. Assessment of the growth of RP2 by the 

two methods ensured that yeast cells were increasing in number and not just in 

weight through the accumulation of intracellular lipid. This phenomenon has been 

previously observed, where microscopic evaluation of individual cells 

substantiated that cells were getting larger without multiplication (Kajs and 

Vanderzant, 1980). In this study, the cell number and dry weight followed a 

similar pattern, which permitted the use of dry weight values in the determination 

of the growth rate and the specific rate of fat removal by RP2 (Fig. 3.2.1).

The growth rate was influenced by the optimisation of the growth conditions for 

tallow biodégradation. pH control with 0.1 M potassium phosphate buffer, pH 7.0, 

increased the growth rate in shake flasks to 0.02 h’1, which was double that 

compared to growth in absence of pH control (Table 3.2.5). Fermenter growth, 

with increased agitation and aeration and the addition of > 60 mM K+ though pH
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control, resulted in a considerable increase in the growth rate to 0.072 h"1 (Table

3.3.1 & Table 3.3.7). The influence of K+ on growth was underlined during scale- 

up from 2 L to 10 L fermentation. K+ addition increased under automated addition 

from 50 to 60 mM and the growth rate increased from 0.069 to 0.072 h '1, 

respectively (Table 3.3.5 & Table 3.3.10, respectively). Variation from these 

optimised conditions resulted in a reduced growth rate.

Stationary growth in shake flasks was not reached until approximately 144 h (Fig.

3.2.12), which contributed to the low growth rate of RP2 compared to other 

organisms cultivated on lipids. Stationary growth was reached by 50 h during the 

cultivation of Y. lipolytica in shake flasks on hydrolysed oleic acid (Papanikolaou 

et al., 2001) and by 100 h when grown on raw glycerol (Papanikolaou et al., 

2002b). A growth rate of 0.06 h’1 was reported for Phanerochaete chrysosporium 

cultivated on olive mill wastewaters (García García et al., 2000). Growth rates 

between 0.20 h"1 and 0.25 h"‘ were achieved by Y. lipolytica and S. lipolytica 

cultivated on glycerol and animal derived fats, respectively (Papanikolaou et al., 

2002a & b; Tan and Gill, 1985). Similarly, a growth rate of 0.22 h '1 was reported 

for Candida lipolytica grown on fish oil (Hottinger et al., 1974b). However, the 

relatively slow growth rate for RP2 did not result in a lower biomass production.

Under optimised shake flask conditions, maximum biomass production of RP2, 15 

g L '1 was achieved after 144 h (Fig. 3.2.12). Under optimised fermenter 

conditions, 14 g L '1 biomass was achieved after 65 h (Fig. 3.3.5 & Fig. 3.3.16). 

These values were comparable and in some cases exceeded values previously 

reported. Levels between 11 and 17 g L '1 were produced by Candida lipolytica 

grown on fish oil in shake flask cultures (Hottinger et al., 1974b), while the 

growth of Y. lipolytica on 20 g L '1 animal derived fats resulted in 10.3 g L'1 

biomass after approximately 65 h in a bench-top fermenter (Papanikolaou et al., 

2002a).

The possible presence of accumulated lipid in RP2 cells when grown on tallow 

necessitated a comparison of the yield of dry weight per weight of tallow removed 

(Yx/S) to the yield of fat free cell weight on metabolised lipid (Yxf/sm). This 

permitted a more accurate determination of the actual yield. Fat free dry weight

2 2 2



was the weight of cells less accumulated lipid and represented the actual growth 

of the yeast. However, the similarity in the calculated yields for Yx/s and YXf/sm 

indicated that lipid accumulation in the cell did not influence yield coefficient 

(Table 3.2.1).

Under optimised growth conditions of pH and temperature in shake flasks, the 

yield was 1.02 g g'1. The overall yield in the 2 L fermenter under the optimised 

conditions, was marginally lower at 0.94 g g '1. This marginal decrease in yield 

was not attributed to increased agitation and aeration directly but to foam 

formation in the fermenter. Foaming causes the biomass with which it is 

associated to be lifted into the foam zone (Forster, 1992). Interestingly, this 

decrease in yield was not detected in 10 L fermentation, which was attributed to 

better foam management in the larger vessel. The similarity in yields, 0.94 to 0.96 

g g"1, with the different methods of pH control in the 2 L fermenter indicated that 

ionic nutrition, with N a ', K+ and ^P O ^f, did not have an effect on overall yield 

(Table 3.3.5). The exception was Ca2+ with Ca(OH)2 control, where the yield was 

reduced to 0.75 g g’1. This may be attributed to the lower degree of growth of RP2 

with Ca2+, as noted previously. The C:N ratio influenced the yield of RP2. Where 

the C:N ratio was greater than 40:1, the yield was reduced. This was especially 

evident for 0.5 g L '1 peptone, where the C:N of 200:1 resulted in a yield of 0.64 g 

g"1 (Table 3.2.16). Yields of approximately 1.0 were achieved, however, when the 

threshold level of carbon and nitrogen were applied, at 40:1 or lower. The 

exception was in the case of urea addition at 5 g L"1, where the reduced yield of 

0.89 g g’1 was attributed to the reduction in both growth and tallow removal at this 

concentration.

Yield coefficients near unity are to be expected for highly reduced substrates like 

long chain fatty acids. A lower yield might be expected from nitrogen-limited than 

from carbon-limited culture because of the less efficient use of the abundant 

carbon source (Tan and Gill, 1984). The near unity yield achieved by RP2 under 

optimised growth conditions was comparative to values for Y. lipolytica grown on 

animal derived fats (Papanikolaou et al., 2001 & 2002a) but greater than the 

majority of values reported for growth of yeast on lipids. A value of 0.76 g g '1 was
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determined for Saccharomycopsis lipolytica and Candida utilis grown on tallow 

(Kajs and Vanderzant, 1980). A Candida sp. grown on sardine oil had a yield of 

0.88 g g '1, whereas the growth of Saccharomycopsis lipolytica on beef tallow only 

yielded half this value (Ota and Kushida, 1988). The yield generated with RP2 

was also greater than values reported for other organisms grown on lipids. Yields 

ranging from 0.15 to 0.67 g g"1 were reported for growth of Acinetobacter sp. on

oil (Wakelin and Forster, 1997).

Y. lipolytica is classified as an oleaginous yeast and as such can accumulated lipid 

intracellularly (Ratledge, 1976 & 1994). Flowever, accumulation of lipids in the 

cell is governed by a number of factors including pH, carbon source and available 

nitrogen (Papanikolaou el al., 2001). Similarly, accumulation of a high 

concentration of lipid in Y. lipolytica is both strain specific and related to the 

cultivation process (Papanikolaou et al., 2002a & b; Papanikolaou and Aggelis, 

2002). Limitation of nutrients (other than carbon) and growth can promote the 

accumulation of lipid (Walker, 1998). In this study, pH, carbon source, ionic 

nutrition, aeration and nitrogen concentration were all found to influence 

intracellular lipid in RP2.

In all cases, the lipid content of RP2 cells increased from approximately 0.1 g g'1 

of cell weight at the time of inoculation to between 0.4 and 0.5 g g"1 during the 

early phase of growth on tallow. An initial accumulation in cellular lipid in Y. 

lipolytica, when cultivated on lipids has been reported (Papanikolaou et al., 2001). 

Both intra- and extracellular lipid degradation occurred during growth. However, 

the magnitude of the reduction in intracellular lipid was dependent on the growth 

of the yeast and consequently the growth conditions.

In the absence of pH control in shake flasks, intracellular lipid comprised 0.2 g g '1 

of cell content after 168 h (Fig. 3.2.16). Control of pH to 7.0 resulted in a decrease 

in intracellular lipid content to 0.1 g g"1 by 100 h, which was the same as the lipid 

content of inoculum. This indicated that there was no lipid accumulation with pH 

control. Growth of Y. lipolytica LGAM S(7)l on animal derived fats followed a 

pattern of substrate removal and intracellular lipid content similar to that of RP2 

(Papanikolaou et al., 2001). In the first 50 h (lag phase), accumulated lipid
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comprised more than 40% of cell biomass. During 50 to 100 h, there was a 

simultaneous degradation of cellular lipids and extracellular lipid. In the late 

fermentation phase, 100 to 240 h, a further decrease of the extracellular lipid 

occurred whereas intracellular lipid levels remained constant.

RP2 cells grown on either 1.0 or 10.0 g L' 1 glucose did not accumulate lipid, with 

less than 10% (w/w) lipid comprising the overall cell weight. Similarly, 5 -  9% 

(w/w) lipid in dry cellular mass of Y lipolytica grown on glucose was reported 

(Papanikolaou et al., 2002b). Glucose did not influence intracellular lipid profiles 

during growth on tallow with a similar pattern of lipid content in the cells as 

detected with pH control to 7.0. In the 2 L fermenter, ionic nutrition as K+, Na' 

and H2PO4", with the various methods of pH control, resulted in a similar pattern 

of lipid content to pH control, albeit over a shorter time period. Lipid content 

increased from 0.1 to approximately 0.5 g g' 1 at 12 h, after which time it 

decreased to between 0.10 and 0.15 g g"1 at the end of the fermentation (Fig.

3.3.6). The exception was Ca2+ with Ca(OH)2 control, where lipid accumulation to 

0.3 g g' 1 occurred. As noted for yield production, this accumulation may be 

attributed to the lower degree of growth of RP2 with Ca2+. Limitation of oxygen 

to RP2 growth resulted in lipid accumulation. Lipid comprised 0.25 g g' 1 after 65 

h when the fermenter was not aerated. This accumulation may be attributed to the 

absence of growth of RP2 under non-aerated cultivation. Aeration has been noted 

as an important factor in the degree of lipid content in yeast cells. Lipid synthesis 

was favoured in Y. lipolytica cells when cultivated on animal derived fatty acids in 

low aerated media, but in highly aerated media noticeable synthesis of fat free 

material occurred and lipid production was low (Papanikolaou et al., 2002a). 

Similarly, Candida lipolytica 1094 growing on corn oil accumulated 55% (w/w) 

of lipids at 0% - 5% air saturation, but at 80% saturation, accumulated lipids were 

reduced (Bati et al., 1984).

The concentration of total nitrogen had an interesting effect on lipid accumulation 

in the yeast cell at the end of the fermentation in shake flasks. At the lower 

concentrations of nitrogen, below the threshold level of 0.42 g N L" , RP2 

accumulated lipid within the cell. This accumulation was observed to be inversely 

proportional to the concentration of nitrogen added and was independent of the
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nitrogen source. This was most evident for peptone where 0.5 g L’1 addition 

resulted in 0.35 g g '1 lipid in the cells compared to just 0.09 g g '1 with 3.0 g L '1 

addition (Table 3.2.16). At and above the threshold nitrogen concentration, lipid 

content was approximately 10% of the overall cell weight. Similarly, Y. lipolytica 

accumulated intracellular lipid with low nitrogen levels when cultivated on animal 

derived fatty acids (Papanikolaou et al., 2002a). The greatest degree of lipid was 

accumulated at 0.5 g L"1 ammonium sulphate, with an inverse relationship 

between intracellular lipid per cell weight and nitrogen concentration noted. It is 

commonly observed that microorganisms that exhaust their nitrogen source during 

growth in a carbon rich medium will accumulate storage materials (Kristiansen 

and Sinclair, 1978). This is attributed to the decrease in the intracellular 

concentration of AMP as the cultures become depleted of nitrogen (Botham and 

Ratledge, 1979). This results in the accumulation of oxalate in the cell, which in 

turn causes the accumulation of lipid via fatty acid biosynthesis.

Lipid accumulation was shown to be strongly dependent on the molar carbon to 

nitrogen ratio (C:N) of the growth medium (Ykema et al., 1986; Ratledge, 1994). 

Therefore, application of a C:N of approximately 40:1, or lower, is important in 

order to achieve both maximum tallow biodégradation by RP2 and to produce low 

lipid-containing sludge. In general, nitrogen loading is much greater in systems 

developed for lipid degradation compared to that required by RP2 with C:N ratios 

ranging from 20:1 to 10:1 (Mendoza-Espinosa and Stephenson, 1996; Chigusa et 

al., 1996; DeFelice et al., 1997; Wakelin and Forster, 1998). The lower 

requirement for nitrogen by RP2 may therefore be advantageous in economic 

terms in the development of a fat removal system.

Although the ability of fungi including Y. lipolytica to accumulate lipid has been 

exploited in a number of investigations for single cell oil production (Koritala et 

al., 1987; Kendrick and Ratledge, 1996; Certik et al., 1997; Aggelis et al., 1999; 

Papanikolaou et al., 2003), the production of fatty cells is not considered desirable 

in fat removal systems. High lipid sludges can lead to settleability and disposal 

problems (Stoll and Gupta, 1997). The absence of the accumulation of lipid in 

RP2 under the growth conditions identified as superior for fat removal is a 

desirable characteristic in a fat removal system.
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During the screening of the original 10 isolates, the importance of agitation was 

underlined. In all cases, the percentage fat removal was reduced considerably in 

the absence of agitation compared to agitated growth at 130 rpm (Fig. 3.1.13). In 

shake flask investigations, under optimised temperature at 25°C and pH control 

with potassium phosphate buffer, pH 7.0, the inclusion of baffles and increased 

agitation to 200 rpm was investigated. The presence of baffles during agitation at 

130 rpm resulted in an identical degree of fat removal to non-baffled agitation 

(Table 3.2.8). However, their inclusion was problematic as they resulted in foam 

formation. Both the degree of fat removal and growth were reduced at 200 rpm. 

This reduction was not attributed to an alteration in cell viability through 

increased shear stress as cell viability was maintained at 100% at 200 rpm. Instead 

the decrease in fat removal may be attributed to a disruption in fat/yeast attraction 

at the higher agitation rate, which would have resulted in a decrease in the ability 

of RP2 to assimilate fatty acids. A similar phenomenon occurred during the 

cultivation of Acinetobacter sp. on crude oil where increased agitation resulted in 

an inhibition of cell adhesion to the oil surface (Hori et al., 2002). This would 

imply that non-baffled agitation at 130 rpm was the speed where aeration and 

bioavailability of the tallow were at levels that were ideal for RP2 in shake flask 

fermentations.

Under the optimised conditions determined in shake flask culture, the 

biodégradation of tallow by Y. lipolytica RP2 was scaled up to cultivation in 

fermenters. Growth and fat removal were first assessed in a bench-top fermenter 

and then in a pilot-scale 10 L fermenter.

The fermentation period was 65 h, after which time the volume of the medium in 

the vessel had been reduced by approximately 50%, as a result of regular 

sampling of the vessel. Fat removal was only determined after 65 h. Monitoring of 

the concentration of the tallow during the fermentation was not feasible due to the 

lack of complete homogeneity between the medium and the lipid. As a result, any 

sample taken would not have been a true representative of the concentration of 

lipid present in the fermenter at that time. The absence of assessment of the tallow 

concentration during the fermentation was a reflection of the solid nature of the
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tallow, a problem not associated with other lipid substrates, especially the oils and 

soft greases. Regular monitoring of oil and grease substrate concentrations during 

the cultivation of yeast in fermenters has been performed (Chigusa et al., 1996; 

Mendoza-Espinosa and Stephenson, 1996; Scioli and Vollaro, 1997; Casas and 

Garcia-Ochoa, 1999). In systems where hard fats are employed, concentration and 

subsequent degree of fat removal are, generally, assessed only at the end of the 

fermentation, as in this study (Bednarski et al., 1993; Wakelin and Forster, 1997). 

The exception is where the fat is dispersed into the aqueous phase to form a 

homogenous emulsion through the addition of surfactants, which facilitate the 

monitoring of the fat during the course of the fermentation (Papanikolaou et al., 

2002a).

In the fermenters, only half the available operating volume was employed (1 L 

and 5 L in the 2 L and 10 L fermenters, respectively). This ensured that there was 

sufficient head-space in the vessel to allow for foam formation and breakdown. 

Similarly, operating volumes in fermenters, which consisted of approximately half 

the total volume available, were reported for the cultivation of yeast on lipids 

(Kajs and Vanderzant, 1980; Ota and Kushida, 1988; Desphande and Daniels, 

1995; Papanikolaou and Aggelis, 2002). During the cultivation of RP2 on tallow 

in the fermenters, foam formation was observed upon aeration of the vessel, 

which was controlled through the periodic addition of antifoam. Foam formation 

is a common occurrence during lipid or FOG- fats, oils and greases degradation 

(Forster, 1992). Foams are easily generated in aerobic microbial fermentations as 

a result of surface-active materials that could be present initially in the culture 

medium or excreted by the organism during the process and the intense 

agitation/aeration required for acceptable oxygen transfer for growth (Brown et 

al., 2001).

Agitation and aeration rates of 500 rpm and 1 VVM in the 2 L fermenter resulted 

in 75% tallow removal after 65 h (Tables 3.3.1 & 3.3.3, respectively). At agitation 

and aeration rates above these rates, an identical degree of tallow was removed. In 

contrast, at rates below these, fat removal was reduced. Interestingly, fat removal 

was reduced to 5% in the absence of aeration. This confirmed the highly aerobic 

nature of the yeast (Barth and Gaillardin, 1997; Spencer et al., 2002) and that lipid
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biodégradation is a highly aerobic process (Ratledge, 1992; Wakelin and Forster, 

1998; Nakona and Matsumura, 2001). Agitation at 500 rpm in bench-top 

fermenters has been reported for yeast cultivation on lipid (DeFelice et al., 1997; 

Papanikolaou and Aggelis, 2002). Agitation below this rate was found in one 

instance at 300 rpm (Papanikolaou et al, 2002a), whereas rates exceeding 500 rpm 

have been documented (Ota and Kushida, 1988; Aggelis and Komaitis, 1999; 

Casas and Garcia-Ochoa, 1999). Aeration rates, between 0.5 to 1.8 V V M , were 

reported for yeast cultivation on lipid in bench-top fermenters (DeFelice et al., 

1997; Casas and Garcia-Ochoa, 1999; Papanikolaou and Aggelis, 2002).

The biodégradation of tallow by RP2 was scaled-up to 10 L fermentation to assess 

the ability of RP2 to biodegrade tallow on a larger scale at 1 V V M  aeration. The 10 

L fermenter offered a number of advantages over the bench-top 2 L vessel as it 

permitted the measurement of dissolved oxygen levels and an automated control 

of the medium pH. Agitation in the 10 L vessel, at 1000 rpm, was scaled-up from 

the 2 L fermenter based on constant mixing. As mixing is an important function of 

fermenters, it is desirable to keep the mixing time constant on scale-up (Doran, 

1995). Reduced productivity and performance often accompany scale-up of 

fermentations as a result of lower mixing efficiency and subsequent alteration of 

the physical environment. However, constant mixing is not generally considered 

as a normal rule of thumb for scale-up in biological engineering, whereas power 

per volume ratio, impeller tip speed and oxygen transfer rate are more commonly 

employed methods (Bailey and Ollis, 1986; Solà and Gôdia, 1995; Doran, 1995). 

In heterogeneous reactions, such as the hydrolysis of tallow, the emulsion 

conditions have a large effect on the rate of reaction (Hur and Kim, 1999). 

Emulsification of the fat is directly related to the mixing in the fermentation. 

Constant emulsion conditions were achieved through an operation temperature of 

42°C in a study by Hur and Kim (1999) which ensured dispersal of the lipid and 

permitted scale-up of their system based on a working volume per agitator. This 

was not feasible in this study as 25°C was superior temperature for fat removal by 

RP2, at which the tallow was solid. Therefore, the scale-up of agitation of the 

tallow and yeast was based on constant mixing.
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In the 2 L fermenter, two impellers were fixed at the base of the drive shaft. In 

general, however, the impellers would be placed equidistant from each other along 

the drive shaft (Desphande and Daniels, 1995; Doran, 1995, Hur and Kim, 1999). 

Consequently, the effect of the position of the impellers on tallow biodégradation 

was investigated. In the first system, the impellers were placed equidistant from 

each other along the shaft and in the second, two impellers were employed at the 

base of the shaft, as in the 2 L design.

Fat removal was 68% with the placement of one impeller at the base of the drive 

shaft with the second 135 mm above it compared to 64% with two impellers at the 

base (Table 3.3.7). Impeller positioning did not affect yeast growth, which was 

identical in both systems. There was a higher degree of foam formation when 2 

impellers were employed at the base. This may have resulted in the elevation of 

the substrate and/or biomass from the medium into the foam zone (Forster, 1992), 

thereby reducing the degree of fat removal.

Scale-up from the 2 L to 10 L fermentation resulted in a marginal decrease in fat 

removal ability by RP2 from 75% to 68%, respectively, with pH control by 

potassium phosphate buffer. This reduction in fat removal was not attributed to 

decreased growth of the yeast, which was identical in both vessels, but to the 

larger working volume in the 10 L fermenter. Similarly, utilisation of sucrose by 

Rhodococcus opacus decreased from 67% to 42% on scale-up from 30 L to 500 L 

fermentation under similar growth conditions (Voss and Steinbüchel, 2001).

In shake flask investigations, fat removal by Y. lipolytica RP2 increased from 21% 

after 168 h under non-optimised growth conditions to a maximum of 75% in 168 

h . This was achieved at 25°C with pH control by potassium phosphate buffer, pH

7.0, agitation at 130 rpm and a 2 g L '1 ammonium sulphate as the nitrogen source. 

Scale-up of growth to 2 L and 10 L fermentation achieved 75% and 68% fat 

removal respectively. Although the degree of tallow biodégradation was not 

increased in the fermenters, there was a reduction in the time, to 65 h, for 

maximum fat removal. Fat removal by RP2 was comparable and in many cases 

superior to other values reported. Various fungi cultivated on beef tallow achieved
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fat removal values between 18 to 23% (Bednarski et al., 1993 & 1994). Norcardici 

amarae and Rhodococcus rubra removed up 26% of fast food restaurant grease 

(Wakelin and Forster, 1997). In comparison to the other isolate studied in the 

laboratory for tallow degradation, the filamentous fungus, Trichoderma 

harzianum Rifai RP1, RP2 removal was superior as the fungus removed only 31% 

of a 20 g L '1 loading of the tallow after 10 days (Fleming, 2002). Y. lipolytica 

1096 removed 41% of a loading of 30 g L"1 poultry tallow after 4 days (Bednarski 

et al., 1994) and Y. lipolytica ACA-DC 50109 achieved 50% removal of a loading 

of 20 g L '1 of animal derived fat after a similar time period (Papanikolaou et al., 

2002a). After 4 days in this study (96 h), RP2 had removed 60% of the tallow. Y. 

lipolytica was reported to remove between 50 to 70% of a 15 g L’1 loading of 

animal derived fat after 70 h in a bench-top fermenter (Papanikolaou et al., 

2002a). Interestingly, 70% removal of olive oil, added at 8 g L '1, was achieved by 

activated sludge after 4 days cultivation (Wakelin and Forster, 1998). The authors 

suggested that the use of a mixed culture, such as activated sludge offers the best 

option for the treatment of lipid-rich wastes and that the a pure culture would not 

be ideally suited for use in a commercial operation. However, the ability of RP2 to 

remove a higher and more recalcitrant substrate loading, albeit at a marginally 

lower rate compared to activated sludge, indicated its potential in the design of a 

fat removal system.

The specific rate of tallow removal also increased in shake flasks from 0.024 g g"1 

h '1 under non-optimised growth conditions to 0.035 g g '1 h’1 under optimised 

growth (Sections 3.2.1 & 3.2.4.4, respectively). The specific rate of fat removal is 

a more accurate method of comparison between biological fat removal systems as 

it accounts for the diverse range of substrate loading. However, the majority of 

investigations, as noted, only report lipid removal in terms of total amount 

removed. Interestingly, one report by Chigusa et al. (1996) did report specific rate 

of removal of soybean oil with a mixed yeast population, which was lower than 

achieved by RP2, at approximately 0.021 g g'1 h"1.

Fat removal rates in excess of 70% have been reported, although at lower 

substrate loading than applied in this study. A Bacillus sp. removed approximately 

80% of 5 g L '1 beef tallow after 24 hours (Okuda et al., 1991). Saccharomycopsis
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lipolytica achieved 90% removal of 2.2 g L"1 beef tallow after just 8 hours (Tan 

and Gill, 1985). In the latter investigation, however, agitation comprised the 

addition of stirrer bars to the growth flask and magnetic stirring of the tallow at 

1200 rpm with periodic scraping of the fat from the stirrer bar. This method of 

agitation, although successful in mixing the tallow in the medium, would not be 

feasible to operate on a larger scale and so was not considered in this study. Also, 

a relatively high inoculum of the yeast was used, 12% (w/v), compared to 2% 

(w/v) in this study. Removal rates for oils, particularly waste olive oil, in excess 

of 70% have also been reported. Complete removal of 16 g L"1 olive oil waste was 

demonstrated by Y. lipolytica in 24 h (DeFelice et al., 1997; Scioli and Vollaro,

1997). However, in these cases, olive oil is a more easily degradable substrate for 

the yeast as it contains mainly oleic residues and is liquid at ambient temperatures. 

The high saturation and solid nature of tallow makes it a more challenging 

substrate for biodégradation.

Complete utilisation of tallow was not achieved by RP2 and in excess of 25% of 

the tallow remained in the growth vessel. An incomplete utilisation of hard fats is 

widely documented. This was underlined during the scale-up from shake flask to 2 

L fermentation where 75% tallow was removed in both vessels. In this study, this 

was attributed to the discrimination by RP2 against certain saturated fatty acids. In 

particular, stearic acid is known for its recalcitrance. Stearic acid comprises up to 

30% of the fatty acids in tallow (Gunstone, 1996; Broughton et al., 1998; 

Fleming, 2002). Although a judicious investigation into fatty acid profile of the 

remaining substrate or assimilated lipids was not performed, stearic acid has 

proved to be resistant to assimilation by a number of microorganims. These 

include Apiotrichum curvatum (Lee, 1992), Pseudomonas oleovorans 

(Füchtenbusch et al., 2000), Saccharomycopsis lipolytica (Tan and Gill, 1985) 

and Yarrowia lipolytica (Papanikolaou et al., 2002a). Saccharomycopsis lipolytica 

could not sustain growth when cultivated solely on stearic acid (Tan and Gill,

1985). It was suggested that even if the residence time was extended indefinitely, 

a residue of saturated acids is likely to remain for any process involving the 

growth of microorganisms on animal fats. The amount left would largely be 

dependent on the physical nature of the fermentation and the nature of the major
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triglycerides. Ultimately, although complete removal of tallow is not attainable 

with RP2, approximately 70% reduction of the solid waste was achieved.

At the end of the fermentation, there are a number of important parameters that 

can impact on the efficiency of the system. These include the settleability of the 

yeast sludge and the fate of the residual fat. Furthermore, the potential of the yeast 

sludge as a by-product of the fermentation would be very advantageous to the 

system. These parameters were assessed after 10 L fermentation under superior 

growth conditions, including pH control by 0.5 M KOH/HC1.

RP2 biomass settled very quickly at the end of the fermentation and consequently 

the SVI was very low, 1.0 ml g"1 (Section 3.3.2.3). SVI values less than 120 ml g"1 

indicate good sludge settleability (Martins et al., 2003). The production of an easy 

settleable biomass with a low SVI is important where the biomass is destined for 

further use (de Villiers and Pretorius, 2001). A high percentage of the tallow not 

biodegraded by RP2, approximately 25% lipid, remained in the fermenter. This fat 

may not have been exposed to the yeast in the fermenter through foam elevation 

or stagnant areas in the vessel. Moreover, the residual tallow may correspond to 

the stearic acid component of the fat. The waste liquor remaining after the yeast 

had settled contained a small quantity of lipid, approximately 2% of the initial 

tallow loading (Table 3.3.13). With a high loading of 20 g L"1 tallow, this resulted 

in 400 mg lipid L '1 waste liquor. Lipid comprises approximately 10% of domestic 

wastewater, which is treated by a conventional activated sludge system (Metcalf 

and Eddy, 1991). Consequently, the liquor produced by RP2 fermentation 

contained lipid levels that could then be further treated by a traditional biological 

system, without overloading the system and introducing the problems associated 

with solid fats. The permitted level of lipid in effluent treated wastewater is 100 

mg L’1 (Keenan and Sabelnikov, 2000). The successful biological treatment of 

highly-lipid waste and wastewater and the sequential treatment of the treated 

waste liquor by a conventional municipal system has been reported (Keenan and 

Sabelnikov, 2000).
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RP2 cells comprised 0.42 g g"1 protein after 65 h (Table 3.3.14). Protein was the 

main component of cells nitrogenous content. The remaining nitrogen content, 

approximately 0.09 g g '1 was attributed to nucleic acid content, which is 

consistent with yeast nucleic acid content (Anupama and Ravindra, 2000). 

Although a judicious examination of the amino acid content of the protein of RP2 

has not been performed, the commercial value of SCP is linked to its protein 

content. The protein yield of 0.44 g g"1 in RP2 cells cultivated on tallow is notably 

greater than those reported for other organisms cultivated on a variety of carbon 

sources (Table 4.1).

Table 4.1: Comparison of yield of single cell protein produced by various

microorganisms grown on a variety of carbon sources

Organism Carbon source Yield 
(g protein) 

(g substrate)'1

Reference

Kluveromyces fragilis Whey 0.370 Paul et al. 
(2002)

Pichia guilliermondii A9 Reducing sugars 
in kimchi 

wastewater

0.256 Choi and 
Park (1999)

Candida kruseii SOI 
Saccharomyces sp LK3G

Sorghum
hydrolysate

0.175
0.125

Konlani et 
al. (1996)

Rhodotorula sp Y-38 Ethanol 0.300 Yeehn
(1996)

Candida bombicola Glucose and 
animal fat

0.110 Desphande 
and Daniels 

(1995)

Saccharomyces
diastaticus

Saccharomycopsis
ßbuligera

Soluble starch in 
DAF waste from 

poultry 
processing

0.260

0.275

Najafpour et 
a l  (1994)

Candida lipolytica and 
Geotrichum candidum

Fish oil 0.320 Hottinger et 
al. (1974b)

Yarrowia lipolytica RP2 Tallow 0.440 This study
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The high yield of protein with RP2 cultivation on tallow may be of commercial 

interest. The use of inedible tallow for the potential production of SCP and 

metabolites by Saccaromycopsis lipolytica and Candida utilis has been reported 

(Kajs and Vanderzant, 1980; Tan and Gill, 1984). Similarly, SCP was produced, 

which contained all amino acids according to FAO standards except methione, by 

Candida lipolytica, Torulopsis holmi, Candidia mesenterica and Cryptococcus 

albidus cultivated on fat wastes containing olein (Jacob, 1993).

The potential SCP produced by RP2 cultivated on tallow would not be suitable for 

human consumption. The nucleic acid content would be too high as FAO 

standards demand a nucleic acid content of between 1 and 3% for human food. 

Also, the possible association of tallow with tissue, soil or faecal matter does not 

make for a palatable product. However, these limitations are not enforced for 

animal feed. SCP produced from the microbial transformation of prawn-shell 

waste was utilised as aquaculture feed, which contributed to pollution abatement 

and the recycling of waste back into the food chain (Rhishipal and Philip, 1998). 

Protein sludge produced from abattoir effluent may be added to carcass meal as a 

protein supplement and may generate income (de Villiers and Pretorius, 2001). 

Overall, the production of value-added products from organic waste-processing 

systems, together with the reduction of the organic load offers a distinct economic 

and environmental advantage to such systems (van der Westhuizen and Pretorius, 

1996; Nigam and Kakati, 2002).

In the development of a fat removal system with Y. lipolytica RP2, investigations 

were performed in batch fermentations only. Waste fats, especially the hard fats 

like tallow are produced from abattoir or slaughterhouse processing and generally 

not operated on a continuous basis (de Villiers and Pretorius, 2001). There can be 

frequent shutdowns in operation, especially at weekends and holidays. Similarly, 

many high lipid-containing wastes are as a result of batch processing, including 

grease traps and olive oil mill wastes (DeFelice et al., 1997; Flores et ah, 1999). 

The use of continuous culture on a commercial scale may be uncertain as there are 

high costs involved in ensuring complete freedom from adventitious 

contamination with other microrganisms (Ratledge, 1994). Application of a
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continuous system would therefore not be practical and a batch system would be a 

more cost-effective method of waste fat treatment.

The system was also operated as an aerobic process under near ambient 

conditions. An aerobic organism and fat removal system was selected over 

anaerobic treatment based on a number of considerations. Solid fat is considered a 

problem substrate for anaerobic digesters due to its insolubility and the 

bacteriotoxicity of long chain fatty acids formed during fat hydrolysis (Broughton 

et al., 1998). Conventional anaerobic digesters have been shown to achieve only 

low rates of organic matter removal and require long hydraulic retention (Borja et 

al., 1998). Anaerobic digesters are also very sensitive to shock loads and 

operation at elevated temperatures can lead to the production of harmful 

substances such as dioxins.

These problems associated with anaerobic digestion would not be considered in a 

fat removal system with RP2. The unique emulsifying properties of the yeast can 

overcome the solid nature of fat, and toxicity of long chain fatty acids was not 

evident based on the retention of cell viability during the fermentation. RP2 also 

achieved a high biomass together with high fat removal over a relatively short 

period of time. The ability of RP2 to biodegrade 20 g L’ 1 tallow would indicate 

that the system would not be sensitive to shock loads, as the majority of waste 

streams contain a lower lipid content (Scioli and Vollaro, 1997; Wakelin and 

Forster, 1998). Also, the employment of current technology to collect fats, oils 

and greases from the waste stream, with dissolved air floatation (DAF), for 

degradation by RP2 would facilitate a standard loading of fat. The development of 

a fat removal system to operate in conjunction with current technology would 

obviously be economically advantageous. The development of a large-scale 

system (60 kL) for the pre-treatment of abattoir effluent with activate sludge has 

been successful in the removal of fats with a retention time of 120 h (de Villiers 

and Pretorius, 2001). The ability of Y. lipolytica RP2 to achieve similar fat 

removal rates as activated sludge (Wakelin and Forster, 1998) in a similar time 

period when grown on a recalcitrant fat such as tallow provides the impetus for 

the development of a fat removal system with this yeast.
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CONCLUSIONS



1 . 10  yeast isolates from a commercial rendering plant with lipolytic ability were 

identified as three distinct yeasts, Yarrowia lipolytica, Candida zeylanoides 

and Debaromyces hansenii. Yarrowia lipolytica demonstrated superior fat 

removal ability and was selected for study into its growth on tallow. Y. 

lipolytica is a GRAS organism. Y. lipolytica was assigned the code RP2, 

which indicated that it was the second organism isolated from the rendering 

plant investigated in the laboratory.

2. Y. lipolytica RP2 removed up to 75% of a 20 g L"1 loading of tallow in batch 

cultures. The scale-up from shake flasks to 2 L and 10 L fermentation reduced 

the time required to achieve this from 168 h in shake flasks to 65 h in the 

fermenters. Superior tallow biodégradation occurred at 25°C and pH 7.0. The 

growth temperature and pH are in the range of those commonly employed for 

aerobic systems for the treatment of industrial and processing lipid wastes. 

Rate of agitation was specific to the growth vessel at 130, 500 and 1000 rpm 

for shake flask, 2 L and 10 L fermentation, respectively.

3. Nitrogen loading and source were key for tallow biodégradation and a 

threshold of 0.42 g N L' 1 and a C:N ratio of 40:1 or lower was required to 

achieve maximum fat removal. This was provided with 2 g L"1 ammonium 

sulphate. Ionic nutrition was influential on tallow biodégradation by Y. 

lipolytica RP2. K+ was required at a threshold concentration of 60 mM in the 

medium. The presence of 80 nmol K+ (106 cell) '1 correlated with maximum 

growth and fat removal. Na+ was antagonistic to biodégradation but its 

presence may be overcome with a K+/Na+ ratio greater than 10:1 in the 

medium. Ca2+ addition at 10 mM was inhibitory to biodégradation. Addition 

of H2PO,f at 100 mM did not affect biodégradation. The required 

concentration of K+ was supplied through pH control with 0.5 M KOH or 0.1 

M potassium phosphate buffer. KOH was selected as the preferred method of 

pH control and K+ addition.

4. The presence of glucose, up to 10 g L’ , as an additional carbon source with

tallow resulted in the concomitant use of both substrates by Y. lipolytica RP2.
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5. Y. lipolytica RP2 produced a biosurfactant during its growth on tallow. Under 

superior growth conditions, the biosurfactant demonstrated an emulsifying 

activity superior to commercial surfactants Triton X-100 and Tween 80 at 0.5

% (w/v).

6 . Y. lipolytica RP2 is a dimorphic yeast and tallow stimulated mycelial growth 

at or near pH 7.0. However, dimorphism did not influence tallow 

biodégradation and yeast-shaped morphology dominated during the removal 

of fat.

7. Tallow biodégradation by Y lipolytica RP2 resulted in the production of 14 g 

L’ 1 of biomass with a low lipid content, 0.1 g g' 1 and a high protein yield, 0.44 

g g-1. This indicated the potential for the biomass for SCP production.

Further Study

The ability of Y. lipolytica RP2 to biodegrade other high-lipid containing waste, 

such as food processing, grease-trap and abattoir wastes would indicate the 

capacity of the yeast to remove a mixture of lipid sources which would not be as 

recalcitrant as tallow. Furthermore, the bioaugmentation of activated sludge with 

the yeast could result in a microbial consortium, which readily removes and 

metabolises fats.

An examination of the amino acid content of the protein in the biomass would 

indicate its potential for use. The assessment of the involved cost of protein 

production and recovery from tallow biodégradation would provide an economic 

insight into the potential production of SCP.

The design of the fat removal system would require some consideration. An 

investigation into other methods of agitation, including paddles and recirculation 

pumps may be useful.
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APPENDIX



A ppendix A: Iden tification  Key N o .l (B arn e tt et al.< 1983)

K>
4̂

Key No. 1: All yeasts that do not ferment D-glucose (test no. 1 negative 

Key involving physiological tests and microscopical description

Yaiü hi Key No. I
1 Aciculoconidium a odea tum
4 Ambrosiozyma philenioma
5 Arthroascusjavanensis6 Bolryoascus syrmaedendrus 
10 Brellanomyces custersianus
13 Brellanomyces naardenensis
14 Bullera alba
15 Bullera armeniaca
16 Bullera crocea
17 Bullera dendrophila
18 Bullera pìrlcola
19 Bullera tsugae
20 Candida aasert
21 Candida acuta24 Candida antarctica
25 Candida apícola26 Candida apis
27 Candida aquatica
28 Candida atmosphacrica
29 Candida auriculariae
31 Candida austromarina
32 Candida aiyma
33 Candida bacarurri
34 Candida beechii
35 Candida berthetii
36 Candida blank ¡i
40 Candida bombitola
41 Candida buffoni 
43 Candida bui y ri
46 Candida cariosiiignicola 
48 Candida cal eruttata 
50 Candida chiropterorum 
53 Candida dendrica 
57 Candida edar
62 Candida elchellsii
63 Candida elhanalica
65 rmutiAn fermaiticarens66 Candida fluviatilis
67 Candida fotiorum68 Candida fragariorum
72 Candida fuscformata
73 Candida geochares
75 Candida glaebosa
76 Candida graminis
77 Candida gropengiesseri 
79 Candida halontiratophila 
81 Candida hellenica
84 Candida hydrocarbo/umarico
85 Candida hylophila86 Candida ìncommunis
87 Candida inconspicua88 Candida inosilophila
89 Candida insecialens
90 Candida insectamans
94 Candida karawaiewii
95 Candida kriísii

101 Candida mannitofaciens
102 Candida maris
103 Candida maritima
105 Candida metibiosophila
106 Candida membranaefaciens
107 Candida mesenterica

1 ] 2 Candida mucilagina 
113 Candida multis-gemmis
116 Candida nemodendra
117 Candida nitraiophila 
119 Candida norvegica
121 Candida oregonensis
122 Candida paludigena 
124 Candida pararugosa 
126 Candida pkilyla
128 Candida pinus
129 Candida poiymorpha
131 Candida psychrophila
132 Candida pusiula 
134 Candida guercuum 
137 Candida rugosa141 Candida savonica
142 Candida schaiavü
143 Candida silvae 
145 Candida silvático 
14B Candida sonckii
150 Candida sorbophila
151 Candida sorboxylosa 
1S 6 Candida svecica
158 Candida tenuis
159 Candida lepae 
161 Candida torresii
163 Candida tsukubaensis
164 Candida valdiviano
165 Candida vandemaltii
169 Candida vinaria
170 Candida vini
173 Candida xesioba
174 Candida zeylanoidcs 
177 Cryptococcus albidus
17 B Cryptococcus amylolen tus
179 Cryptococcus ater
180 Cryptococcus bhutanemis
181 Cryptococcus curvatus
182 Cryptococcus dimmnaa
183 Cryptococcus elinovii
184 Cryptococcus fia vus
185 Cryptococcus gastricus 
1B6 Cryptococcus heveanensts 
187 Cryptococcus hi/nalayensis
18 8 Cryptococcus hum icolux
189 Cryptococcus hungaricus
190 Cryptococcus kuetzingii
191 Cryptococcus laurentu
192 Cryptococcus tupi
193 Cryptococcus luteolus
194 Cryptococcus macerara
195 Cryptococcus magrrus
196 Cryptococcus marinus
197 Cryptococcus podzolicus
198 Cryptococcus skinneri
199 Cryptococcus terreus
200 Cryptococcus vishniacii
202 Debaryomyces couderiii
203 Debaryomyces hansenii
204 Debaryomyces maroma
205 Debaryomyces melissophilus
206 Debaryomyces nepalensis

207 Debaryomyces polymorphus
209 Debaryomyces lamarii
210 Debaryomyces vanrijiae
211 Debaryomyces yorrm ii 
213 Dekkera bruxellensis
216 Endomyces Jibuliger
217 Endomycopsella crataegensis
218 Endomycopsella vini
219 FUobasidietla neaformans
220 Filobasidium capsuligenum
221 Filobasidium floriforme
222 Filobasidium uniguttulatum
223 Geolrichum armillariae
224 Geolrichum candidum
225 Geotrichum capitatum
226 Geotrichum eriense
228 Geotrichum fici
229 Geotrichum fragrans
230 Geotrichum klebahnii
231 Geotrichum penicilhtum
232 Geotrichum terrestre
233 Guilliermondella selenospora 
241 Hansenula aini
243 Hansen ula beckii
244 Hansenula bimundalis
245 Hansenula canadensis
247 Haniemda cifemi
248 Hantenula dryadoides
250 Hansenula glucozyma
251 Hansenula henricii
258 Haruenulajionfermentans
259 Hansenula ofunaensis
260 Hansenula petersonii
261 Hansenula philodendra 
263 Hansenula populi
267 Hansenula wickerhamii
268 Hormoascus plntypodis
269 Hyphopichia burtonii 
273 Issatchenkia terricolo 
280 Xluyvervmyces marxiamis
286 Leueosporidium antarcticum
287 Leucosporidivm frigidum
288 Leucosporidium gelidum
289 leucosporidium nivalis
290 Leucosporidium seoltli
291 Leucosporidium stokesit
292 Upomyces anomalus
293 Upomyces kononenkoae
294 Upomyces lipofer
295 Upomyces starkeyi
296 Upomyces tetrasporus
298 Mastigomyces philippovii
299 Metschnikowia blcuspidata
300 Metschnikowia krissii301 Metschnikowia lunata
WJ NaiKrtit* ctrrvwrata 
31 ] Phaffia rhodazyma 
312 Pichia abadiae
314 Pichia ambrosiae
315 Pichia ameih ionino
320 Pichia cactophila
321 Pichia carsorii

322 Pichia castillae 381 Rhodosporidium sphaerocarpum 425 Sporobolomyces gracilis
323 Ptftua th&BÒarjti 382 Rhodosporidium toruloides 426 Sporobolomyces holsaticus
324 Pichia del/tensis 383 Rhodotorula acheniorum 427 Sporobolomyces puniceus
326 Pichia ctchellsii 384 Rhodotorula araucariae 428 Sporobolomyces roseus
327 Pichia farinosa 385 Rhodotorula aurantiaca 429 Sporobolomyces singularis
329 Pichia fluxuum 386 Rhodotorula bogoriensis 430 Sporopachydermia cereana
330 Pichia gtiilHermondii 387 Rhodotorula diffluens 431 Sporopachydermia lactativora
331 Pichia haplophita 388 Rhodotorula fujisanense 432 Sporopachydermia quercuum
332 Pichia heedii 389 Rhodotorula glutinis 433 Stephanoascus ciferrii
334 Pichia humboldtii 390 Rhodotorula graminis 434 Sterigmatomyces elviae
335 Pichia inositovora 391 Rhodotorula ingeniosa 435 Sterigmaiomyces halophilus
338 Pichia lindnrri 392 Rhodotonda jauanica 436 Sterigmaiomyces indicus
339 Pichia media 393 Rhodotonda iactosa 437 Sterigmatomyces neclairii
340 Pichia membranaefaciens 394 Rhodotonda marina 438 Sterigmaiomyces penicillatus
348 Pichia nakaiawae 395 Rhodotonda minuta 439 Sterigmaiomyces polybonu
349 Pichia norvegensis 396 Rhodotorula mucilaginosa 440 Sympodiomyces parvus
352 Pichia opuntiae 397 Rhodotonda muscorum 444 Tricfuuporon aquatili
354 Pichia philogaea 398 Rhodotorula pallida 445 Trichasporon beemeri
356 Pichia pini 399 Rhodotorula pita lit 446 Trichosporon beigelii
357 Pichia quercuum 400 Rhodotonda pilimanae 447 Trichasporon brassicae
361 Pichia solidaria 410 Saccharomycopsis capsuiaris 440 Trichosporon dulcitum
369 Pichia tannlcola 411 Saccharomycopsis malanga 449 Trichosporon loubieri
373 Pichia wickerhamii 412 Sarcinosporon inkin 450 Trichosporon lutetiae
374 Rhodospo ridium bisporidiis 413 Schizoblastosporion starkeyi-henricii 451 Trichosporon pultulans
375 Rhodosporidium capitatum 419 Sportdiobolus Johnson ii 452 Trigonopsis variabltis
376 Rhodosporidium dacryoidum 420 Sporidiobalus microsporus 454 Ï11I!

377 Rhodosporidium diobo varum 421 Sporidiobolus pararoseus 459 WUUopsis saturnus
378 Rhodosporidium infirmo-mínimum 422 Sporidiobolus ruinenii 461 Yarrotvia Upolytica
379
380

Rhodosporidium malrimlium Rhodosporidium patudigenum 423 Sporidiobolous saimonicolor
424 Sporobolomyces albo-rubescens

Testi im Key Na. 1
14 d-G alarios« growth 36 Erythritol growth 70 Growth without PABA
15 L-Sorbosc growth 38 Xylitol growth 71 Growth at 25°C
16 »-Glucosamine growth 41 D-Mannitol growth 72 Growth bl 30°C
19 L-Arabinosc growth 42 Galactitol growth 74 Growth at 37°C20D-Aratrinose growth 44 D-Glucor.o-l,5-lBCtone growth 75 Growth at 42°C22Sucrose growth 45 2-K.eto-D-g) uconate growth 76 0.01% Cydobexinude growth
23 Maltose growth 49 DL-LacUle growth 78 50% D-Glucose growth
24 a.a-Trehalose growth 51 Citrate growth 80 Stuch forma lion
25 Me a-D-glucoside growth 53 Ethanol growth B2 Urea hydrolysis
26 Cellobiosc growth 54 Nitrate growth 84 Pink, colonics
29 Mclibiose growth 56 Ethylamine growth 87 Splitting cells
30 Lactose growth 58 Cadaverine growth 88Filamentous
31 Raifiaose growth 64 Growth without Biotin 89 Pseudohyphae
32 Melcaiose growth 65 Growth without Thiamin 90 Septate hyphae
34 Starch growth 67 Growth without Pyridoxine 92 Ballistoconidia

Key No. 1

numb«- of different tesis 45

1 Nixritt fro wife —__ -  ...2 Erythritol gjtvwtfi----------
3 Sucrose growLh—,.
4 D-Mannilol growth..

o-Galactosc growth_    ~—i.6 Citrate growth - .,
7 0.01% Cycloheximide growth
B Cadavcrine growth--- ■ ,,. .
9 Ethanol growth—

10 Growth at 25°C
11 Elhylamine growth.....
12 DL-Lnctale growth _. ■ — ..
13 Growth without Pyridoxine . _

-------.----10.Sodi orna tonmu reí* 
.. Lipomyces anomalus 
. Nadsonia commutata ,..*-.„„Schi:ablastosporion starkeyi-henrii 

■ --- - , -----Pichia amethionina
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Negative Poiiiive

14 D-Glucosamine growth ....
15 Growth without Biotin....

16 Growth without Thiamin

17 Growth at 37"C_________
18 50% D-Glucose growth.....■
19 Elhano) pmth... „_  ■'
20 CcIIobiosc growth _

.....- ... i,. Picht* opuntiae-Piehia heedii Piehia membranaefarienj 
■ Candida rugosaPiehia membranas]orient 
------- -------- ------IS

21 d-Glucono-1 .¿-lactone growth—
22 L-Sorboic growth ------
23 Xylilol growth-
24 Growth without Biotin -
25 Growth without Thiamin
26 Growth at 42 “C____
27 Cdlobioie growth
28 D-Glucosamine growth „

29 Growth without Pyridoxine_
30 Xylilol g ro w th .,-----
31 L-Arahinoic growth—,------—
32 Growth without Biotin ........

33 DL-Lactate growth..
34 Galactitol growth.—* . .... .
35 D-Glucoiamme growth
36 L-Arabinose growth - -i -r-n n
37 d-G I ucono-1,5-lactone growth«»
38 Xylitol growth
39 DL-Lactate growth....
40 Ethanol growth,
41 Ethylaminc growth .
42 Growth without Thiamin___
43 Cellobioie growth w -  

. Starch growth«.
45 Etbylamine growth
46 L-Arabinose growth.....—
47 0,0-TrehaloBe growth,--- ►*
48 Cellobiote growth.,.......
49 Growth without Thiamin _
50 Growth without Biotin.....
51 Growth at 42’C-------—
52 Growth at 30“C_
53 Growth at 37°C
54 Lactose growth,.
55 Ethanol growth—_

Cellobiox growth ..............-............ . . .  .57

Stareh growth --- ----- ... ----- ------ -  -- -t í
62 Cadaverine growth...—...
63 a.n-TrehaloK growth
64 Urea hydrolysis—
65 Melibiose growth ---66 Lactose growth
67 Urea hydrolysis68 DL-Laclatc growth —
69 Xylitol growths,---- —,u_
70 a.a-TithaJose growth____
71 Cellobiosc growths,
72 D-Galactoic growth,.,-—.....
73 Ethanol ffltrrth ..
74 2-Keto-D-gluconaic growth-
75 Cadaverine growth—
76 o-Glucono-1,5-lactone growth-
77 El hy lami re growth,

. Lipomyces anomalia

„w..._. Candida ethanoUcaPiehia membranaefaeitns
___ 22
—----20

A rthroascus jdvanensis 
- . Saccharomycopsis capsularte

■ Brettanomyces rtanrdenensis 
£ndsm>«̂ iW,U crataegensis

., Geotrichum capita turn quercutm Piehia humboldtii SpQfapeihjnir/mta lactativora
___ Candida (nconspicuaPiehia caeiaphila J1

- Sarehvanydpm eoptvhrxt
___________ ...36

„ Piehia opun tías____ »
-------  40

..... .....Candida austromarina
austromarina

_Brettanomyces naardenensis

Geotriehim klebahnii Geotrichum penieMatum 
.  Piehia chambardii

Candida sorboxylosa
__Trichosporon iutetiae
_Candida rugosaIssaichenkia terricola
________________________ ISRhodotorula fujisanense

----...—MeM* norvegensis
____Trichosporon Iutetiae.. . . Candida dendrica-- --„--

SchizoblOstosporion starkeyi-henricil
- ni.i—. ■ GuUliermondelta selenospora

-i- i.— Tti— i- ¡i ------Candida rugosa
i, [ [_Crypiococcus gastricus

____«---«------ ---- ------9S

. . Gentriihm* capitatum.....__________ 53
_ Piehia he*r*Utt,- i~•1 ■ Trichosporon beigeiii

. TrkhMporm bratsicae Trrehjiijnrtm beigeiii
— i— -— a'rigonopsis variabiiis

_ GuiUiermondetia seien os por a 
i Candida rugosa '

«------~------------------- ----- i.«7—66Candida mucilagina fOtodotorida fufisanerue .Brertanomyccs naardenensis Cryptococcus gastricus
------------ ».—70

_ Candida melibiosophila 
...... Trichosporon beigetil_______Ü

........ Schizoblastosporion starkeyi-henricii
---- -----   — ______Gco trich um armiUariae

. Trichosporon beigeiii
— _____«__ 14«

 IIG
— 103

------ 9*
 n

—. Candida karawaiewli---------------------- 74
— .. ■— --- .... —■— ■ , ... Candida apis



Nsgallve Positur

78 Growth without Biotin
79 Growth at 37°C —.__-
80 50% D-Glucose growth
81 DL-Laciaie growth------
82 Citrate pn*th.
83 D-Glucono-l,5-lactone growl
84 Growth at 37°C.

85 Growth without Thiamin86 Growth without Fyridoii
87 50% D-Glucose growth88 Growth at 37“C.
89 50% D-GIucose growth —,
90 2-K.elo-D-gluconate growth.
91 Growth without Pyridowne—,_
92 o-Glucono-1,5-lactone growth—
93 Growth at 37'C
94 DL-Lactatc growth
95 0.01% Cycloheximide growth
96 Cadaverine growth
97 Growih without Thiamin =.
98 Growih without Thiamin
99 Growth without Biolin

100 L-Sorbosc growih,.™-—
101 Ethanol growth..».—-—
102 d-GIneono-1,5-lactone growth,
103 DL-Lactatc growih,.,.,
104 2-Keto-D-gluconate growth,
105 Eihanol growth
106 L-Sorbo*c growth,
107 Lactose pi

Slarch growth 
109 Citrate growth,
110 Growth ai 37°C
111 Lactose growth
112 Ethanol ptPWth.
113 d-GIucono- 1,5-lactone growth.
114 Growth without Pyridoxine_.
115 D-G*lacto»e growth „
116 Otrate growth,
117 Cellobiosc growth,
118 Ethylaminc growth.
119 Growth without Biotin_,.,
120 Ethanol growth
121 Growth without Thiamin
122 Urea hydroly:
123 L-Sorb
124 Ethylaminc growth
125 Growth without Thia
126 Growth without PABA
127 Ethylaminc growth.
128 L-Arabinose growth
129 Ccllobiose growth
130 DL-Lacuie growth
131 0.01% Cyclohcximide growth
132 Growth without Thiamin
133 Lactose growth
134 Starch growth
135 Maltose growth——

136 Lactoic growih
137 D-Glucosaininc growth
138 Maltose growih
139 D-Ambinose growth.
140 Ethanol jjroVrth.
141 CcIIobiosc growih,
142 D-Galacto»e growih



276

143 «.a-Trehslose growth— -.™
144 Ethylamine growth,.....  ,
145 0,01% Cycloheximide growth
146 l-Sorbose growths..... .
147 Cilraie growth----- -v.v—
148 i>Glucosamine growth___ ,.

a-TrchaJose growth..
150 Growth without Pyridoxine----
151 0.01% Cycloheximide growth
152 Cadavcrine growth— —----------
153 Growth without Biotin
154 Galaetitol growth .,
155 Citrate growth—
156 L-Sorbose growth——.——.......... ...
157 i.-Ar»binotc growth,,,,—----
I SB ôg-Trehalosc growth ..
159 DL-Lictate growth_______

I Ethanol growth -

■ Mu*

161 L-Sorbose growth.-,,.....
162 2-Keto-D-gluconate growth-
163 Ethanol growth...............
164 D-Gftlactose growth __,1MM~
165 2-Kc to-r>-gl uconaie growth-
166 Citrate ffowiti
167 Ethan oi growth
168 L-Sorbose growth—
169 Ethanol crwth.--- --------
170 D-Glueosamine growth ._—

171 Urea hydrolysis—___
172 Ethylamine growth.—,.,
173 Growth without Thiamin M,——_
174 0.01% Cyclobexhnidc growth ___
175 D-Galaetose growth.........-----
176 Lactosc growth—— ________
177 Melczilojc growth...-------- --- —
17 B Lactose growth......................
179 Mahoie growth________ —
180 a,a-Trchjilo(Se growth __—.—„
151 Galiclitol growth.... .....
152 Citrate growth—...»..... —...—
183 D-Glucosaraine growth..______
184 D-Gtladoac growth—— ---_
185 Urea hydrolysis..— ......—___-
186 a, o-Trehalote growth -_
187 Urea hĵ rotysii—...-------- .-----
188 DL-Laciflle growth---------------
189 Citrate growth.—.----------
190 Rjtfmoie growth—__—.....—
191 Citrate powtlu...—
192 Cellobiose growth—............... .
193 D-M*j;t3iei growth ——...—_—
194 L-Sorbosc growth---------- ——.
195 50% D-Glucose growth — _ —
196 Melezitose growth,,. ._____
197 50% D-Glucose growth.......
198
199 Ethylamine growth—._
200 Xylito] growth.,.,..
201 Urea hydrolysis,.,.—..— .......
202 D'Galaetose growth....,___
203 Mc&jwe growth_______
204 DL-Lactate growth
205 Growth without Thiamin — „
206 Maltose growth----------------------
207 sh.-Lactate growth—----—__ -w.
208 Growth *i 3TC -  - ---
209 Maltose growth ___ ___

, Candida morii 
1̂19

¡aelativora
|4B

__150«-»151 mjgosa a vinaria 'a calenulata 
..155

- Candida sorbophUa

.. Candida calenulaia 
____ .__ 1»

_ if ansenula o/unaensis
„______ ...__»56
_ Trigonopsis variabilis
__________ »77
_________________WJ

_ SpGroboiomytri gracilis
<•_*.. - Pickia quercvum 
_ gracilis

.,, Endomycopseila vim
_________ .lie

. Pichia solidario - Triehosporon beigelii
— 167

. Sporobolomyces gracilisBrcttanomyces noardcnenils Sporobolomyces gracilis Ham mula nonfermcntans Pichia Hndneri
------ --------------------- - 172--23 

-174

..EcJvnycoputU vi

_m.««173 
__ 173

- Candida torresii . Candida beechii
127

_______ »78
------------m____ 180 — ----------------------------- IBI

, BreUanomyces naarderensis 
— , Candida savonicaTriehosporon beigelii

----------  ----Sporobolomyces singularis
—...— Candida melibwsophila

________._____ __ _____  — 187

__Rhodoiomln fujisanense
___ , Cryptocaccus skinneri... Filobasidium eapsuligeitum

_ Triehosporon bfigtU— _-_IB«„.̂Candida mudlagina
!.. Cryptococcus gaslricus

___ Triehosporon beigelii
----Triehosporon beigeliiRhodotorula bogoriensis

192 
—193 
.194—Dekkera bmxellensis 

_ Afthroasaa javanensis
-196* 

__1«

. Endomycopseila vini - Candida auriculariae
.. Candida suecica Candida bombicola

h__ Candida suecica
______ «__».207
- Candida lepae- Melschnikowia lunata
___________214



Negai»« Positive

210 Lact ose growth
211 L-Arabinose growth.
212 Mclezilosc growth—
213 Pink colon*»
214 Lactose growth ...
215 d-GIucooo-1,5-lactone growth
216 Starch growth
217 Ethanol growth-.

—,----  --- ------KJmAxtmdj
■I--,——■. f.—— Trichosporon btigelii
_  ______—_____________ 215

„ _Trichosporon aquatile 
„ Rhodosparidium dacryoidum marina

Rhodotorula minuta 
. JUteiijnonJs mnjia

..Sporidioboiu.i pararoseus
218 Urea hydrolysis .. .
219 l-Sorbose growth
220 D-Galactose powth -_221 dl-Lactate growth........
222 Growth without Biotin....
223 Growth without Thiamin _
224 Growth without Biotin „
225 Growth at 37°C
226 d-Arabi nose growth__
227 Maltose growth—___
228 Lactose growth __
229 Xybiol growth_____
230 Ethanol growth----
231 »• At« bi no»» jro»ih
232 [»-Glucosamine growth
233 Meieatose growth—

_2J9„220

. A cicutoconidium aculeatum .....

quercuum
— —.227tamarii

_ Melichnikowia lunata
__________ 33d
.... Candida geochares

I, _Candida maritima
_ _ . Candida oregonensis 
... . Candida maritimaPichia v.tckrrhnmü 
in, ■ Candida tenuis

234 D-Mannitol growth ...
235 Ethanol growth _____ ,--------
236 D-Glucosamine growth ---
237 a,o-Trchalose pnwth
238 Ethanol growth

______.2»
... Candida suecica
___ ___—,.235

______,220
.. Candida fluviaiUis
________ 234
____,____.,231
_  Candida tenuis
-Puhut moli lavora

. Candida muirls-gemmis 
■ ■ Candida muri lagina

________ 238
_Candida geochares

„  Candida xestobii _____ 2»
. Caduti mucilagina

Growth al 37°C . . ,, — ------ ■
D-Arabinose growth_. .

...... . ... -  -.................. -2*0 .......................  . ............241

, , ..........

Trichosporon beigeiii

: 
! 'ik§•51

DL-Lactnte growth - , . . _ ... ..........- ___ . ...2(6 -
Govtfdu òoanAifp/j

---;—..... ..... Kluyveromyces marxianus
n.a-Trehalose growth ,__ ........ - Car.di/ia bombicola .. . ---------- ____ :, Debaryomyces lamaru
Galactitol growth__  ______ M_ ____

269 D-Glucosamioc growth .
270 Dl-Lactate growth
271 Melibiose growth
272 Growth without Biotin _
273 D-Glucosamine growth _>
274 Galactitol growth.___

_ Debaryomyces yarrowii 
- Candida heltenlca

„ Kluyveromyces marxianus 
.. - Debaryomyces vanrijiae 
------.Ctadida inositophda... .....,2»___2»
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Negative Positive

275 D-Galactose growth ---
276 2-Kelo-D-gluconale growth,.,.
277 Growth without Thiamin...
278 50% o-Glucose growth... ...
279 50% d-GIucosc growth

Candida marilima . Kluyvcromyces marxianus
—_ __ fitku canoni!
_ Lipomyces kononenlcoae 
. Upemyefi kenonmkoer

230 D-Galactose growth—

— 277

.1..—ni—<■»—■ Debaryomyces hansenii 
-i-i - Debaryomyces hansenii Debaryomyces vanrijiae

Debaryomyces vanrijiae Pichia guilliermondii

2-Kd.o-o-glneonate growth...............

Rhttdtrl mia T ' o F'l basùUeU f

2-Kelo-D-gluconale growth

................... ........ Cryptococcus curvatus
307 Ethylunine growth-----—
308 Growth without Thin

310 Urea hydrolysis..... .... ...... ..
311 Pink colonics™.™.....—

Crypiocoecus ater Ĉrypiococcui curratui

312 Me a-D-glucoside growth----- ,.
313 Mclczitose growth
314 Urea hydrolysis«,.,— .....
315 DL-Lact»tc growth________
316 Melibiose growth — ---«.h
317 Growth without Thiamin......
318 Splitting cdU——------ -—~—

- i Cryptococcus laurentii Sterigmatomyces penicillatus 
... ....Buliera piricola

...Cryptococcus hungaricus Crypiocoecus laurcntii 
____ ____Sulirra alba

319 Melibiose growth______
320 Urea fcyd/oty»»___— _...
321 2-Keto-D-gluconatc growth-
322 XyliLol growth-------------
323 D-Galactose growth
324 Cadaverinc growth....
325 Growth without Thiamir,
326 Urea hydrolysis.,---— .
327 50% D-Gtucose growth ..
328 o-Mannitol growth...

_Debaryomyca lamarii

... Crypiococcus dimennae
----------51«— Candida glaebosa _ Cryptococcus curvatus
_Trichosporon beigeliiTrichosporon loubicri
--------------sas

_ Kluyveromyces marxianus
..Trichosporon dulciium . Crypiocoecus Hungarian 

__ Trichosporon beigelii

-J23----------- mDebaryomyces hansenii 
---------------------- 334
__________ ».___— .«..j »

------Cryptococcus curvatus
______________,______ ,.— 328

. Debaryomyces hansenii
329 Growth without Thiamin ........
330 Spotting celli—

_ Trichosporon beigelii
331 BtUistoconidia

332 Gmlactitol growth..,.
333 Sucrose growth
334 D-Galactosc growth...
335 Maltose growth«.

._ Cryptococcus hun garicus Cryptococcus laurcntii
_____ . . , . .m

--, -  ,Cryptococcus podzolicus
hi, __ Trichosporon beigelii
, •  .Buliera piricola

........171
____ 351

336 o,a-Trehalosc growth
337 2-Keto-D-gluconatc growth..



Negative Positive

I\ ________ ___  . 33*

....  .... ..._ .....335

., ...........................363

. . .... „...141

............ .......... . . m

......... ...........  .... J6S
.. .... .....US ........... .......... ~  367

.... .....  ......... ..... 366
.... ....................rubatiti

.... -........................
....... - ... . ... J9*

... .....................  57»

............... ......... .-376

...... ... ... . .391

, _____ ____  , .3*9

......... .... ... . 31»
....  . .. ____ ____

............................_390

. _ ... . , .  ... w:

w  T ift ie growth ^
.. ...... . - ........ . . 397

. .............. .44»

JVif/liKjwreo btigt&i. ...................403 ................
402 Starch growth . _MH_
403 Growth without Thiamin
404 Growth without Biolin
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Negative Positive

405 Urea hvdfolrv» - Candida tenuis
Lactose growth..... ...... .......... ............

Lipomyces tetrasporus 
JU- ...413

Trichosporon aquatile Trichosporon beigelii
...._______407

__ Trichosporon beigelii 
----- .------------- 419

.̂Lipomyces tetrasporus

413 Growth without Biotin*,
414 FtbnKTttou»-----,--- -

415 Septate tiyph»c._
416 Septate byplus.-

4(7 Melibiose growth.... —
418 Growth without Biotin ..

__Debaryomyces fumseniiDebaryomyces n
____Debaryomyces hanseniiDebaryomyces polymorphus 
------------------------<16

420 Lactose growth...i«.
42] D-Oalictosc growth_
422 <i,a-Trehalosc growth.
423 Growth without Thjar
424 Splitting«

. . Debaryomyces hansenii Debaryomyces nepalensis„--- «____ <20
_ Filobasidtella neoformans

burlonii

425 Ethanol growth____
426 Starch growth --
427 Lactose growth _.uu_
428 Cadaverine growth---
429 l*ae»e growth
430 Melea'tose growth-..-.-
431 o,a-Trehalose growth ..
432 Cells biosc growth----
433 Crintt growth—.... -
434 Sm w  jrowth---- —
435 Ethanol growth.......
436 E thy la mine growth
437 Citrate gTSFWth„.—
438 Growth at 3rC..... .
439 L-Sorbo»e growth—,..—
440 Xylitol grow th...
441 Urea hydrolysis....

.Jiyphtpichie burtonii
«_--------------------41»
___... Debaryomyces hanseniiDebaryomyces palymorphus.... ..... ....475
------------------------411___ i____42}...Candida acuta

... Sterigmalomyces eIviae
.. Cryptococcus amy/olenius Crypiococcus flans

- Sterigmalomyces elviae
_Cryptococcus cur varus— Trichosporon beigelii
........ ................... <27-̂„̂....̂Cryptococcus flavus

....... ..... 428
------------------------407

<31
4J2

__„„441
— _ ___ ..<yi

----------4JJ
--------------------04
. Sympodiamyces parvus Candida nemodendra
.-.mi iFi-i-n Pichia media

_ Sympodiomyces parvus 
_ Candida fermenticarens
.................—,,„.439
--------------------<37

_ Pichia media 
----------<38

I ii e/ferrit 
--- .«7

Lipomyces tetrasporus

Debaryomyces marama Debaryomyces palymorphus Debaryomyces vanrijiae
Debaryomyces polymarphus

Starch formali on---- ------------- _Cryptococcus amylolenlus ... . ........ -  - -- . <51
454 Urea hydrolysis ....
455 50% D-Glucose growlh,.
456 Mtlibiose growth....

457 Growih at 37°C____
458 Growth at 42”C_____
459 Growth without Biotin _

-----Lipomyces tetrasporus
Lipomyces starkeyi Lipomyces tetrasporus 

_____Candida blank ii
. Debaryomyces hansenii Debaryomyces marama 

_ Candida hydrocarbo/umarica
Debaryomyces hansenii Debaryomyces palymorphus 

__— Candida blank ii



Nega live Potitoe

Ethanol growth . - .. .

o-GIucosamine growth 
Starch formation..

I i 
1

!i!
m

rrvplnrnrrut Ravus
Pink colonies . ..... . __466

466 FtUmoMoui

467 Melibiwc gro»ih

.. Cryptococcus laurenlii Sterigmatomyces polyborus Cryptococcus curvatus

.Z___  __ *43
__ Cryptococcus hungaricusC'yptocaccus laurenlii 
_ _  Cryptococcus hungarieus Cryptococcus laurenlii . rrypinrnrrw: laurentiiSltrigmwomyfts penicillatus 

__ _  «t
.......  Crypioeoccus laurentii

.. .474
..................  - ...............471
............ .. , ..... ....... ....472

__ „ ___ _ , . Trichosporon beigelii
.. . , 475

Cryptococcus laurenlii 
.......*77 Trichosporon beigelii 

_ ____ .. ............... 5*3
Mel ■ 't ^ wth ........................................3JS
C il hi wth . . ____ _____ <4*

................................................ 485
u h d i r ......  , H..4*t

......................................... 4SI __  ____ __  — . Candida etchellsii
_....... ... ... fVickerhamiella domercqiae
.. , _ —.. Leucosporidium antarcticum

Growth «iitbou! Thiamin — . , ■„ ,, , ___ Sporidiobolous salmonicolor
.................. . . ............ 491

l-Keto-o-floeooalc growth.*— ..................... _ - - .........
........ . __ Sporidiobolous salmonicolor

Growth without PABA—..̂  
Growth without Thiamin —......... ........................ tUn/dmmU aravcartar
□-Glucosamine growth , „ _ .... . ....4« ..... .......  .4M
Cad vcrinf growth ....... ................ ..... . .......  491
Ethanol growth _____— —...
GaJactitol g n n r t h , ------- — .................. -  ..........4*5

...... ..... ...............  Candida mìtrutaphiU
Suow growth ........ .... _.,_,4|>7 ..................... . .................. 520
DL-Ladate growth . ...........  ... _____________  ....511

—...4» ......................  . ..............  W9
?K I I) ... *wih _________- .............. -...505
Growth at 37*C.i.i»..i——— ■ . _ ...........  . ..... . -.501
Growth without Thiamin ......— .. _ . . 501

. ,, Hsninada henricii
^Bf(| ̂  n̂i, SOU

..... . ... ... 507 — . .. . .... RimiiMandii auranliaca
L-Sorbose growth — —...--- „ ... .. . ...,— Candida pus tula

508 Growth al 30°C..
509 Ladosc growth ....

310 Melibiose growth
511 «,a-Trchalo»c growths
512 0.01% Cycloheximide growth ....
513 Growth without Thiamin _  _
514 Growth without Pyridoxmc _ .
515 Cadaverine growth...
516 Growth at 42°C _

. . —  Sp*

Candida foliorunr
__ 510

Rhodosparidium malvincllum
___512_r 313

Hanunuta fffpjt... CWi* nir-xgita

517 2-Keto-D-gluconate growth. _
518 Growth without Thiamin
519 Cadaverine growth__ ----
520 Mailoie growth - _____—
521 2-Keto-D-gluconalc jrowih.- .
522 0.01% Cyclo*mifli»dt growth
523 DL-Ladate growth

_ Hanse nula drvadoides
_____ _______ SIIKhodAippriiùum malvincllumSporidiobolouj salmonicolor

______S2i
. ____ 52?__».„523

_  Cryptoeoerrus lerrcui Crypioeoccus himaloyensis Cryptococcus tcrreut .. Rhodotorula javonica
__ 517

__._________--.515

___  WiUiopsis satumus
, .Candida berthetn

n __ Candida foliorun

__.  .Rhodotorula auranttaca — —

„____—  _______ 52i

i- . WWiapsu saturnu.
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Negative

524 Septate hyphac_
525 Galactitol growth.......
526 RxfSnosc growth—
527 D-Galactose growLb ..
528 Ethylamine growth...

529 Growth without Thiamin .
530 Me a-D-glucoside growth-
531 Growth without PABA__
532 Cadaverine growth.___
533 BaJJistoconidia... ... ,

534 GaJactitol growths.

536 Sucrose growth
537 Lactose growth _

. tOvutetoruia gramutis
a jalmonicolor tdg mount uuiCryptococcus kuetzingii.......Leueosp oridium frigidumLeucosporidium nivalis

. - Rhodosporidium maJvineltum
__..... Rhodotorula auraniiaca.Rhodosporidium paludigcnum Rhoda tonda graminis 
_ Sporidi oboi aus salmonicoìor----- «------3»

--------------------------537
..538

538 Growth without Biotin...
539 Urea hydrolysis..
540 Cdlobiose growth___
541 Septate hyphi«..„___
542 Growth at 37°C____-

544 Ballistoconidia___
545 Growth at 30°C

546 Growth at 37°C—--- ,■ .
547 Pseud oayphae
548 Pink cotowcn, —
549 L-Arabinose growth
550 Growth without Thiamin .
551 Growth at 30°C____....
552 Melibiose growth

Hansenula bimundalls

553 2-Keto-D-gluconate growth-..«...
554 r>-Glucono-l,5-lactone growth-
555 Growth at 25°C____ ____

___ ____ 554

Cryptococcus vishniacii 
___Rhodo tonda glut inis

559 Growth without Biotin

Rhodosporidium sphnerocarpum Rhodotorula glut inis Hsnwmla petersomi
560 »-Arabiliose growth«
561 D-Mannitol growth
562 Starch growth ..«wu RAadistitttdit glvtiait
563 L-Arabinose growth
564 ELhanol growth.—.....
565 Growth without Biotin ._
566 Growth at 30°C

..Rhedctortde Ingeniosa. Sporobolomyces puniceus —̂LeueetpcriAan scot tit
567 D-Glucoauiiioe growth...
568 Starch farauuioa-------
569 Pinko

Rhodotorula muscorum 
--------------------Stt

570 Growth at 25’C...
.—Cryptococcus albidus Leucosporidium scotti1 'porobolomyces punie eus

571 Me a-D-glucosids growth .
572 Starch growth —

573 Growth at 25"C._
574 Growth without Thiamin ...

575 Starch pn«1h 
176 Growth at 50t -

____ ._____-...-572—...Cryptococcus albidus Leucorporidium scotiii 
. Leucosporidium stokesiiCryptococcus albidus Leucasporidium scottil



Positive Negative Positive

-SfiwidioètìAa mkrPipami

Candida mannitofaciens

—_________552..........,.5»-Cryptococcus elinovH Cryptococcus ter rats
-.543
..„MI

_  KAtfdcipurii&um tondoides Rhodo tonda glutini]— —Spondiobantt johmonii
-  Sporidiobolous saimonicoior

„.551
------ .Cryptococcus albidus
------- _  pilatii
-— .... MaJaioruda f i tota
---------------------- .5«
_______ _______ 560

------- ILLZIsso
. Spo*£óM<*ii «/mtìKicoter
------------------------ ,----------5»Sporidiobolous saimonicoior
.. ModvpatUumt iondoides Rhodotonda glutinir
----- -U____,■-„■■.575

--------...-----,.._..S£J
... .. Cryptococcus lupiCryptococcus vishniac'd
-----------------------J07

„565 
— 566

„. fihod<itiy»Ja glutini]
------------«.—STO...Msrfnwmfejàuftix

-----Cryptococcus albidusCryptococcus bhutanensis
- --- --------------- 57*
---------------------- 57S

—. __ Cryptococcus albidus

Rhodororuta musco rum
Rhodotorula glutinis

Rhodosporidium infirmo-mùvotum
RJt odosporidlum infirmo-miniaiunt

i.i_.u.. Rhodosporidium infirmo-miniaiumCryptococcus bhutanensis
____ __Leucosporidium geiìdum
______ ___ Rhodosporidium bisporidiis

Growth without PABA™—_— -  __

001 y c 1 h ' ‘d wth fj,nriida

Eih via mine jrrowth.
T>I 1 «flU** J-nwth

....... ................... ...

............ - ...............«3l\ ì ! 1! La
 ? i l 1

Filamentous-.. . ............ ........................Candido antarclica. Cryptococcus albidus . RÀodotoruia acheniorum



A p p e n d ix  B: Id en tif ica tio n  K ey No.3 (B a rn e t t  et al., 1993)

Key No. 3: All yeasts that ferment D-glucose (test no. 1 positive) 

Key involving physiological tests and microscopical description

K)
ooo

YeuO la Key No. 3
t Acrculocnmdium aculeaium
2 Ambrosiozyma cicatrìcola
3 Ambrosiozyma monospora
4 Ambrosiozyma philentoma
7 Brenanomyces abstinens8 Brettanomyces anomal us
9 Brettanomyces claussenii

10 Brettmomyees custersiatus
11 Brettanomyces custersii
12 Brettanomyces lambíais
13 Brettanomyces naardenensii
22 Candida albicans
23 Candida anaiomiac 
25 Candida apícola
27 Candida aquatica
28 Candida atmotphaerica
30 Candida auringiensis
31 Candida austromarina
34 Candida beechll
35 Candida berlhetii
36 Candida hlankii
37 Candida boitbnit
38 Candida boleticota
39 Candida bombì
40 Candida bombicola
42 Candida buinensis
43 Candida butyri44 Candida cacooi
45 Candida cantarella
46 Candida cariosilign’icolo
47 mAirbi castellii
48 Candida catenulala49 Candida chilensis
51 Candida conglobata52 Candida curiosa
53 Candida dendrica54 Candida dendronema
55 Candida duldennae
56 Candida diversa
58 Candida entomaea
59 Candida entomophila
60 Ccmdida ergastensis
61 Candida emobit
62 Candida et cheiliti
63 Candida elhanolica
64 Candida fennica 66 Candida flu vial il is
69 Candida freyschussii
70 Candida fhedrichii
71 Candida fructus
73 Candida geochares
74 Candida glabrata
77 Candida gropengieiseri
78 Candida haemulonii
79 Candida halonitratophila
80 Candida hahphila 
HI Candida hellenica
82 Candida homilentoma
83 Candida humilis
84 Candida hydrocarbofumarica 
86 Candidi mcommunis88 Candida inositophila

90 Candida inieclamans91 Candida inseciorum
92 Candida intermedia
93 Candida ishiwadae
94 Candida karawaiewii
96 Candida kmiiii
97 Candida lactis-condensi
98 Candida [odderae
99 Candida magnoliae
100 Candida maltosa
101 Candida mannitofacirns
103 Candida morísima
104 Candida melibiosica
106 Candida membranaefaciens
107 Candida mesenterica
108 Candida meihanosorbosa
109 Candida methyliea
110 Candida millerl
111 Candida magii
113 Cmtdida multis-gcmmis
114 Candida musae
115 Candida naeodendra
117 Candida nitratophila
118 Candida nodaensis
119 Candida norvégien
120 Candida oleophila
121 Candida oregonensis
122 Candida paludigena
123 Candida parapsilosii 
125 Candida pellata
127 Candida pignaliae
128 Candida pinus
129 Candida polyntorpha
130 Candida pseudo intermedia
133 Candida quercilrusa
134 Candida qtiercutrm
135 Candida rhagii
] 36 Candida rvgopelliculosa
138 Candida sake
139 Candida lalmanticensis ) 40 Candida santamariae
141 Candida savcnica
142 Candida achaJavii
143 Candida silvae
144 Candida silvanorvm
146 Candida silvicultrlx
147 Candida saloni 
149 Candida sonorensis
151 Candida sorboxylosa
152 Candida spando vensis
153 Candida steatolylica
154 Candida stellala
155 Candida succiphila
156 Candida suecica
157 Candida tannololerans
158 Candida tenuis
160 Candida terebra
161 Candida tarresii
162 Candida tropicalis 
164 Candida valdiviano
166 Candida vartiovaaral
167 Candida veronae

1 68 Candida versatili]
170 Candida rim
171 Candida viswanalhii
172 Candida wickerhamii
173 Candida xestobii
174 Candida zeylanoides
175 Clteromyces mairiiensis
176 Clavtspora lusitaniae 
201 Debaryomyces castellii 
203 Debaryomyces hanicnii
206 Debaryomyces nepalensis
207 Debaryomyces polymorphic
208 Debaryomyces pseudo polymorphic209 Debaryomyces ramarti210 Debaryomyces vanrijiae
212 Debaryozyma yamadae
213 Dekkera bruxeUensis
214 Dekkera intermedia
215 Eeniella nana
216 Endomyces fibuliger
217 Endomycopsella crataegensis
218 Endomycopsella vini
220 FHobasidh/m capsuligemmt 
224 Geo trichum candidum
226 Geo tri chum eriense
227 Geotrichum fermentans
228 Geotrichum fici
229 Geotrichum fragrans
230 Geotrichum klebahnii
231 Geotrichum penicillaium
233 Guillierm ondelia selenospora
234 Hanseniaspora guilliermandii
235 Hanseniaspora nodinigri
236 Hanseniaspora occidentalii
237 Hanseniaspora osmophila
238 Hanseniaspora uvarum
239 Hanseniaspora valbyensis
240 Hanseniaspora vineae
242 Hansenula anomala
243 Hansenula beckii
244 Hansenula bimundalis
246 Hansenula capsuiata
247 Hansenula ciferrii
249 Hansenula fabian i/
250 Hansenula glucozyma
251 Hansenula henricii
252 Hansenula holstii
253 Hansenula jadinii
254 Hansenula lynferdii
255 Hansenula minuta
256 Hansenula misumaiensis257 Hansenula muscicola
258 Hansenula nonfermentans 
260 Hansenula peterion N 
262 Hansenula polymorpha
264 Hansenula silvicola
265 Hansenula subpelliculosa
266 Hansenula sydowiorum
268 Hormoascus platypodis
269 Hyphopichia bur tonti
270 Issalchenkia occidentalis 
27! Issalchenkia orientalis

272 Issalchenkia scutulata
273 Issalchenkia terricola
274 Kloeckera lindneri
275 Kluyveromycci aestuarli
276 Kluyveromyces afrìcanus
277 Kluyveromycci biatlae
278 Kluyveromycci delphensis
279 Kluyveromyces lodderae
280 Kluyveromyces marxianus
281 Kluyveromyces phaffii
282 Kluyveromyces potysporus
283 Kluyveromyces thermotolerans
284 Kluyveromyces wallii
285 Kluyveromyces wickerhamii
287 Leucosporidium frigidum
288 Leucosporidium gelidum
289 Leucosporidium nivalis 
291 Leucosporidium itokesii
297 Loddcromyces elongispona
298 Mastigomyces philippovii
299 Metschnikowia biaupidata
301 MetKhukcwia tumna
302 Metichnikowia pulcherrima
303 Metschnikowia reukaufii
304 Metschnikowia zobellii
306 Nadsonia clangala
307 Nadsonia fulvescens
308 Nematospora coryli
309 Pachysolen tannophilus
310 Pachyrichosporo trans vaalensis
311 Phafiia rhodozyma
312 Pichia abadiae
313 Pichia acaciae
314 Pkhia cjnbrunx
316 Pichia amylophila
317 Pichia angophorae
318 Pichia besscyi
319 Pichia bovii
320 Pichia cactophila 
324 Pichia delfiensis

'oti i> Key No. 3
9 Cello biose fenueatauon 12 iDUlin fermentation

14 d-Gb)«cJ.o«c growth
15 L-Sorboic growth
19 L-Arabioose growth
20 D-Arabinose growth
21 L-Rhamnose growth
22 Sucrose growth
23 Maltose growth
25 Me a-D-glueoside growth
26 CdJobiaie growth
29 Melibioec growth
30 Lactose growth
31 Raflinosc growth 
34 Staxb growth

325 Pichia dispora
326 Pichia eichcllsii
327 Pichia farinosa
328 Pichia fermentons
329 Pichia fluxuum
330 Pichia guilliermandii
331 Pichia haplophila
332 Pichia heedii
333 Pichia hetmii
336 Pichia kluyvtri
337 Pichia kodamae
338 Pichia lindneri
340 Pichia membranaefaciens
341 Pith* mttharxJMC
342 Pichia mexicana
343 Pichia mtyerae
344 Pichia mlssissippiensis
345 Pichia mucosa
346 Pichia naganlshii
347 Pichia nakasei
348 Pu tic
349 Pichia norvegensis
350 Pichia ohmeri
351 Pichia onychis
353 Pichia pan oris
354 Pichia philogaea
355 Pichia pijperi
356 Pichia pini
357 Pichia qvercuum
358 Pichia rabaulensis
359 Pichia rhodanensis
360 Pichia sai toi
362 Pichia sargentemis
363 Pichia scolyti
364 Pichia segobiensis
365 Pichia sorbiwphila
366 Pichia spart mat
367 Pichia st¡pitis
368 Pichia strasburgensls
369 Pichia tannicela

35 Glycerol growth
36 Erythritol growth 
38 Xylitol growth
41 D-Mannilol growth
44 d-GIucoqo- 1,5-lactonc growth
45 2-Keto-D-gl neonate growth 
47 D-Gluconate growth
49 DL-Lactate growth
50 Succinate growth
51 Cilnte growth 
54 Nitrate growth
57 L-Lysine growth
58 Cadaverine growth
62 Growth without m/o-Inositol

370 Pichia toletana
371 Pichia trehalophila
372 Pichia veronae
373 Pie ha •rirkrrhamn
401 Saccharomyces cerevisiae
402 Saccharomyces dairensis
403 Saccharomyces exiguus
404 Saccharomyces kluyverì
405 Saccharomyces servazzit
406 Saccharomyces telluris
407 Saccharomyces unisporui
408 Saccharomycodes ludwigii
409 Saccharomycodes sinensis
410 Saccharomycopsis capsularis
411 Saccharomycopsis maianga
414 Schizosacdiaromyces japonictu
415 Schiiosaccharomyces malidevorans
416 Schizasaccharomyces oclosponts
417 Schiiosaccharomyces pombe
418 Schwarmiomyccs occidentali!
432 Sporopachydermia quercuum
441 Torulaspora ditlbrueckii
442 Torulaipora globosa
443 Torulaipora preloriensis 
453 Wickerhamia fluorescens
455 Wllliopsts beijerincki!
456 Williopsis colf amica
457 Williopsis mrakii
458 Williopsis pratensis
459 Williopsis saturnia
460 Wingea roberuiae
462 Zygcsaccharomyces baUii
463 Zygosaccharomyces bisporus
464 Zygosaccharomyces cidri
465 Zygosaccharomyces fermentati
466 Zygosaccharomyces fiorentina
467 Zygosaccharomyces mlcroeUipsoida
468 Zygosaccharomyces mrakii
469 Zygosaccharomyces rouxu

65 Growth wtthoci Thiuaia
67 Growth without Pyridoxioe 64 Growth without Niadn
72 Growth at 30°C
73 Growth at 35*C
74 Growth at 37°C
75 Growth at 42°C
76 0 01% Cvcloheximide growth
78 50% d-GIucosc growth
79 60% o-Glucose growth 
82 Urea hydrolysis88 Filamentous 
90 Septate hyphae

Key No. 3

1 Erythritol powth._
2 D-Mannitol growth.».
3 Sucrose growth .
4 D-Galactose gro®
5 Cdlobiose growth _

64 Growth without Biotin

Negative

Bomber of dlJïaciU Iruj 43

Positive

* 335
Ï inn6



6 Succinate growth.........
7 Growth without Pyridoxi:8 L-Sorbose growth___ _
9 Glycerol growth ....
10 [>G)uconatc growth__
11 Growth nl 35°C —___
12 L-Lysine prnrtb_ __
13 Growth without Niacin..
14 Urea hydro!*»*'
15 Growth without Nin

-------- ■ -  - —  ............ —15 — «...... Schizosaccharomyces octotpam
16 Growth without rwyo-lnositol
17 L-Lysine growth
18 D-Gluconatc growth—----
19 Growth without Niacin —
20 L-Lysinc growth. „
21 DL-Lactate growth___ _22 2-Kcto-D-gl uconatc growth .
23 Nitrate growth..

. .Schizasaccharomyces oclospoms\__u.___________ ___19
-..._Kluyveromyces delphensis
... ..... -Endomycopsella vini

24 0 01 % Cycloheximidc growth
25 L-Lysinc grov'th. ... .

26 Urei
27 Ccllobiose fermentation...,.,
28 Cellobiose fermenta lion
29 Nitrate growth
30 L-Rhamnose growth..
31 Cadaverine growth—

32 Growth without myo-Inositol___
33 0.01% Cyclohexiraide growth
34 2-Keto-D-gluconate growth.„„„
35 L-Lysine growth
36 50% d-Glucose growth _

37 L-Sorbose growth ,,
38 Growth without Thiamin
39 Citrate growth__
40 0.01% Cycloheximide growth
41 L-Lysinc growth...__...
42 Nitrate growth _.
43 DL-Lacta te growth -

44 L-Rhamnose growth..
45 Cdlobiose fermentation _
46 D-Gluconate growth....—
47 dl-Lactate growth
4S Glycerol growth...
49 Nitrate growth .,
50 Growth without Biolin...
51 Nitrate ptmth— .------
52 Growth without Biolin —.
53 Growth without Pyridoxine...
54 Maltose growth.—---------...
55 Cadaverinc growth..,
56 2-Kelo-D-gluconate growth...
57 Glyixrol growth—
58 n-Glucouo-1,5-lactone growth__
59 Growth at 42°C.... .....• ——

60 50% D-Glucose growth ..

61 Growth at42°C,..

62 L-Rhamnose growth,.,..._-

-.Candida glabratc
Saccharomyces cercvisiat 

__ „...Nadsnnin elongate
......- ...................V.

iftei cerevistar J cuslerslamis.....Candida halonitratophila
-II

, Pichia membranaefacieru Zygosaccharomyces baili Zygasacdutromyces bisporm . Schizasaccharomyces octosponn 3 claussenii. Srtttatcmjm dauxmt

... 3 2 ---------------

__Candida castellii

./unJekenkiM occidental is Pichia membranaefaciens

.. Candida anotomiae 
_  —Zygosacclutromyces baila Zygosaccharomyces bàporvs
....__dclbrveckii..............  ÌTTorulaipora delbrueckiiJi

, tuatchfiUn *‘ichia membranaefarim

.. Pichia membranaefaciens Pichia nakasei
.... Candida etchellsii

...45 ____

... Brenanomyces custersianus
---------------------------------4«

Pichia membranaefaciens
___...Candida anatomiae. .Brettanomyces claussenii

_ Candida anatomiae
Pichùt nakasei ,. Candida etdiellsii itfctuntia terricola

.. ftMw cactophila
_ _  ------- Si

_. Candida etcheliiii ..Pkhiit ftmmUmt

,. cerrtisiae »
—  59 <0

_ Torulaipora delbrueckii___-Si
____________________61

issalchenkia orientali! Pichia membranaefaciens 
- .  Candida rugopelliculosa issalchenkia orientalis Pichia membranaefaciens 
___________ — «

Itmti-Krnkta 0et*dmto&*Pichia membranaefaciens 
_ iuaiehmklti orientali! Issalchenkia scutulata Pichia membranaefaciens 
........Candida elhanolicaPichia membrataefanens



Negative

2-KetO-D-gluconate growth.— . 2-Keto-o-gluconalc growth....,...

2-Keto-D-gLuconatc growth._
Growth without /nyo-lnositol_

Hanscniaipora rineae

Growth without jn̂ o-Inoailol-̂ .

2-K.eio-D-gluconatc growth,_—

Growth without Pyridoxirtc...

0.01% Cyelohexiciide growth__

Growth without myo-Inositol „„

. —Saccharomyces servazzii 
—■■■„ Saccharomyeej unisponi}Growth without myo-lnositol_„

0.01 % Cyclohcxiraide growth .u_ ----Guilliermondelta selenospora
Saccharomyces ceretisiae

0 01% Cycloheximide growth

Zygosaccharomyces bis por us
— _Breiianomyces abstinent

Brcttanomyces claussenii

Growth at 30°C__ . . ........ -----.................—113126 L-Arabiliose growth _M.__ Pichìa lamicala



282

Brettanomyces claussenii

D-Glucono-1,5-lactone growth______ _ 15511

Cadaverine growth.-....... IS1 —  .... .... . „  _.1.52
0 01% Cycloheximidc growth ■
Growth without /n>o-Inositol____ ._

..... ........ .............................  157

. 169

2-Keto-D-gluconate growth Saccharomyces ccrevisiae Sarcharomycrs cxiguus

Me a-D-glucoside growth.,,, .I,, ,„,n , , . ... 7.j.s<MoefAar<wifivn m icroeUips aides 
---------Zygtnatiiuaomjreti Jioftmitao

Growth without Pyr-iHnxinr

50% d-GIucosc growth — _- -------------

Growth at 35°C.......  „ . .  . ......... _______Kluyveromyces aesluarii ... ........Kluyvcromyce.s marxiamis
18! Growth without Thiamin .. 
182 Starch growth
183 m -I nrlnfr growth
184 Glycerol growth.
185 L-Rhamnosc growth-,...
186 Growth without Thiar

- Sacdmrpmyca kluyveri lyces occidentalis

187 2-Keto-D-gluconate growth.-
188 Maltose gnnrth__,,.,̂ .. __
189 NLtrnu: growth ... ....
190 Citrate growth....
191 Mdibiose growth —

„184Candida paludigena marxianus
---187
_—121

— Pichia slrasburgensis 
----------------------- IM

Willl/ypsis satumus
_____ _____ 190



192 DL-Lacmie growth ...
193 Cellobiosc growth - 
!94 Cadaverine growth — 
195 M>1(ok growth—

.... 193 
194

196 u-Galaaosc growth,.
197 0.01% Cyclohotiuiidc growth
198 2-Keto-D-gluconate growth .__
199 Riffinose growth--- -----

—Zygosaccharomyces baUii 
_______ _ __...__197

-195

„ Kiuyveromyces wickerhamit

—i- I, Kiuyveromyces ihermosolcrans
.... .̂̂„.̂..„.„Schwanniomyces occidentalis.EndornycopseUa vim

---------------.—..̂ .TorvUsjXr* delbrucckii
». Kiuyveromyces marxianus

Cellobiosc growth... ..... ....... .............»*

-.Zygosaccharomyces microellipsoidei

»-Aiihino* growth

0.01% Cydohcumide growth .. .,238
........  ................. 229

........u-Saccharomyces cereviiiae

2-Kcto-D-glneonate growth,— _... .....

Zygosaccharomyces bisporus Zygosaccharomyces rouxii

Growth without Pyridoxins,____ ...__,

Pichia delftensis Pichia ftuxman

_ .... .146

Candida silvae

---------Pichia tannicola
253 D-Galactosc growth.,.
254 L-Sorbose growth ii rŵ trmĉ nas

... Candida caienulala 
---- Candida fructus



283

Negative Posltiv*
255 Glycerol growth
256 Growth without Pyridoxinc.....—
257 D-Galiclose g r o w t h ...
258 l-Arabinose growth ------ , , ----,------

.... ............. .....2 57
__Endjmyurpielia ruu

274 D-Galactoie growth..
275 Citrate |
276 L-Arabiiiote growth.
277
278 D-Glucono-1,5-lactone growth.....
279 2-Keto-o-gluconate growth.—™_
280 D-Galactose growth--------------
281 L-Sorboie growth.
282 CellobioK growth
283 Mclibiote growth-..- ■.... .
284 Cadavmne growth ..
285 2-Keto-D-gluconaLc growth....
286 Sucdnale growth.___..
287 Raffinose jrowtk.-----

288 Growth without Thiamin —,—

289 60% D-Gluco*e growth----—_

290 Growth without Niacin ..
291 L-Lysine growth-.----- -—
292 0.01% Cyclohcximide growth
293 DL-Lsctale growth--- — .
294 D-GalActose growth .....

296 Raffinose growth...
297 QuUvcrine growth —
298 Citrate growth ■ ■ —

299 D-Galmctose growth.»,----
300 Growth wttbout Thu sun
301 L-Lysne growth.—.— ..—
302 Growth at 37“C----------

303 Glycerol growth----
304 Cadavrrioe growth...
305 Growth without ir»yo-Ioo®tol_
306 Citrate growths— ---- ----„
307 Cadavenue growth—.....

306 i-Arabmoac growth
309 DL-Lactate growth..—.......
310 2-Keto-D-gluc
31L Growth without Pyridoxinc_.. 
312 0.01% Cydoheximide growth ...

-3*3

. SaccHaromyca cercniiae----- --- 7 «7
-.......Candida bombtcolaZygosaccharomyces bailii Zygosaccharomyces rouxii
.. ........ . Candida apicolaa bombieota 

-290

_ Kluyveromyces marxianus .. Soedscrvmycn cerevuiae 
_____________ 302

...Candida emobii

..Candida bombicolaZygosaccharomyces bailii Zygosaccharomyces rouxii

...Candida sonorensis
................... .............. 275

.. . ...... 26i

Pichia lindneri

Cu%dUt̂ylemoidet
.. Candida savonica
..........—...».278

.. Pietiia sargmtewu
.. Geotrichum fermentans

___ _____ 295

_ »1

———Candida bombicola 3 bailii
— Wickerkamia ftuorescens 
....—__ _____ ...292

... Zygosaecharomycts mrakii
__Debaryomycei tamarii

.. Candida geochar es

EndomycopseHa vini Candida apicola
- _308--»3

_ Candida bombiCandida bombicola 
___________ 304

- TenlMfera ¿elbrueckii

Zygosaccharomyces bailii 
__Candida gropengietseri
Zygosaccharomyces bailii

Kluyvcromyces marxianus ...Candida spandovensis ____ 202
-.310a delbmeekii 

------ -- ......, tduyvmnnyrfi marxianus



313 Growth without jnjtt-Inosilol .
314 D-Galaciote growth.,____
315 L-&e«b(r?e growth--.--------- -
316 2«Xc(o-0*f)aooaaÌ€ growth---

_ Zygosaccharomycei tidrl
__________ 3i5

---- »----------------316

311 fAraWoowi growth.
319 Xyl.tol growth___
320 Cdlohkne growth

Zygoiaccharomyeej flortmtirua
--------------------------  _ 312
— .....  ..........................361-------------W
--------  — »,------------------..,33?

FfltiilV*

.352
_326

L-Lyiinc g r o w t h __ , — m...i„ i Saccharomyees cerevisiae .... ,.... Zygosaccharomyces rouxii

GlycetoJ growth................. . .......... - ......... -  . .3» ......-
329 Growth without Thi«Euc._
330 54i:ch growth ,„w , _  _
331 Growth without TJaanun .

_-331 «_ Pichia sparttnac lobasidium capsuligcnum 
-■ ■, , - Piehia spartinae

Pichia wlckerhamU

Raffinose growth- ...

Citrate *rowth_. - ....... Brtiiarvmyat rmvdtrma
352 Ctilatiog growth— _
353 Curate growth...--- ,------
35* L-Rhjunnmr growth__ _
355 Rafinoic growth—
356 Citrate jpowth—___
357 Growth Ttoaio
358 Growth without Tliiun

„.353
—348 .Candida haemulonii

___ ___ ___ 158Phaffia rhodozyma 
__________357

Growth waiotM Biotta. ----------------- — , ... - /iĉ sa •nrJLrn‘û -1 . . . ......... Candida maritima

Cadaveri?« growth . --------- -------- —----- - ........  - ..........WS ........... -  ...................... .»7
365 l-Lj-ùex prov.:Ji
366 Growth without Thiamin
367 L-Rharsnote growth----
34S Mi «-D-jJucOMie growth 
369 Cadaverine growlh.—

-i>ui<mycopuUc vini
„Zygosaccharomyces rouxii
—• i...................... -■■— -■■ ■. 156

rcntbtpora AfflttwUl
— ---Candida sueaca

„ Clavispora lusitantac , Nadionia fulvesccns
370 MehlHOK growth _
371 5 ucci aiJ= growth.....---
372 Growth wjtboirt Thiamin _
373 Growth K'iihout fynAoxix
374 oL-Laclatc growth
375 Cadaverine growth...
376 Growth without Thiamin_
377 L-Rhamnosc growth-,,..,.——

378 l-Atb binose growth..

, Kluyveromyces rhermotolerans 'a suecica . Clavispora luiitaniae 
■ . Candida musae_______375
____ 376

—«i». Zygosaccharamyces flartntmus 
__ _______________ 372

- MeUtknikxi**Ì3 reukaufii Pichia spartinae
----------------379

------.----- «---.373...Candida haemulonn
■ ___m—„378

™.377 
_ Candida suecica 

_ Clavispora lusilaniae



284

Negative Potiti ve
379 L-Rhamnosc growths—-------- „—,... ... ....... Ciavitpora lusiraniae

............. - .... C r f '  idee ...............

Candida tropicalis

.■»»
409 Uactosc growth.......  .... —. ..........—

..... . ... - ...............«0

.. .................. . -,4UtMelscfinikowia pulcherrima

Candido viswanalhii
431 L-Arabinose growth ------------- ........  . . . Cìavizpora ìusitaniae .... .. ...... ... .432
432 D-Arabinose growth.»
433 Citiate growth..—
434 Cellobiose growth__
435 Melibiosc growth....

...Candida ueatolytica

436 2-Kcto-D-gluconnic growth_
437 L-Ljwnc powlli------
438 growth ---------
439 Cadaverine growth™«,-,..

-.437
.. .Saccharomyces cereviiiae

-...Candida pellaio 454
___»----443
---------- 440
________ 439...4»

440 0.01% Cycloheximidc growth_-__ 
441 Growth withoul rrtĵ o-Inosiiol - " ; , ,
442 Growth at 37°C
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285

Positive

502 D-GluconMe growth,....
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l Sorbose8urowth
2 K i o-gi te growth

. .................... . ...... ... -,52S
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620 D-Galactwe g row th ... ...........
621 D-Gluconale p m ifth ,.---------- -
622 Septate hyphac---------
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638 Septate hyphae ----- —
639 Melibiocc g rowth. . .
640 Lactosc g rowth ------— ,
64! Citrate growth. ,
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Appendix C; Identification report of yeast NF 32 A as Yarrowia lipolytica. 

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,

Germany.

Strain designation YA was employed for yeast isolate NF 32 A for identification
purposes

Deutsche Sammlung von 
Mikroorganismen und A 
Zellkulturen GmtiH jÆ

Identification of Yeast strains

Sent by: Dublin City University 

Strain designation: YA 

Substrate: activated sludge

1. Morphology

Colony on potato dextrose agar butyrous, smooth, creme coloured. Blastospores ellipsoidal. 
Pseudomycelkim and true mycelium present; no sexual reproduction detected. Good growth 
at37”C

2. Utilization of C- and N-sources

anaerobic: Glucose

aerobic:
Glucose + a-methyl glycoside
Galactose + Salicin
Sorbose + Cellobiose
Rhamnose - Maltose
Dulcit . Lactose
Inositol - Meliblose
Mannltol + Sucrose
Sorbitol + Trehalose
Glycerol + InuJin
Erythritol •f MeleziLose
D-Ara binose - Raff i nose
l.~Arabinose - Starch
Ribose Xylitol
D-Xylose --A Gluconate
l-Xylose 2-keto-Gluconale
Adonftol 

Nitrate -

5-keto-Gluconate

3. Identification:

Y a r ro w ia  l ip o ly t ic a  van der Walt & von Arx

DSM-Deutsche Sammlung von Mikro­
organismen und Zellkulturen GmbH Braunschweig, 3.11.98
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