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ERRATUM 

In the text and f igures , for isocitric dehydrogenase read isoc itrate 

dehydrogenase. On page 11, for pyruvic kinase read pyruvate  kinase . 

PAGE 1 33 

Citric ac id yield in whey permeate has been calculated on the basis 

o f  total lac t o s e  utilized . S eparate shake-f lask experiments using lactic  

ac id as a carbon source in the medium o f  Krist ians en and Charley (1981) 

produced no c i tr ic ac id , however ,  sparse growth d id occur . Thus , the 

quant ity of l a c t ic acid present in the whey permeate ( 5 . 2  g / 1 )  being 

me tabolized by the culture , will make a small contribut ion to the b iomass  

produced , but is ignored in  the calculat ions o f  c itric  acid yield in 

this thes is . 

PAGE 194, 2 00 AND 2 04 

In this thesis the terms " inhib ition" and " s t imulation" o f  2-oxoglutarate 

dehydrogenas e  and pyruvate carboxylase respec t ively are taken to mean changes 

in the spec i f ic act ivi ty o f  these enzymes . I t  is  acknowledged that this is 

an incorrec t use o f  these words , which refer stric tly to rates of reac t ion 

of enzymic react ions . 

Figure 6. 33  contains a mis-plot .  Figures 6 . 32 and 6 . 33 have been 

replo t ted , including points corresponding to zero inh ibitor concen t ra t ion . 

NOTE : ( a )  competit ive inhibi t ion is shown in Figure 6 . 32 ( page 174), 

(b )  Figure 6 .  3 3  ( page 174) shows competitive inhib it ion and allows the e s t imat ion 

o f  an approximate value o f  Ki , ( c )  the use of Figure 6 . 33 to e s t imat e  K i  

is n o t  s t r ic tly  correc t ,  s ince the data are ob tained from batch culture; 

steady state chemostat data are required to analys e  the inhibi t ion in this 

way . 

Figure 6 . 33 has been plot ted with volumet ric rate data . This i s  p o s s ible 

in this case , since the dry weight o f  mycelium a t  day 6 was the same at 

all  inhibitor  concent ra t ions. Thus spec ific and volumet ric rate s  are 

equivalent and the value o f  Ki  obtained will b e  the same. However, unde r  

most circ umstances, the d ry weight might b e  expected t o  vary with inhibi t o r  

concentra tion and thus speci f ic rate data should b e  used t o  determine K i .  



ABSTRACT 

The feasib i l i ty o f  using lac tic  casein whey permeate as an 

al ternative source  of r aw material for the production o f  c itric acid 

by A spergi l lus niger was stud ied . 

i 

A. niger ( 10 s t ra ins) and A .  carbonarius ( 1  s train) were screened 

for their ability to produce citric ac id from lac t ic casein whey permeate 

in shake-flask cul ture . Of the organisms tested , A.  niger IMI 4 18 7 4  

produced the highe s t  c i tric acid conc entrat ion o f  5 . 0  g/ 1 ,  representing 

a yield of 1 3 . 5% (w/w) based on lactose utilized . When the permeate 

was supplemented with add it ional lactose ( f inal concen t rat ion 140 g / 1 ) , 

a c oncentration o f  8 . 2  g/1  was obtained , represent ing a yield o f  1 5 . 5% 

(w/ w) . This organism was selected for further study includ ing s train 

improvement work by induced mutat ion us ing UV light . A mutant s train 

(MH 1 5- 15 )  was isolated which produced a c i tr ic acid concentrat ion o f  

10 . 2  g / 1  in lacto se-supplemented whey permeat e .  Using a sucrose-based 

synthet ic medium a concentrat ion of 52 . 8  g / 1  (yield 48% (w/w) ) was 

observed , compared with 34 . 0  g / 1  (yield 33%  (w/w) ) p roduced by the 

paren t  s train .  This mutant was used throughout subsequent experiments . 

In fermenter cul ture experiment s  using lactose-supplemented whey 

permeate a c it r ic acid concentration of 1 4 . 8  g / 1  was ob tained . When 

extra nitrogen was fed to the culture a f t er the onse t  o f  c it r ic acid 

p roduct ion , a concentrat ion o f  1 9 . 5  g / 1  was observed . Experiment s  with 

decationized whey permeate , supplement ed with various amount s  o f  

d i f ferent trace elements ,  proved unsuccessful in respec t o f  improved 

c i tric acid product ion when compared with untreated whey permeat e .  

Experiments with dif ferent sugar sources using a synthe t ic medium 

d emonstrated a marked e f fect  o f  the sugar source on c it r ic acid produc t ion . 

Thus , concentrations o f  5 2 . 8  g / 1 , 3 1 . 0  g / 1 , 2 3 . 0  g / 1 , 5 . 0  g / 1  and 0 g / 1  

were obtained from sucrose , glucose , fruc tose , lac tose and galactose 

resp ect ively . Good myce l ial growth was observed with all  the sugars . 

S imilar exper imen t s  in fermenter cul ture showed the same t rend o f  

resul t s , b u t  i n  contrast to  the experiment s  using whey permeat e , c it r ic 



i i  

ac id product ion was lower than i n  shake-flask cul ture . The ac t ivit ies 

of some TCA-cyc le  enzymes in mycelial  cell-f ree extrac t s  were inves t i­

gated during fermenter culture experiments  using the d if ferent sugar 

sources in syn t he t ic medium and whey permeat e .  The ini t ial  activit ies 

o f  aconitase and both NAD- and NADP- l inked isoc itric dehydrogenas e  

showed a stro ng relationship with subsequent c itric ac id accumul a tion . 

Dur ing citric acid accumulation the act ivit ies of  these enzymes 

decreased s igni f icantly compared with tho se found during growth phase , 

but d id no t completely d isappear . 2-oxoglutarate dehydrogenase 

d isappeared completely when c it r ic acid produc t ion was high but 

a c t ivity was maintained when produc t ion was low. The ac t ivity o f  

pyruvate carboxylase increase considerably during c i tr ic acid produc t ion 

but lit tle ac t ivity was detec ted when c itric  acid was not produc ed .  

I t  was concluded that accumulat ion o f  citric  ac id is no t a consequence 

o f  the comple te  disappearance of the ac t ivity of acon itase or isoc i tric 

dehydrogenase (both NAD- and NADP-l inked) , but rather the accumulat ion 

is caused by the r epression o f  2-oxoglutarate dehydrogenase causing 

a block in the TCA-cycle , and the concomitant inc rease in pyruvate  

c arboxylase a c t ivity . I t  was hypothesized that glucose and f ruc tose 

c ause repression but galactose does not .  

Experiment s  using various comb inat ions of glucose and galactose  

a s  sugar source demonstrated that galactose  caused comp e t i t ive 

inhib it ion of citric  ac id product ion from gluco se . The inhib i t ion  

showed a s trong relat ionship with the  leve l s  o f  ac t ivity  o f  2-oxoglu­

t arate dehydrogenase and pyruvate carboxylase . 

The e f fect  o f  methanol on c itric acid produc t ion from l ac to se , 

glucose , galac tose and whey permeate was invest igated . In shake-flask 

culture , 1% (v/v)  methanol caused inc reased produc t ion and yields of  

c i tric acid from both glucose and lactose . Citric acid produc t ion 

from galactose was also observed ( 1 2 . 5  g / 1) . In fermenter cul t ure , 

using whey permeate , the presence o f  3% (v/v) methanol gave a 69%  

increase in  c itric acid produc t ion ( 2 5 . 0  g / 1  compared with 1 4 . 8  g/1  

in the absence o f  me thanol) . The presence of methanol showed a 

general inhibitory effect on t he various TCA-cycle  enzymes s tud ied , 
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in particular 2-oxoglutarate dehydrogenase . 

Overall , i t  was concluded that the main obstacle  to the improved 

produc t ion of c it r ic acid from whey permeate is the nature o f  the 

sugar source rather than the o ther component s  of the substra t e . In  

par ticular , the  galac tose mo iety o f  lactose  is not  a favourable  

sugar source . 
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PREFACE 

The Departments o f  Food Technology and B iotechnology o f  Mas s ey 

Univers ity have a cont inuing interes t in deve loping indigenous raw 

mate rials fo r use as foods or  pharmaceuticals , thus making New 

Zealand more s e l f-suf ficient and extending the range of exports . It  

was apparent that large quantities  o f  lact ic cas e in whey we re being 

used for s p ray irrigat ion and a potentially valuable fermentat ion 

feeds tock ( lactose)  was being was ted . A number o f  chemi cals which 

c ould be made from lactose are imported into New Zealand and ci tric 

acid was chosen for s tudy on the basis o f  its  cont inuing need in the 

food indus t ry as an ac idulan t .  Th is the s is is the result o f  tha t  

s tudy . 

Excep t  whe re s tated specifically in the text o r  Acknowledgement s ,  

a l l  experimen tal work and chemical and phys ical analyses  were carried 

out by the candi date p ersonally . 

Where the p ublished work o f  o thers has b een used , i t  is  acknow­

ledged in the text by the quotation o f  the authors ' names and the 

date of  pub l icat ion . All cited work is listed  in (alphab e t ica l )  

o rder of  t h e  first  author's names i n  the Ref e rence section . 



CHAPTER 1 

INTRODUCTION 

Citric acid is  one o f  the mos t  commonly used organic acids in 

the food and pharmaceutical indus t ries , because o f  its ease of 

assimilat ion , palatab i l i ty and low toxicity .  New Zealand spends a 

cons i derable amoun t  o f  money every year t o  import this valuab le 

organic acid . Table 1. 1 shows the citric acid import figures for  

the period 1976 to 198 2  (New Zealand Department o f  Statist ics , 

Impo rts , 19 76 - 198 2 ) . 

1 

Overseas , citric  acid is produced commercially by fungal 

fermentat ions of sugar solut ions such as molas s es , but for various 

reasons the use of molasses for produc tion of c itric acid in New 

Zealand is  imprac t icable . I f  c itric acid is to  be produced in New 

Zealand in commercial quant i ties , a suitable indigenous raw material 

mus t  be found . One pos s ibility is whey . 

TABLE 1.1 CITRIC ACID IMPORTS INTO NEW ZEALAND FROM 1976 TO 1982. 

Year 

197 6  - 19 7 7  

19 7 7  - 197 8  

1978  - 19 7 9  

1979  - 1980 

1980 - 198 1  

198 1  - 1982 

Quantity 
(Kg) 

1, 100 , 000 

7 35 , 000 

1, 115 , 039 

890 , 805 

653 , 391  

999 , 07 6  

Value 
(NZ$) 

1, 400 , 000 

1, 300 , 000 

1, 3 14 , 886 

1, 287 , 566 

1, 201, 367  

1, 799 , 6 7 9  



2 

Whey is a by-product  o f  the dairy indus t ry produced during manu­

facture o f  cheese and casein . In the pas t ,  its  d isposal presented a 

prob lem to  the indus try as i t  was cons idered a was te material . More 

recen t ly ,  however , two maj or uses have been found . Firs t ,  the whey 

can be sub j ected to ultra- filtrat ion to recover the soluble protein 

as a valuable pro duc t .  The remaining l iquor containing all  the 

original lactose (4  - 5 % )  and minerals can then be disposed of by the 

second method , namely spray- i rrigat ion on pas tures , a process which 

helps to maintain fert ility . An es timate  of the volume of whey pro­

duced and the volume processed for the year 1982  - 83 dairying season 

in New Zealand is presented in Table 1 . 2  (Hobman , P . , N . Z . D . R . I . , 

personal communication , 1982 ) . 

TABLE 1 .  2 AN EST I MATE OF THE VOLUME OF WHEY PRODUCED AND THE VOLUME 

PROCESSED FOR THE 1 982 - 83 DAI RY I NG SEASON I N  NEW ZEALAND. 

Quant i ty ( tonnes)  

Volume o f  whey produced (m
3

) 

3 
Volume o f  whey used (m ) for :  

Whey cheese 

Whey powder 

Lactose 

Whey protein 
extraction only 

Whey protein extra c tion 
plus lac tose utilization 

Miscellaneous 

Total 

Percentage of whey par tially 
or t o tally processed  

Percentage o f  whey not p ro cessed 

CHEESE 

120 , 000 

912 , 000 

2 , 600 

100 , 000 

3 7 3 , 000 

60 , 000 

500 

5 36 , 100 

5 9  

41 

Base Product 

CASEIN 

5 7 , 000 

1 , 480 , 000 

108 , 000 

29 3 , 000 

3 7 1 , 000 

7 7 2 , 000 

52  

48 
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Overseas , i t  has been shown that whey permeate has po tential  as 

a raw material for product .ion o f  various materials by fermentation . 

These include the use o f  whey permeate as a sub s t rate for the pro­

duction of yeas t (Wasserman et a l . ,  1958 ; Was serman , 1960 ; 

Wasserman e t  a l . ,  1 96 1 ;  Amundson , 196 7 ;  Berns tein and Everson , 

1974 ; Moulin and Galzy , 1976 ; Berns tein and Tzeng , 19 7 7 ) , ethanol 

(Rogosa e t  a l . , 1947 ; O ' Leary e t  a l . , 19 7 7 a ,  b ;  Moulin e t  a l . , 

1980) , a lcoholic beverages (Mann , 19 7 2 ; Hols inger et al., 1974 ; 

Palmer , 1978) , ammoniated organic acids (Gerhardt and Reddy , 19 7 7 )  

and microbial polysaccharides (Charles and Radj a i , 197 7 ) . Two recent 

reports refer to the produc tion of citric acid from whey permea te 

(Chebo t arev e t  a l . , 19 7 9 ;  Somkuti and Benc ivengo , 1981) . 

The work described in this thes is was undertaken to invest igate 

the feasib ility o f  using lactic  casein whey permeate as an alter­

native s ource of raw material for the product ion o f  citric acid by 

fermentation . 



2 . 1  INTRODUCTION 

CHAPTER 2 

PRODUCTION OF CITRIC ACID 

BY FERMENTATION 

4 

Citric  acid , a tricarboxyl ic ac id , was f irs t isolated f rom l emon 

j uice and c rystall ized as a solid by Scheele in 1784. I t  is found as 

a na tural cons tituent o f  citrus frui ts , pineapples , pears , peaches , 

figs and o ther fruits and tissues . Until  the early par t  o f  this century , 

commerc ial c i tric acid was produced mainly from lemon j uice . Today 

most of the c itric acid used in food and o ther industries comes from 

fungal fermentat ions , using chiefly cane or beet molasses  as a source 

of carbohydrate . The est imated produc t ion in the major  c it ric acid­

produc ing countries is shown in Tabl e  2.1 ( Ka poor et a l . ,  1982). 

Among the c itric acid-producing countries , the United S tates is 

by far the l argest  producer . The two maj or companies involved are 

Miles Laboratories , Inc . (Elkhart , Indiana) and Pfizer , Inc . (New York, 

N . Y . ) .  Other important  manufac turers include : 

( a )  John and E .  S turge , Ltd , B irmingham , England . 

( b )  Joh . A .  Benckshiser , GmbH ,  Ludwigshafen/Rhein , West Germany . 

( c )  Citrique Belge , Tienen , Belgium .  

( d )  Rhone-Poulenc S . A . , Pari s , France . 

( e )  S an Fu Chemical Company , Ltd , Taipei ,  Republic  o f  China . 

C i t r ic ac id is  used for a variety o f  purposes . About 70% o f  that 

produced is used in the food and beverage industry , about 12% in 

pharmaceut icals and about 18% in o ther industrial app lications 

(At t icus , 1975). Citric acid is employed as an ac idulan t in the food 

and pharmaceutical industries and it f inds extensive use in the 

product ion of carbonated beverages as a flavour enhancer and preser­

vat ive. The chemical and cosmet ic industries also use c it r ic acid 
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TABLE 2.1 EST I MATED PRODUCT I ON OF C I TR I C  AC I D  BY VAR I OUS COUNTRI ES 

<KAPOOR et a l . ,  1 98 2 ). 

Coun t r ies 

Wes tern European countries , 

United Kingdom , France , Netherland s , 

Belgium , Aus t r ia ,  West Germany and 

Ireland 

*U . S . A .  

U . S . S . R . 

Canada 

Japan 

Czechoslovakia 

Aus t ralia 

Poland 

Developing coun tr ies 

Israel 

Others 

Est imated Produc t ion 
( Tons/year) 

1 00 , 000 

128 , 000 

20 , 000 

1 0 , 000 

7 , 000 

4 , 000 

3, 000 

2 , 250  

1 2 , 000 

4 , 000 

16 , 000 

* Department of Trade and Indus tries , Well ington , New Zealand , 

1 982 (personal communicat ion) . 
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because o f  its  sequester ing and plast iciz ing properties ( Meyrath , 

1967). Other indus trial appl ications incl ude the treatment of  boiler 

water , me tal pla t ing , detergent formulation , tanning and textiles . 

A massive l it erature exists  regard ing c i t r ic ac id product ion by 

fermentation . In the last 20 years more than 450 reports have been 

published and they have originated from various parts of the worl d , 

test ifying to the world-wide interest in this chemical . However ,  

many comprehensive reviews have been published (e . g .  Loesecke , 1945; 

Fos ter , 1949; Perlman and S ih ,  1960; Lockwood and Schwe iger , 1967; 

Smith et al . , 1974; Lockwood , 1975; Berry e t  a l . �  1977; Miall , 

1978; Kapoor e t  al.�  1982). S ince thes e  authors have adequately 

covered the work performed over the last  50 years , no attemp t w i l l  

be made here t o  give a detailed review o f  the literature . Thus , this 

chapter at tempts  only to highlight those fac to rs which have been 

shown to be impo rtant in the fermentat ion process . 

2 . 2  H ISTORY 

The history o f  c i tric acid produc t ion from fungi has been exten­

sively reviewed by Fo s ter (1949) and Mia l l  (1975). However , the 

development of a fermentat ion process for the produc tion of c it r ic 

acid may be d iv ided into three phases ( Perlman and Sih , 1960). 

The f irst phase was begun by Wehmer (1893), who reported on the 

use of Penici l lium lacteum and MUcor piriformis for the produc t ion o f  

c itric acid when grown o n  the surface o f  med ia containing carbohydrate 

and inorganic sal t s .  The manufac ture of c i t r ic ac id by this process 

was attempted at  a factory in Thann , Alsace , which started up in 

1893, but was abandoned ten years later , because of many d i f f icul t ie s  

includ ing degenerat ion of the organism , contamination ,  long fermentation 

times and high costs . However , Wehmer d id l ay the ground work out o f  

which a l l  microbial c itric acid manufac turing processes later developed . 

The s econd phase , surface fermentation us ing Aspergi l lus niger� was 

the resul t of Currie's res earch, first  repor ted in 1917 ( Perlman and 

S ih ,  1960). He was the f irst  to ment ion the importance of us ing pure 

reagents in the fermentation medium to  obtain increased yields . He 



7 

j o ined Chas . Pfizer and Co . Inc . in B rooklyn , New York , and was 

partly responsible for  the development o f  a c i tric acid process in 

this company , which was first  operated on a commercial scale in 1923. 

The modern phase began with Perquin's thesis  in 1938 and resul ted in 

a shif t  of interest f rom surface culture to large-scale submerged 

culture vessel s .  Surface cul ture methods con t inued to be used for 

many years but now appear to have been replaced by the more e f f ic ient 

submerged cul ture me thods . Details o f  the surface culture method 

have been adequately reviewed by Prescott  and Dunn (1959) and submerged 

cul ture methods have been reviewed by Smith e t  a l .  (1974). 

2.3 C I T R I C  AC ID-ACCUMULAT ING ORGAN ISMS 

Accumulat ion o f  c i tric acid is widespread among different groups 

of fungi ,  especially the genera Aspergi l lus and Penici l lium . The 

various stra ins of Aspergi l lus and Penici l lium used by many investi­

gators for  citric acid produc t ion have been adequately reviewed by 

Loesecke (1945), Foster  (1949) and Perlman and S ih (1960). However , 

i t  is apparent from the l iterature reports that only selec ted s t ra ins 

of Aspergi l lus niger are used commercially for the product ion o f  

c i tr ic acid . 

I t  is  now wel l  document ed that some yeast s  are also capable  o f  

accumulating c itric ac id together with considerable amounts o f  iso c i t r ic 

acid . Suitable carbon sources include glucose , molasses , various 

alcohol s , acetate ,  fatty  acids and n-para f f ins . An extens ive review 

in this regard has been publ ished by Kapoo r  e t  a l .  (1982). Of the 

various yeas ts s tudied , the genera Candida and Saccharomycopsis appear 

to  be the mos t  useful , part icularly when us ing paraffins as substrate . 

Bac teria such as Baci l lus licheniformis3 Baci l lus subti lis and 

Brevibacterium flavum have also been shown to accumulate c itric acid 

when grown in med ia con taining glucose , iso c i t r ic acid or hydrocarbons 

( Kapoo r  et a l. 3  1982). 



2 . 4  FACTORS AFFECTING ACCUMULATION OF CITRIC ACID BY A .  niger 
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There are a number o f  factors that affect  the accumulation o f  

c i tric acid b y  A .  niger when grown i n  a carbohydrate-containing medium. 

This sect ion a ims to  summarize the present knowledge , rather than 

p rovide a comprehensive l it erature survey . 

2 . 4 . 1  B I OCHEM I STRY 

Al though many theories have been put f orward to explain the 

accumulation of c itric acid by A. niger in carbohydrate-contain ing 

med ia ( e . g .  Perlman and S ih ,  1960 ; Meyrath , 1 9 6 7 ) , there is s t il l  

n o  s ingle hypothesis which fully explains the optimum physiological 

cond i t ions required to  obtain h igh yields ( Smith e t  a Z . , 1 9 7 4 ) . It 

i s  generally accepted that the final s tep in the synthesis  of citric 

a c id is the c ondensat ion of acetyl-CoA and oxaloacetic acid (Figure 2 . 1 ) ,  

and this condensat ion is  the maj or route o f  c it r ic ac id synthesis  

(Kapoor  e t  a Z . , 1982) . There exist , then , two problems to be  solved . 

Firs t , the reason why c it r ic acid accumulates rather than being 

metabo l ized . Secondly,  the source o f  oxaloacetic acid , s ince accumu­

lat ion o f  c i tr ic acid imp l ie s  some disturbances in the normal operation 

of the TCA-cycle , prevent ing product ion o f  oxaloacetic acid by this 

r oute . 

Shu e t  a Z .  ( 1 954)  s tudied the mechanism o f  c i tric acid format ion 
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b y  A .  niger using a med ium c ontaining glucose- l - e  a s  the sole  

source of carbon . As a result of  mathematical analysis o f  their  data , 

t hey concluded that 37-40% o f  the to tal citric acid was formed from 

c4 -dicarboxylic acid which had been pro duced via the TCA-cyc l e . In 

c ontras t ,  Bomstein and Johnson ( 1 95 2 )  and Cleland and Johnson ( 1954)  

d emonstrated that very l ittle  c
4

-dicarboxylic acid was produced via 

the TCA-cycl e  when the conditions o f  fermentat ion were such as to give 

50-70% yield s  o f  citric ac id . Cleland and Johnson ( 1954) , using 

radiolabel l ed glucose as substrate , concluded that glucose was f irst  

s pl i t  into  two c
3 fragments (pyruvic acid)  followed by the forma t ion 

of a c
2 

fragment ( acetyl-CoA) by decarboxylation and a c
4 

f ragment 

( oxaloacetic  acid) by carboxylation . These two fragment s  then 

c on densed t o  form citric acid.  
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Subsequen t l y ,  the enzymes phosphoenol pyruvate carboxykinase and 

pyruvate  carboxylase were demonstrated to be a c t ive during c itric acid 

product ion (Woronick and Johnson , 1960; Bloom and Johnson , 1962). 

In addi t ion , Verhof f  and Spradl in (1976) reported that pyruvat e  

carboxylase , isocitrate  lyase and oxaloacetate hydrolase were act ive 

in A .  niger during oxalic acid and c itric acid produc tion . Thus , much 

evidence exist s  that a maj or source o f  oxaloacetic acid during citric 

ac id accumulation is via a carboxylat ion of a c3 f ragment . 

There are a number o f  reports in the literature concerning the 

involvement o f  some TCA-cycle enzymes in citric acid accumulat ion . 

Three key enzymes that have been examined in d e tail are aconitase and 

both NAD- and NADP-linked isocitric dehydrogenase . Ramkrishnan et a l .  

(1955) repo r t ed that c itric acid accumulated because of the d isappearance 

o f  aconitase and isoc i t ric dehydrogenase , but i t  was no t stated which 

isocitric dehydrogenase was examined . They further demons t ra ted that 

during c itric acid accumulat ion the activity o f  condensing enzyme 

increased tenfold and that the accumulated c it ric acid inhibited the 

activity o f  iso c i tric dehydrogenase . In contras t , La Nauz e  (1966) was 

able to demonstrate the presence o f  aconitase and both NAD- and NADP ­

l inked isoc itric dehydrogenase during the citric acid accumulation 

phase , al though in lower activity when compared with the ini t ial 

growth phase of the fungus . However , on considering these two reports , 

a maj or defec t is  apparent in the repo r t  of  Ramkrishnan e t  a l .  (1955). 

These authors failed to ment ion the procedure o f  cell-free extract 

preparat ion , no r did they ment ion any precaution to avoid enzyme 

inac tivat ion during preparat ion . I t  seems possible that the observed 

comple te d isappearanc e  of these enzymes could have been the resul t o f  

enzyme inac t ivation during preparat ion . Fur thermore,  the presence o f  

these enzyme ac t ivit ies during c it r ic acid accumulation has subsequently 

been repo rted by many investigators . Ahmed et a l .  (1972) re-examined 

the role  o f  the TCA-cycle during citric  acid accumulation , s tudying 

in part icular , mitochondral funct ion , TCA-cycle enzymes and also 

intermediates of the TCA-cycle . They demonstrated that certain TCA­

cycle enzyme activit ies , e . g .  the c itric ac id condensing enzyme , 

aconitase and both NAD- and NADP-l inked iso c i tric dehydrogenase , 

were as high during the product ion phase as during the growth phase 
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o f  the ferment a t ion . The presence o f  TCA-cycle intermediates , as 

d emonstrated by Ahmed (1970), gave no suppor t  to the concept that the 

TCA-cycl e  is completely b locked during c i tric acid accumulation . 

The activities o f  aconitase , bo th NAD- and NADP-linked isoc itric 

dehydrogenase and citrate syn thase (condensing enz yme) were s tud ied 

in cell- free extract s  of A .  niger during c itric product ion by Szczodrak 

(1981). He reported that during intens ive c itric acid accumulation , 

the ac t ivities o f  aconitase and bo th NAD- and NADP-l inked i soc itric 

dehyd rogenase decreased s ignif icantly,  al though they did not d isappear 

completely , c ompared with their ac t ivities during the mycel ial growth 

phase . Citrate synthase ac t ivity was repo rted to be maintained a t  

a lmo s t  the same level over the entire fermentation period or increased 

s l ightly . 

There are some repo rts ind icat ing a blockage of the TCA-cycle 

at the step of 2-oxoglutarate dehydrogenase . Kub icek and Rohr (1977, 

1978) were unable to detect this enzyme in the cell-free extrac t 

o f  A .  niger during c itric acid produc tion on a sucrose-based synthetic  

medium,  al though they detec ted the presence o f  aconitase and both NAD­

and NADP-linked isocitric dehydrogenase throughout the period o f  c itric  

acid ac cumulat ion . They concluded that the  accumulation o f  c itric acid 

occurred due to blockage of the TCA-cycle at  the s tep of 2-oxoglutarate 

dehydrogenase . Conversely , the presence o f  this enzyme in the cell­

free extract o f  A .  niger was reported by Muller and Frosch (1975) 

during citr ic acid degradat ion . 

Kubicek and Rohr (1981), after their extensive study regarding the 

phys iological aspects  of the c i tric ac id fermentat ion , suggested that 

the following metabolic  event s  are responsible for c itric acid accumu­

lat ion by A .  niger: ( a ) excess ive catabolism o f  glucose via the hexose 

monophosphate  pathway due to poor regulat ion at  the phosphofruc tokinase 

and pyruvic kinase step , (b ) uninfluenced rate o f  citric ac id forma t ion 

by poorly regulated c itrate synthase ,  ( c ) incomplete operat ion of the 

TCA-cycle due to repress ion of 2-oxoglutarate dehydrogenase by glucose 

and NH4+ ions and inhibi t ion of isocitric dehydrogenase and succ inic 

dehydrogenase by several metabolites , and ( d ) anaplerot ic format ion o f  
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oxaloaceti� acid by cons titutive , weakly-regulated pyruvate carboxylas e .  

I n  summary , then , there i s  s t il l  some uncertainty with regard to 

the operation o f  TCA-cycle during c itric acid accumulat ion . 

2 . 4 . 2  GENET I C  COMPLEMENT OF ORGAN I SMS 

S trains of A .  niger vary considerably in their abil ity to produce 

citric acid and to  excrete it into the fermentation medium .  This  

sugges t s  dif ferences in  their gene t ic complements . Furt hermore , 

substantial increases in the abil ity o f  a part icular strain to produce 

c itric acid have been achieved by gene t ic manipulation , usually by 

induced mutat ion ( Gardner et a l . ,  1956; Imshenecky e t  a l . , 1960; 

Mi1 l is e t  a l . ,  1963; Scherbakova , 1963 , 1964; Ilczuk ,  1968; 

Scherbakova and Lanskaya , 1971; Somkut i  and Benc ivengo , 1981) .  However , 

little  is known o f  the exact nature of such mutations a t  the biochemical 

level . Das and Nand i (1965b ) made the general s tatement that the 

increased citric acid produc t ion is due to favourable changes in enzyme 

ac tivi t ies , but provided no specific examples . 

The idea o f  treat ing microorganisms with various mutagens ( e . g .  

UV l ight , X-rays and chemicals)  and to search for improved mutants 

among the surviving progeny has now been recognised as the best  means 

to isolate strains with improved yields of c itric acid . Kresling and 

S tern (1935) first  reported mutants  of A .  niger producing remarkab ly 

more citric acid than the parent s train . They used UV l ight and 

radium as mutagens , but the prac t ical implica t ions of these observations 

were no t realized unt i l  1945, when Demerec (1945) reported a new mutant 

of Penici l lium no tatum x- 162 showing improved yields of penic illin in 

comparison with the parent s train .  S ince this observa t ion , the process 

of  induced mutation and strain select ion has b een used in improving 

the y ield of various metabol ic produc t s . 

One difficul ty in screening mutants for better c itric acid product ion 

is the lack of a precise and quick method by which improved s t rains can 

be easily selec t ed . Agar plates with nut rient med ia containing an 

acid /base indicator have been used for p reliminary screening o f  survivors . 
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This method is , however not very prec ise . James e t  a l . ( 1 9 5 6 )  

developed a technique f o r  the isolation o f  high acid-yielding mutants 

of A.  niger by growing them on paper d isks soaked in a medium conta in ing 

molasses , sal t s  and bromcresol green . They reported that the colonies 

which developed on the paper d isk wer e  s imilar to those on agar with 

r espect to  colour , spo rulat ion and aerial growth .  The acid-yield ing 

c apac ity of d i f fe rent colonies was determined by dividing the d iame t er 

o f  the ac id z one b y  the d iameter o f  the colony . The figure so obtained 

was called ' acid unitage ' . Several advantages of this paper cul ture 

technique over the usual agar-containing media were c laimed , e . g . , 

colonies grow compac tly on pape r  cul ture , with d iameters o f  less than 

2cm after 4 days and the diffus ion o f  ac id me tabolic produc t s  is s imi­

larly restric ted . Thus , they further claimed , i t  is pos s ible to 

cul t ivate  on the same sur face area many more colonies than would be 

accommodated on agar med ia . Despite the se claims , however , this me thod 

appears to be very t ime consuming in respect of inocula t ion procedure , 

when thousands o f  isolates are to be examined . 

Gardner et a Z . ( 1 956 )  ob tained mutan t s  o f  A .  niger us ing mul t iple 

X-ray and UV irrad iat ion and the bes t mutant was isolated by the paper 

cul ture technique . They repor te� that this mutant gave a s ixfol d  

higher yield o f  c itric ac id than the parent strain i n  submerged 

cul ture using mol asses as raw material . S imilarly using UV irradiat ion , 

Mill is e t  a l .  ( 1 9 6 3 )  screened about 40, 000 colonies and iso lated one 

which produced fourfold more c itric ac id than the parent s t rain in 

shake-flask cul ture , us ing a sucrose-based synthet ic medium . Das and 

Nandi ( 1 969a , b )  by successive mut a t ions with different mut agenic 

agent s  ( e . g .  UV , gamma rays and nitrogen mus tard) obtained a mutant 

of A .  niger which gave four t imes more c it r ic acid than the parent . 

Similar increase s  in yields by success ive mutation have been reported 

by o ther investigators (e . g .  Sharma , 1 9 7 3; Banik , 1 9 7 5 ) . 

Somkuti  and Benc ivengo ( 1 98 1 )  attemp ted to isolate a mutant 

which produced more citric acid from whey permeate by t reating the 

spore suspension with N-me thyl-N-nitroso-N-nitroguanid ine (NTG) . 

They ob tained a mutant cul ture which produced 28 g/1  c itric acid 
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compared with 1 0  g/1  produced b y  the paren t  in the lactose-supplemented 

acid-whey permeate . 

Besides induc t ion o f  mut a t ion , s t ra in improvement in A. niger 

by soma t ic recomb ination and polyploidizat ion has been attempted , but 

without  much success (Kapoor et a Z . , 1 98 2 ) . 

From all these ob servat ions it can be conc luded that al teration o f  

the genet ic complement b y  induced mut a t ion can lead to much improved 

produc t ion of c itric acid . No doub t ,  industrial laboratories have also  

used such techniques , but  have not published their  resul ts . 

One problem that is always assoc iated with c it ric acid produc t ion 

by A .  niger is the maintenance of cul tures . There are several reports  

o f  the almo s t  complete loss by  a cul ture o f  the ac id-produc ing ab ility 

which originally characterized it , without a no t iceable change in 

growth rate (Yuill ,  1 9 5 3a , b ) . The reasons for this are s t ill 

unclear . However , it  has been sugges ted that  such degenerat ion is 

p robably due to spontaneous mutations occurring during repeated 

subcul turing of the fungus , especially in synthetic  med ia (Chrzaszcz 

and Zakomorny , 1 9 38) . I t  has been reported that such degenerat ion 

can be avo ided by preserving cul tures under a layer of mineral oil , 

by maintaining a dispers ion o f  spores on sterile soil stored at  low 

temperature (Yuill ,  1 9 5 3a) , by freeze-drying methods (Mahritra and 

Hesseltine , 1958)  or by periodical re-isolat ion from single spores 

and s torage at  low temperature ( Chrzaszcz and Zakomorny , 1 9 38 ; 

Rohr e t  a Z . 3 1 9 79 ) . 

2 . 4 . 3  ENV I RONMENTAL FACTORS 

Much contrad iction exis ts in the l i terature regarding the effects  

o f  different environmental factors on c itric acid produc t ion . Poss ib ly , 

this can be  explained because different workers have used ( 1 ) diff­

erent strains o f  organism,  (2 )  dif ferent media and (3 )  d ifferent sources  

o f  nutrient chemicals , possibly contaminated by d if ferent level s  of  

trace elements .  Also , i t  mus t  be borne in mind that the various 

environmental factors can interact with each o ther . Henc e , the 
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following sect ions a t t emp t t o  summarize those factors which are known 

to be importan t . 

2 . 4 . 3 . 1 Form o f  Growth 

When f ilamentous fungi are grown in submerged culture the 

type of growth varies from the 'pellet ' form ,  cons isting of a compac t 

discrete spherical mas s  of  hyphae , to the 'filamentous' form in which 

the hyphae form a homogenous suspens ion d ispersed through the med ium . 

The pellet mode o f  growth is  generally believed to be desirable  in 

the c itric acid fermentat ion and its forma t ion depends upon the fungal 

spec ies , the s ize of the inoculum,  the growth medium and the phys ical 

environment wi thin the cul ture vessel e . g . pH , aeration and agita t ion 

(Whitaker and Long , 1973). However ,  it is no t clear whe ther it is 

the pellet form per se which is important fo r citric acid product ion , 

o r  whether the environmental cond it ions caus ing pellet format ion 

c oinc iden tally favour c itric acid produc t ion . 

Schweiger and Snell (1949) developed a med ium in which A .  niger 

grew in the form o f  small pellets , averaging 0. 1mm diameter , which 

were composed of sho rt stubby , forked bulbous mycelia . They suggested 

that this type of pellet was desirable  for  c itric acid produc t ion because 

the sl ime forming tendenc ies of  the fungus were eliminat ed and aerat ion 

was more eas ily achieved . Carilli e t  a l. (1961) observed that the 

filamentous form o f  A .  niger reduced the oxygen level in the med ium to 

zero a fter 15 hours of  fermentat ion . When the fungus was induced to 

form pellet s ,  the v iscos ity of the suspension was cons iderabl y  lower 

and the oxygen level considerably higher . They concluded that the 

pellet form of growth was essential to maintain an excess of oxygen 

in the cul ture med ium and hence achieve higher yields o f  c it r ic a icd . 

Clark e t  al. (1966) reported that f ilamentous growth o f  A .  niger has 

l ittle  capac i ty to  produce c itric acid and its occurrence has always 

resul ted in poor yields . They further demonstrated that manganese ions 

induced filamentous rather than pelle tal g rowth during submerged 

cul t ivation . 



Heinrich and Rehm ( 1 982)  stud ied c itric acid produc t ion from 

A .  niger in bo th shake-flask cul ture and in a s tirred fermenter . 

They obtained higher c itric acid yields in the shake-flask than in 

the s tirred fermenter cul ture . The reason given for the d i ff erence 

in the yields was the dif ferent modes o f  growth in shake-flask 

cul ture ( pe l let-like) and in the s tirred fermenter ( filamentous ) .  

They concluded that the filamentous growth in the fermenter was due 

to manganese ions contaminat ion o f  the medium from impuri t ie s  in the 

s tainless  s teel parts . 
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The reader i s  re ferred t o  the review o f  Whitaker and Long ( 1 9 7 3 )  

f o r  further informat ion regarding the importance o f  the pellet  form 

o f  growth for c i tric acid produc t ion . However , it does appear that 

the favourab le e f fec t o f  the pellet  form on c i tric acid produc t ion 

may be via an e f fec t on aerat ion effic iency . Thus , fac tors such as 

manganese ions which are known to be detrimental to citric acid 

produc t ion may ac t through their e f fec t on fungal morphology . 

2 . 4 . 3 . 2  � 
The maintenance of proper ac id ity o f  the fermentation 

med ium is impor tant for successful produc t ion of c i tric acid . A low 

pH favours c it r ic acid accumulat ion ( and coincidentally minimizes the 

danger of contamina t ion) , while a high pH favours the product ion o f  

oxalic ac id ( Prescott  and Dunn , 1 95 9 ) . In general , the best  c itric 

ac id-produc ing strains po ssess the greatest tolerance o f  acidic condi­

t ions , but the mos t  favourable pH will  depend largely on the fungal 

strain used (Loesecke , 1 94 5 ) . Berry et a l .  ( 1 9 7 7 )  have sugges ted 

that the mos t  favourable pH value is between 2 . 0  and 3 . 0 . A higher 

pH is favoured during the initial s tages of fermentation s ince this 

fac ilitates mycel ial growth ; thereaf ter the pH drops during the 

fermentat ion as the c itric ac id accumulates in the medium .  

Shu and Johnson ( 1 948b) demons t rated that the ini t ial  p H  value 

o f  a sucros e-based synthetic medium influenced the rate o f  c i tric 

acid produc t ion in submerged cul ture . They observed that a t  low pH 

( 1 . 7 ) bo th growth and acid product ion were greatly retarded . They 



obtained the highest yield at pH 3 . 7-4 . 2 .  Banik ( 1 975)  adj us ted the 

pH of a sucrose-based synthetic med ium to 2 . 0 ,  2 . 5 ,  3 . 5 ,  4 . 0 ,  4 . 5  

1 7  

and 5 . 0  and found that the optimum ini t ial pH for the produc t ion o f  

c itric ac id was 3 . 5 .  However ,  i t  h a s  been sugges ted that the optimum 

init ial pH varies depending upon the nature o f  the substrate ; pH 

value 2 . 5-4 . 0  is opt imum for defined media and an initial pH o f  6 . 0-

7 . 5  is required in molasses medium ( Be rry e t  a Z . , 1 9 7 7 ) . 

2 . 4 . 3 . 3  Temperature 

Temperature is an impo rtant  fac tor in the control of c i tric 

acid produc t ion by A. niger . The temperature used will  depend in part 

on the o rgan ism and the fermentation conditions . The optimum temper­

a ture range of 28-30°C has been proposed for high yields and rapid 

rates of  accumulat ion ( Presco tt and Dunn , 1 9 5 9 ) . Increas ing the 

t emperature above 30°C has been found to dec rease the c i tr ic ac id 

yield and inc rease oxal ic acid accumulation (Doelger and Presco t t , 

1 934) . The importance o f  the incubation temperature in determining 

the yield of c i tric acid has been emphas ized by many inve s t igators 

( for example , Kitos e t  a Z . , 1 9 5 3 ; Mar t in ,  1 9 5 7 ) . 

2 . 4 . 3 . 4  Aerat ion 

Citric ac id is an oxidat ion produc t of a hexose sugar , and 

therefore , it is necessary to ensure a supply o f  oxygen beyond that 

required for growth dur ing the product ion o f  c i tric ac id under submerged 

cul ture cond it ions . 

Karow and Waksman ( 1 94 7)  ob tained maximum yields o f  c itric acid 

when pure oxygen rather than air was suppl ied to the culture s . They 

concluded that oxygen is a l imi t ing factor in the produc t ion o f  c itric 

acid in submerged fermentat ion and if not suppl ied in suf f ic ient 

amounts , alcohol will be formed and accumulate . 

Buelow and Johnson ( 1 952)  s tudied the e f fect  of aerat ion on c i tric 

ac id produc t ion from a sucrose-based synthet ic medium in 5 0-gallon 

tanks . They found that an increase in aerat ion rate from 0 . 9  to 3 . 5  

mill imoles  o f  oxygen per litre /minute , obtained by increas ing agitation 
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speed , result ed in decreasing the fermentat ion t ime b y  approximately 

40 hours and increasing the yield from 5 5  to over 80% (based on 

utilized sugar ) . 

Kovat s  and Gackowska (1976) have reported that interrup t ion in 

aerat ion durin g the fermentat ion adversely a f fects  c itric acid produc t ion . 

S imilarly Kubicek e t  a l .  (1980) repor ted that a short  interruption o f  

aerat ion (20 minutes)  did no t reduce the v iab i l i ty o f  the fungus but 

resulted in a complete and irreversible loss o f  abil ity to produce 

c itric acid . They also reported c r i t ical DOT values of 18-21 and 

23-26 mbar for the growth and produc t ion phases , respec t ively . The 

minimum DOT for c i tric acid produc t ion was about 25 mbar and produc tion 

inc reased s teadily be tween 40 and 1 50 mbar . The e f fect o f  DOT on the 

vo lume tric rate o f  oxygen consump tion and citric acid produc tion o f  

A .  niger i s  shown in Tab le 2 . 2 ,  acc o rding to these authors . Thus , 

they conc luded that c itric acid accumulat ion is favoured by inc reas ing 

the DOT o f  the fermentat ion med ium and tha t any interruption in aerat ion 

adversely af fec t s  citric ac id produc tion . 

2 . 4 . 3 . 5  Carbohydrate S ource 

In much of the early wo rk on citric ac id produc t ion , pure 

sugars ( sucrose or glucose ) were used as a source of carbon , but in 

present commerc ial practice the raw material is primar ily beet molasses 

or cane molasses . 

The concentrat ion of carbohydrate material affects the yield o f  

c itric acid ob tained (based o n  sugar util ized) . Currie (19 17) and 

Doelger and Prescott (19 34) found a sucro se concentrat ion o f  100 g/ 1 ,  

in a syn thetic medium, to be satisfac tory . Forges (1932) repor ted that 

1 20-200 g / 1  sugar solutions wer e  necessary for higher c i tr ic acid yields , 

because in weak (SO g/ 1 )  solution the sugar was used as an energy source 

for growth and as a resul t less  ac id could be formed . 

During ci tric acid produc t ion from whey permeate , Somkut i  and 

Bencivengo ( 1 98 1 )  reported that maximum c itric ac id yields were influenced 

by the ini t ial lac tose concentra t ion . They obtained their highest  yields 
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EFFECT OF D I SSOLVED OXYGEN TENS ION < DOT> ON THE 

VOLUMETR I C  RATE OF OXYGEN CONSUMPT I ON ( d0
2

/ d t ) 

AND C I TR I C  AC I D  PRODUCT I ON ( dC IT/d t )  OF A .  niger 

< KUB I CEK et a l . , 1 980 ) 

Vo l ume t r ic rates  are given in �mo l / 1 /min. The age o f  
culture was 150 hours. 

DOT (mbar)  d0
2

/ d t  dCIT/ d t  

159 106 32 

132 102 28 

93.5 90 23 

80 21 

so 85 14 

39 9 

32 7 4  3 

18 63 0 

8 57 0 

5 43 0 
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when the initial lac tose concentra t ion was adj us ted to 150 g / 1 . 

In current commercial p roduc t ion o f  citric acid from molasses , 

usin g  the submerged process , the concentrat ion o f  sugar in the med ium 

is u sually adj usted to  160 g/1  (Berry et a l . , 197 7 ) .  

There  is very l i t tle  comparative informa t ion availab le in the 

l i t e rature in re spec t o f  cit ric acid produc t ion from dif ferent sugar 

sources . Arnelung (192 7 )  obt ained ci tric acid in var ious concentrat ions 

when glycerol , xylose , arabinose , glucose ,  fruc tose , galac tose , mannose 

and mannitol were used in a synthetic med ium in surface cul ture . He 

repo rted that in comparison with other sugars ,  very little  ci tric ac id 

was obtained f rom galac tose . A similar report was published by Noguchi 

(196 2 ) ,  using data f rom shake-flask cul ture . In a comparat ive s tudy 

with d i f ferent carbon sources for citric acid produc t ion in surface 

culture , Bernhauer (1928) obtained variabl e concentrations o f  c itric 

acid . The results  o f  his experiments are summarized in Table  2.3 

according to Fo ster (1949 ) .  Bernhauer considered that the fructose 

por t ion o f  the sucrose molecule was much more effic ient in generat ing 

c it ric acid than f ree fruc tose . Similarly Doelger and Prescott  (1934 ) 

obtained higher yields  from sucrose than from ei ther glucose o r  

fruc tose , and concluded that the relative proportions o f  the two mono­

sacchar ides was important . 

It is apparent f rom the lit erature reports  that various crude 

carbohyd rate sources have been used to produce cit ric acid using 

selected st rains of A. niger , e . g . bee t molasses ( Gerhardt e t  a l . ,  

194 6 ;  Mar t in and Waters , 1952 ; Cl ement ,  1952 ; Steel e t  a l . ,  1 955) , 

cane molas ses (Perlman et a l . ,  194 6, Moye r ,  1954; Gaden et a l . ,  1954 ) ,  

unrefined sucrose ( Gardner e t  a l . ,  1956 ) ,  sugar cane j uice (Divekar 

et al . ,  197 1 ) ,  po tatoes (Masior , 1968) ,  brewery waste (Hang et a l . ,  

197 7 ) ,  cheese whey permeate ( Chebo tarev et a l . ,  1979) and lactic 

casein whey permeat e  ( Somkuti and Benc ivengo , 1981 ) . Further , these 

report s  suggest  that pretreatment o f  these c rude carbohydrates is 

essent ial to  reduce the excessive metal ion content s  which are reported  

to have detrimental effec t s  on  citric acid product ion . Thus , various 



TABLE 2.3 C I TR I C  AC I D  Y I ELD FROM D I FFERENT CARBOHYDRATES 

< FOSTER , 1 94 9 ) .  

Carbohyd ra te 
Ave rage Highes t  Value 

(% )  (w/w) (% )  (w/w) 

Sucrose 3 7 . 2  46 . 5  

Fruc tose 36 . 9  44 . 5  

Inul in 35 . 1  39 . 9  

Gluco s e  24 . 6  3 1 . 7  

Glyceraldehyde 2 3 . 9  30 . 2  

Glycerol 2 0 . 3  30 . 0  

Mal tose 1 3 . 2  1 6 . 9  

Xylose 1 2 . 0  1 5 . 0  

Mannose 5 . 6  1 1 . 5  

Arab ino se 5 . 4  8 . 7  

Mannitol 4 .  1 7 . 7  

Galac tose 1 . 8 6 . 2  

2 1  
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t echniques ( e . g .  cation exchange processes ,  treatment with ferrocy­

anide or o ther chemicals)  have been used to minimize  these ions in 

the fermentation media . Us ing a decat ionized sucrose solut ion , 

Perlman e t  a l .  ( 1 946)  ob tained a threefold increase in the yield o f  

c i tric ac id when compared with crude sucrose . S imilar increases in 

yields have been reported by Snell and Schwe iger ( 1 949)  and Sanchez­

Marroquin et a l .  ( 1 970 ) . 

2 . 4 . 3 . 6  Nitrogen Source 

The nit rogen requirement for c itric acid produc t ion is 

genera lly me t by the add it ion of ammonium sulphate , ammonium nitrate , 

sodium nitrate , po tassium n i t rate or ammonia . However,  no single 

nitrogen source has been shown to be definitely superior to ano ther 

and it  is possible that the advantage s  occasionally observed were 

mere ly a measure of the purity of the compound used 

S ih ,  1 960) . 

( Perlman and 

In general , a low nitrogen concentrat ion in the med ium ( less than 

1 . 0  g / 1 )  favours the produc t ion of c itric acid , while a high nitrogen 

concentrat ion favours abundant growth of mycelium with low acid 

production . However ,  the exac t cond i t ions seem to vary accord ing to 

the carbohydrate source and fungal strain used ( Loesecke , 1 94 5 ) . 

Thus it  appears tha t , for maximum produc t ion o f  c itric acid , the 

concentrat ion and source of nitrogen mus t  be determined for the par t icular 

strain of fungus and fermentation conditions in use .  

2 . 4 . 3 . 7  Trace Elements 

Many variations in the requirements of some essential t race 
2+ 2+ 2+ 2+ 

elements , such as Fe , Cu , Zn and Mn in the citric acid fermen-

t a t ion have been reported and these need to be investigated whenever 

a new s t ra in or sub strate is used ( Berry et a l . , 1 97 7 ) . The regulatory 

action o f  the mineral cons t ituents o f  the med ium on the growth and 

c i t ric acid accumula t ion o f  A .  niger is presented in Table  2 . 4 according 

to Berry et a l .  ( 1 9 7 7 ) . 
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TABLE 2 . 4  REGULATORY ACT I ON OF THE M I NERAL CONST I TUENTS OF MED I UM 

ON THE GROWTH AND C I TR I C  AC I D  ACCUMUL AT I ON 

< BERRY e t  a l . , 1 97 7 ) . 

OF A .  niger 

Const i tuent 

Trace Metals 

Fe
2+ 

Mn
2+ 

Concentration 

Less than 1.0 g / 1  

High , above 1.0 g / 1  

Def ic iency 

High , above 0. 1 g/1 

Less  than 1.0 mg/ 1  

Less than 1.0 mg/1 

0. 1- 1. 0  mg/ 1  

Less than 1. 0 ]J g/1 

Stimulat ion 

Citric acid produc t ion 

Mycel ium growth 

Citric acid produc t ion 

Mycelium growth 

Citric ac id product ion 



The optimum concentra t ion of Fe
2+ 

in the fermentation medium 

for produc t ion o f  c itric acid is controversial . However , i t  is 

generally agreed that the concentra t ion should be very low . Shu 

and Johnson ( 1 947 , 1 948b)  s tated that in submerged culture c i t r ic 

" d  d t "  d 1 · d "  def 1" c1" ent  1" n Fe
2+ 

and Mn
2+

. ac1  pro uc 1on occure on y 1n me 1a 

Shu and Johnson ( 1948b ) reported that at high Fe
2+ 

l evels  the 
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heavy growth of mycelium which occured consequent ly depressed the 

yield of citric acid because of the increased amount of sugar 

util izat ion as a growth sub s trate . Toml inson et a Z. ( 1 95 1 )  reported 
2+ 2+ 2+ 2+ 

that a combinat ion of Fe , Cu , Zn and Mn was essent ial for 

obtaining high yields o f  c it ric acid from a reagent grade sucrose­

based synthe t ic medium . They further reported that the omission o f  

any one o f  these four e lements from the fermentation med ium caused 

a marked reduc t ion in acid forma t ion . S imilar observat ions were 

repo rted by Trumpy and Mil l is ( 1 963)  and Srivastava and Kamal ( 1 9 7 9 ) . 

Clark e t  a Z .  ( 1 966 )  studied the effect  o f  physiologically 

importan t  me tals on the morphological appearance and citr ic acid 

produc t ion o f  A. niger NRC A- 1-233  during submerged fermentation o f  

beet molasses . Their resu l t s  are summarized in Table 2 . 5 .  To s tudy 

the effect  of Mn
2+ 

in more detail , they added various concentrat ions 

of Mn
2+ 

to the fermentat ion med ium and found that the yield of c i t r ic 

acid was reduced by about 1 0% by the add it ion o f  a s  l i ttle  as 2 ppb 

at  the start of the fermentation . They reported that greater 

addit ions o f  up to 1 00 ppb resul ted in sharp decreases in the yield 

o f  c itric acid with marked changes in the pellet  morphology from 
2+ 

hard sol id pellets to a f ilamentous form .  They concluded that Mn 

adversely af fec ted the fungal morphology and c itric acid produc t ion . 

S imilar conclusions about the e ffect o f  Mn
2+ 

were drawn by Kisser 

e t  a l .  ( 1 980) and Heinrich and Rehm ( 1 982) . In addition , the e f f e c t  
2+ 

of Mn on some TCA-cycle enzymes has been reported by Kub icek and 

Rohr ( 1 9 7 7 ) . Th d d h h f Mn
2+ 

1" n the ey emons trate t at t e presence o 

fermen tation med ium increased the specific act ivities o f  aconitase 

and isoc itric dehydrogenase (both NAD- and NADP-linked)  and decreased 

the specific ac t ivity of c itrate syn thase . 
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TABLE 2 . 5  EFFECT OF D I FFERENT METALS ON C I TR I C  AC I D  PRODUCT I ON AND 

PELLET MORPHOLOGY ( CLARK e t  al . , 1 966 ) 

Citric Ac id 

Metals Added 
Amount Added Y ield Af ter Pellet  

( ppm) 96 hr Morpho logy 
( % )  (w/w) 

None 8 . 8  No rmal 

Al
J+ 

5 . 0  7 .  3 " 

ca
2+ 

80 . 0  9 . 0  " 

Co
2+ 

0 . l  9 . 0  " 

Cu
2+ 

3 . 0  8 . 6  " 

Fe
2+ 

100 . 0  7 . 5  " 

Mg
2+ 

2 0 . 0  8 . 8  " 

Ni
2+ 

0 . l  8 . 6  1 1  

Zn2+ 
5 . 0  7 . 5  1 1  

Mn
2+ l . O  1 . 5  Filamentous 

Mixtures o f  Concentrations 
1 . 4 Filamentous all metals shown above 

Mixtures o f  
a l l  metal� 1 1  7 . 4  No rmal 
except  Mn + 
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The c r i t ical influence of  Fe
2+

, Cu
2+ 

and Zn
2+ 

on citric acid 

production have also been reported . I ron has been reported to cause 

a s t imulation of acon itase ac t ivity and concurrently decrease 

yield of c itric acid (La Nauze,  1 9 6 6 ) . The e f fect  of Cu
2+ 

as 
2+ 2+ 

antagonist to Fe was suggested by Schweiger ( 1 9 6 1 )  and Zn 

the 

an 

has 

been reported to inf luence s everal enzyme syst ems assoc iated with 

sugar metabol ism in A. niger (Bertrand and De Wol f ,  1959) . It is 
2+ 

also reported that Zn has an important role in the regulat ion o f  

growth and c itric ac id product ion , and its  de f iciency dur ing growth 

o f  the fungus apparently signals the transit ion f rom the growth phase 

to the acid product ion phase (Kapoor et a l . , 1 982 ) . 

I t  is clearly impossible  to make pred ic t ions o f  the prec ise 

amoun ts o f  trace element s  required for the maximum yield of c it r ic 

acid from any part icular s t rain grown on a speci f ic med ium . The 

opt imum med ium compos i t ion will be found only by experimental measure-

ment . 

2 . 4 . 3 . 8  Presence o f  Me thanol and o ther Compound s 

One o f  the important advances in the technology o f  the 

c itric acid fermentation was the observat ion by Moyer ( 1 9 5 3a , b ,  1 954 ) 

that the add i t ion o f  alcohols or esters to the f ermentat ion medium 

increased citric acid production . He employed a large number o f  

s trains o f  the A .  niger group i n  a survey to  determine the ef fec t o f  

var ious concentrat ions o f  methanol o n  the produc t ion o f  c itric acid 

from sucrose . He repo rted that mos t  o f  the o rganisms showed a marked 

inc rease in total acid produc tion and in fermentation e f f ic iency . 

He concluded that higher l evel s  o f  Fe
2+

, Zn
2+ 

and Mn
2+ 

could be 

to lerated by the organism in either surface or submerged culture if 

a slightly  toxic concentration of methanol were present . Moyer ( 1 9 5 3b )  

demonstrated that the addi t ion o f  methanol ( f inal concentrat ion 

2-4% (v/v) ) at the t ime o f  inoculation greatly  s t imulated the produc­

t ion of c itric ac id by A. niger from c rude carbohydrate  sources , e . g .  

gelat in ized cornstarch , beet molas ses ,  blacks t rap molasses , in e ither 

surface or submerged cul ture . The exact rol e  of methanol in the 

s timulat ion of c i t r ic acid product ion was no t elucidated by the autho r , 
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but he po inted out that me thanol was not assimilated during fermen­

tat i on . He emphas ized that the use o f  methanol should f ind applicat ion 

in the commerc ial produc t ion of citric  acid . There are several repo r t s  

which are  consi stent with the f indings o f  Moyer ,  that methanol i s  

benef i c ial  i n  inc reasing c it r ic ac id y ield ( for example Noguchi , 

1 9 6 0 ; Noguchi  and Arao , 1 960 ; Noguch i  and Bando , 1 960 ; Hang e t  a Z . , 

1 9 7 7 ) . 

Somkut i and Benc ivengo ( 1 98 1 )  reported that the add it ion o f  

me thanol to lac t ic casein whey permeate s t imulated c itric ac id 

produc t ion by A .  niger in shake flask cul ture . They obtained 70% 

and 1 36 %  yield increases when methanol was added to the fermentat ion 

med ium a t  the ra te of 2% (v/v)  and 4% (v/v) respect ively a f ter 48-72  

hours of  inc uba t ion . 

Thu s ,  i t  appears that me thanol is  no t assimil a ted , but when 

added t o  the growth med ium at a conc entrat ion o f  1 to 4% ( v/v) , 

c i tr ic acid produc t ion is  s t imulated . The mechani sm o f  act ion is no t 

known , but i t  is  probably a general toxic i t y ,  caus ine enzyme inhib i t ion 

or denaturat ion of cel l pro te ins , resul t ing in depression of growth 

and pos s ibly an increase in cell permeability .  

The add i t ion of  some o ther chemicals to  the fermentat ion med ium 

has been reported to enhance c itric ac id produc t ion in submerged 

fermentat ions . Ohtsuka e t  a Z .  ( 1 9 7 5 )  reported that mal ic hydraz ide 

( 1  g / 2 . 5  kg molasses)  inc reased the c itric ac id yield from 30% to 

7 0% under submerged cul ture condit ions . The s t imulat ion o f  c it r ic 

ac id p roduc t ion by the add i t ion o f  some mild oxid i z ing agents such 

as hyd rogen peroxide or naphthoquinone to the fermentat ion med ium 

has been r epo rted by Bruchmann ( 1 966 ) . The mechanisms by which these 

chemicals s t imulate c i t r ic ac id produc t ion have no t been explained . 

Some sho rt chain carbohydrates , such as glycerol , or l ip id_ 

materials have been reported to enhance c itric acid produc t ion by 

A .  niger when added to the fermentation substrate . Leopold ( 1 9 7 1 )  

stated that the add i t ion  o f  glycerol to molasses med ium ( 30-50 g / 1 ) 



increased the c i tric ac id yield by 30% . However , the glycerol was 

a pparen t ly metabol i zed and ut il ized as a carbon source . 
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Mill i s  e t  al.  ( 1 963)  studied the effect  o f  l ip ids on the produc t ion 

of c itric  acid . They observed that fat ty acids with a chain length o f  

1 5  carbon atoms , or natural oils  with h igh content of  unsaturated fatty 

ac id s ,  o r  oleic  acid itsel f ,  when added at 2% (v/v)  to a sucrose-based 

synthet ic med ium ,  increased the yield of c i tr ic ac id by about 20% . 

They a l so observed that l ip ids which improved the yield o f  c itric 

a c id had no e f fect on the myce l ial dry weight . They sugge sted that 

6-oxidat ion of the l ip ids  could provide addit ional acetyl eo-enzyme 

A (acetyl-CoA) for citric  acid forma t ion , and so increased the yield . 

They further sugge s ted that the unsaturated fat ty  acids were ac t ing 

as alternat ive hyd rogen acceptors to  oxygen dur ing fermentat ion , thus 

allowing the organism to metabolize actively for longer and so improving 

the yields of c itric acid . 

Cyclic AMP has been repo rted to  st imulate the accumulat ion o f  

c itric  acid b y  A .  niger . Wol d  and Suzuki ( 1 9 7 3 )  found that when a 
· f 10

-6 M or h "  h dd d b d h · conc entrat 1on o 1 g  er was a e to a sucro se- ase synt e t 1 c  

med ium , the rat e  of  c it r ic ac id produc t ion increased . It  was suggested 

that c i tric  ac id accumulat ion in A .  niger perhaps resul ted from an 

abnormal cAMP metabolism .  

I n  summary , there are many reports regard ing the essential fac tors 

af f ec t ing the accumulat ion of c itric acid . The many dif ferences in these 

repor t s  appear to be due to the different strains of organism used , 

wi th different med ia composi t ions . Obviousl y ,  for any new med ium and / 

or s train o f  organism ,  the environment must be optimized by experimen­

tat ion . 

2 . 5 INDUSTRIAL PROCESSES 

There are three basic processes used for commerc ial produc t ion o f  

c i t r ic ac id ( Lockwood , 1 9 75 ) : 



( 1 ) The Koj i fermentation process . 

( 2 )  The l iquid cul ture shallow pan proce s s . 

( 3 ) The submerged fermentat ion proces s .  

2 9  

The precise technical detail s of  these processes have been kep t  

secret b y  the companie s  concerned . However , examina tion o f  some o f  

the patents  issued to various companies has given some informat ion 

as to the processes used (Lockwood , 1 9 7 5 ) . 

The Koji fermentat ion proces s :  

This relatively simple  fermentation process  has been developed 

in Japan . Cooked sol id vege table re sidues are spread in trays and 

inoculated with a selected strain of A .  niger . Sweet po tato residues 

o r  wheat bran are used as substrates . During incubat ion , the s tarch 

is  saccharified by the amylase of A .  niger and much of the sugar 

produced is converted to c i tric acid . The t emperature inside the sol id 

mas s  is usually mainta ined at  28°C and the pH drops to 1 . 8-2 . 0  as the 

c it r ic acid accumulates . The mass  is extrac ted with water in perco­

lators af ter 5-8 days of incubat ion and the c i t r ic acid is then 

purified . Estimated production by this met hod i s  only about 2 , 500  

tons  (Lockwood , 1 9 7 5 ) . 

The l iquid culture shallow pan proces s :  

Thi s  method is commonly cal led the surface culture method and 

is the oldest method in use in Europe and the U . S . A .  It  is estimat ed 

that 30 acres o f  shal low pans are required in one large c itric acid 

plant . Pans are made o f  high purity aluminium or stainless steel to  

avo id problems of corros ion and trace metal ion contamination . Beet  

mol asses is commonly used as substrate but  raw sugar o r  high-te s t  

syrup a r e  also used . Molasses is usually t reat ed with ferrocyanide 

to  remove traces of iron and the precipitate is removed by f il trat ion . 

The med ium is then adj usted to a pH value o f  2 . 5-4 . 0 ,  using sul phuric 

acid , prior to inoculat ion . Spores o f  selected stra ins  of A. niger 

are blown over the s terile solut ion in the pans . They germinat e  

within the first 24 hours ,  and a thin fragile white pell icle o f  

mycel ium covers the surface o f  the solut ion . The temperature o f  
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incubation is  maintained at 30°C and sterile , humidified air is  blown 

slowly over the surface o f  the solut ion for a period of 5-6 days . 

After 8 - 1 0  days o f  incubat ion , the sugar content of  the cul ture 

solut ion is reduced from its  init ial level of 200 g/1  to 1 0  g / 1 , and 

the maximum concentrat ion o f  c itric acid is achieved . The yield 

of cit ric acid by this process is about 8 5 %  on the basis of init ial 

carbohydrate suppl ied . 

The submerged fermentat ion process : 

Figure 2 . 2  outl ines the process used by dif ferent companie s 

for ci tric acid manufacture by the submerged process ( Lockwood , 1 9 7 5 ) . 

The raw materials used include beet molasses , commerc ial syrups o f  

high glucose content and high-test cane syrup . A pelletal form o f  

inoculum from a selec ted strain o f  A .  niger i s  used t o  inoculate the 

f ermenter , and the culture is agitated and aerated during the ent ire 

fermentation period . The durat ion o f  fermentation depends on the 

init ial sugar concentrat ion , subsequent sugar additions and the amount 

o f  growth .  Usually it ranges from 6- 1 4  days but uniformity is ma in­

ta ined for a given set of conditions . The yield of c i tric acid by 

this process is  about 95% on the basis of total carbohydrate suppl ied 

( Lockwood and Bat t i , 1 9 6 5 ) . 

Nowadays , the submerged ferment a t ion process  rather than sur face 

fermentat ion process  is used for commercial product ion of c itric ac id , 

because of the following advantages ( Sodeck e t  a l . , 1 98 2 ) : 

higher yield of c itric acid with r egard to the sugar used 

improved process control 

reduced fermentat ion period 

reduced floor space required 

reduced manual handlin g  

lower investment cost . 

In summary , about 80% o f  the c i tric acid required in the Wes tern 

world is produced by the submerged fermentation proces s ,  using molasses 

as the raw material  ( Sodeck e t  al . ,  1 98 2 ) . 
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2 . 6  WHEY AS SUBSTRATE FOR CITRIC ACID PRODUCTION 

3 2  

Very l i tt le informa t ion is available with respect  t o  c it r ic ac id  

product ion from whey . However , two repo rts have recently appeared 

in the l i terature , one a Rus s ian patent by Chebo tarev et a L .  ( 1 9 7 9 )  

and the o ther a paper o r i g inat ing i n  U . S . A .  b y  Somkut i  and Benc ivengo 

( 1 98 1 ) . 

The o riginal patent report was not available  in New Zealand . 

However , the ava ilable ab s tract ind icates that these authors used 

cheese whey as substrate and a strain of A .  niger as a c i tric ac id­

producer . The medium was adj us ted to pH 4-5 and steril ized at 

1 30- 132°C prior to inocul a t ion . The fermentat ion was cont inued for 

5-6 days at a tempera ture of 25-28°C ,  but no details were g iven o f  

the proc es s . The c it r ic acid was separated f rom c ulture med ium b y  

prec ip itat ion with calc ium o r  barium salts .  No data were reported 

in respect  o f  the yield or conc entrat ion o f  a c id obtained . 

Somku t i  and Benc ivengo ( 1 98 1 )  used lac t ic casein whey permeate 

as a sub s trate and a mutant strain o f  A.  niger as a c i tric ac id­

producer . The natural pH of ac id-whey permeate ( 4 . 5 )  was used and 

the fermentat ion was performed in shake-flask cul ture for a period 

o f  1 2 - 1 4  days at a t emperature of 30°C .  They obtained a c itric ac id 

concentrat ion o f  28 g / 1  when the lactose concentrat ion o f  whey permeate 

was adj u s ted to 150  g/1  with add i t ional lac tose . 
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CHAPTER 3 

MATERIALS AND METHODS 

3. 1 MATERIALS 

3 . 1 . 1  M I CROB I OLOG I CAL MED I A  

Potato Dextrose Agar (PDA) was ob tained from Oxoid Ltd , London , 

England . Mi crob iological Agar was ob tained from Davis Gelat in Ltd , 

Christchurch , New Zealand . Yeast Extrac t was ob tained from S i gma 

Chemical Co . ,  S t  Louis , Missouri , U . S . A .  Bac to Beef Ext rac t and 

Nut rient Broth were ob tained from Di fco Laboratories , Detro i t ,  

Michigan , U . S . A .  The Sucrose-Beef  Extract medium adopted for the 

sporulation of A .  niger IMI 41874 and mut ant s train A .  niger MH 15-15  

was prepared according to  Sanchez-Marroquin et al. ( 1970 )  (Tab l e  

3 . 1 ) .  The l iquid medium described by Kris tiansen and Char ley ( 1981 )  

( Table 3 . 2 ) was used t o  inves tigate the e ffect o f  sugar source on  

citric acid produc tion . Media used for  the screening o f  mutants are 

described in Table 3 . 3 .  

Lactic casein whey permeate was supp lied by the N . Z .  Dai ry 

Research Ins t i tute , Palmers t on North , New Zealand . It  was p repared 

according to  the method described by Mat thews (1978)  and i t s  

compos i tion i s  tabulated in Tab le 3 . 4 .  

TABLE 3 . 1 SUCROSE-BEEF EXTRACT MEDI UM OF SANCHEZ-MARROOU I N  e t  al. 
( 1 970 ) . 

Component 
Concentration* 

( g/ 1 ) 

Sucrose 2 . 5  

Bee f Extract 10 . 0  

NaCl 5 . 0  

Agar 15 . 0  

* The medium was made t o  volume with dis tilled  
water . 



TABLE 3 . 2  MED I UM  OF KR I ST I ANSEN AND CHARLEY ( 1 98 1 ) ,  

a 

b 

c 

a 

b 

c 

Component 
Concentra tion* 

( g/1 )  

Sucrose 140 . 0  

(NH
4

)
2

so
4 

2 . 0  

KH
2

Po
4 

2 . 0  

Mgso
4

. 7H
2

0 0 . 5  

Fe
3+ 

0 . 1 X 1 0  
- 3  

zn
2+ 

0 . 1  X 1 0  
- 3  

Cu
2+ 

0 . 06 X 1 0  
-3 

The medium was made to vo lume with dis t i lled 
wat e r  and adj usted t o  pH 6 . 5  us ing 1 M NaOH . 
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TABLE 3 . 3 SCREENI NG MEDIA FOR MUTANT SELECTI ON .  

No . 

(a )  

Component 
Concentration 

(g/1 )  

Agar 20 . 0  

5 . 0  

50 . 0  ( 70% solids )  

The med i um was made to vo lume with lac t i c  cas e in 
whey permeate . 

(b ) Med i um in Tab le 3 . 2 ,  whe re galac tose was us ed  as 
s ugar source , plus the fo llowing : 

( c )  

Agar 20 . 0  

5 . 0  

50 . 0  ( 70%  s o l ids ) 

The medium was made to vol ume wi th d is ti l led  
wate r .  

C i t ric  Acid Medium 

C i t ric acid 20 . 00 

NH
4Cl 2 . 00 

Mgso
4

. 7H
2

0 0 . 25 

KH2Po
4 0 . 25 

Yeas t  extrac t 1 . 00 

The medium was made t o  volume wi th dis t il led  
wat e r  and adj us ted to  pH 3 . 5  us ing 1 M NaOH . 
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TABLE 3 . 4  COMPOS I T I ON OF LACT I C  CASE I N  WHEY PERMEATE • 

Component 

Lac tose 

Lac tic  acid 

Citric  acid 

To tal nitrogen 

Non-protein nit rogen 

Me tal Ions 

K
+ 

Na 
+ 

ca
2+ 

Mg2+ 

Zn
2+ 

Mn2+ 

Fe 2+ 

Pb 2+ 

Ni
2+ 

Cu
2+ 

pH 4 . 5 

a 

Concentrat ion 
( g/� ) *  

43 . 0  

5 . 2  

1 . 4  

0 . 55 

0 . 46 

600 . 0  

372 . 0  

150 . 0  

5 7 . 0  

3 . 0  

0 . 1 3 

1 . 2  

0 . 2 7 

0 . 1 3 

0 . 17 

* Metal  concent rat ion is expres sed as mg/l . 

a 
According to Kavanagh ( 19 7 5 ) , expressed as mg/ g .  
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3 . 1 . 2 GASES 

Oxygen- free nitrogen and carbon d ioxide gases were supp li e d  by 

New Zealand Indus t rial Gases Ltd ,  Palmers ton Nor th , New Zealand . 

3 . 1 . 3 SUGARS 

3 7  

Sugars used in the p reparation o f  media were all of  analyt ical 

grade . Sucrose was ob tained from Aj ax Chemicals , Sydney , Aus tralia . 

Fructose and lactose we re ob tained f rom BDH Chemicals Ltd , Palmers ton 

North , New Zealand . Ga lactose and glucose were ob tained from S i gma 

Chemi cal Co . , S t  Louis , Missouri ,  U . S . A .  

3 . 1 . 4 CHEM I CALS 

Chemica l s  us e d for fermenta t ion and analyt ical wo rk were a l l  o f  

analytical grade . Thei r  sources we re : 

- BDH Chemicals Ltd , (Palmerston No rth , New Zealand) . 

Amberl i te Res in 1R- 12 0 (H) ; ammonium ferrous 

sulphate ; ammonium s ulphate ; buf fer tab lets : 

pH 4 . 0  and 7 . 0 ;  citric  acid ; copper sulphate ; 

e thylened iaminetetraace t ic acid ; Fol in-

Ciocalteu ' s  ph�nol reagent ; orthophosphoric ac i d ;  

2-oxoglutaric acid ; po tass ium d ihydrogen 

orthophosphate ; potass ium cyanide ; succinic  acid ; 

tris (hydroxyme thyl)  me thylamine . 

- Dive rsey-Wal lace Ltd , ( Papa toetoe , New Zealand) . 

Py roneg (R) dete rgent . 

- ICI Ltd , (Wellington , New Zealand ) . 

Me thanol .  

- J . T . Baker Chemical Co . ,  ( Ph illipsburg , New Jersey , 
U . S . A . ) . 

Acet onitrile (HPLC grade ) . 



- May and Baker Ltd , ( Dagenham, England) . 

Lac tic  acid . 

- N . Z .  Pharmaceuticals Ltd , (Palmers ton Nor th , New 
Zealand ) . 

Ox gall . 

- S igma Chemical Co . ,  ( S t  Louis , Missouri , U . S . A . ) .  

Adenos ine 5-monophos phoric acid (AMP ; mus cle 

adenylic  acid) ; adenosine 5 ' - triphosphoric acid 

(ATP , sodium sal t ) ; bovine serum albumin ; 

S-nico t inamide adenine d inucleot ide (NAD) ; 

S-nicot inamide adenine d inucleo t ide , reduced form 

(NADH , disod ium salt ) ; S-nicot inamide aden ine 

dinucleo t ide phosphate ( NADP , monosodium salt ) ; 

S-nicot inamide adenine dinucleo tide phospha te , 

reduced form (NADPH , tetrasodium sal t ) ; c is­

aconi t i c  acid ; eo-carboxylase (aneurine 

pyrophosphate : thiamine pyrophosphate chloride) ; 

eo-enzyme A (sodium sal t ) ; DL-isocitric acid 

( trisodium salt) ; L-cys te ine hydrochloride , malic 

dehydrogenase and pyruvic acid ( sodium salt ) . 
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- Swift-Consolidated ( N Z )  Ltd , (Wellington , New Zealand ) . 

Dow- corning ant i foam A . F .  emuls ion ( Food grade ) . 

- Yellow Springs Ins t rument Co . ,  (Yellow Springs , Oh j o ,  
U . S . A . ) . 

Buf fers for glucose and lactose analysis  ( us ing 

enzyme electrode method ) . 

3 . 1 . 5  ORGAN I SMS 

The fungi used in this work were ob tained from the following 

sources : 



Commonweal th Mycological Ins ti tute , Kew , Surrey , 
Englan d .  

Aspergi l lus earbonarius IMI 4 1 8 7 3  

Aspergi l lus niger IMI 2 7 809  

A .  niger IMI 31821  

A .  niger IMI 41874  

A .  niger IMI 5 1433  

A .  n&ger IMI 7 5 3 5 3  

A .  niger IMI 83856  

A .  niger IMI 84304 

American Type Culture Collec tion , Rock.ville , Maryland , 
U . S . A .  

Aspergi l lus niger 

A .  niger 

A .  niger 

ATCC 1 2846 

ATCC 2 6 0 36 

ATCC 2 6 5 5 0  

By mutat ion during s t rain improvement work . 

A .  niger MH 15-15  (a mu tant 
of  A. niger IMI 41874 )  

All  o rgani sms , with the exc ept ion o f  A .  niger IMI  41874  and 
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A .  niger MH 15-15 , we re maintained o n  slopes o f  Pot ato Dextrose Agar  

(PDA) and subcul t ured every two months . After  i nocula t i on ,  the 

s lopes  of PDA we re incubated at 30° C for 5 - 6 days . After sporula­

tion , the c ultures were kept at 4° C .  

A .  niger IMI 41874  and mu tant s train A .  niger MH 1 5- 15 did not 

sporulate well on PDA . Hence , cultures were maintained on s lopes o f  

Sucrose- Bee f Extract Agar ( Table 3 . 1 ) ,  where they sporula ted 

p rofusely . 

Spores o f  A .  niger IMI 41874 and A .  niger MH 15-15  were 

p reserved in the following way : 

(a )  The organisms were grown on  s lopes o f  Sucrose-Bee f 

Extrac t medium for 8 - 9 days . 



(b)  The spores were harvested in sterile  dis tilled water  

and the spore suspension was shaken for  one hour 

to break the spore chains and c lumps . The suspension 

was then fil tered through sterile  glass wool  to 

remove any c lumps and the concentrat ion was adj us ted 

to 1 - 2 x 108 
spores /mL using s terile dis t illed 

wa ter . 

(c )  Spore suspens ion ( 2  mL) was dispensed asept ically into 

3 mL of nut rient broth containing 30% (vjv) glycerol 

in a 10 mL capaci ty screw-cap bottle (15 such b o t t les 

were prepared from the same spore suspension) . The 

inoculated bo ttles were then s tored at - 20° C .  When 

spores were required for subculturing a loop ful from 

a thawed bottle was trans ferred to a slope of Sucrose­

Beef Extract medium and incubated at 30° C for 5 - 6 

days . One further subculture was performed on this 

medium ( for bet ter sporulation)  prior to inoculum 

p reparation . 

3 . 2  MED IA STERI LIZATION 

All mi crob iological media were s te r i l i zed by autoc laving at  

121
°

C for  15  minutes . 

3 . 3 CLEANING OF GLASSWARE 

All 1 h d . h 
(R) 

1 . . d . g assware was was e 1n ot  pyroneg so ut 1on , r 1nse 1n 

40 

tap water , then in dis t illed water and h o t  air drie d .  Glassware used 

for enzyme assays and for the storage of HPLC solvents was t reated in 

chromic acid solution after the de tergent wash , then rinsed thoroughly 

with glass -d i s t i lled water prior to dry in g . 

3 . 4  ANALYTICAL METHODS 



3 . 4 . 1  pH MEASUREMENT 

pH meas urements were performed rout ine ly us ing a Metrohm pH 

Met e r  E520 (Met rohm A . G . , Herisau , Swi tzerland) . 

3 . 4 . 2  DETERM I NAT I ON OF MYCEL I AL DRY WE I GHT 
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A known volume o f  fermenter culture (about 2 5  mL) or the ent i re 

con tents o f  a shake- f lask culture (about lOO mL) were f iltered 

through a Buchner funnel , us ing Whatman No . 54 filter paper ,  wh i ch 

was previous ly dried at  105 ± 2°C and pre-wei ghed .  The fungal mas s  

was washed thri ce with dis t illed water (about  250 mL) and dried t o  

constant we igh t at  105  ± 2° C .  

3 . 4 . 3  ANALYS I S  O F  SUGARS 

The following methods were used at various t imes for the det e r­

mination o f  sucrose , glucose , galac tos e ,  f ructose and lactose . 

3 . 4 . 3 . 1 The Anthrone Method 

The s ugar content of fermentat ion samples was determined 

by an adaptation of the anth rone me thod described by Ghosh e t  a l . 

( 1960) . Th i s  method was used for those results des cribed in  Chap ter  

4 .  

The experimen tal sample was d i luted t o  be tween 0 and 100 pg 

sugar per mL of  solution . Ice- cold , an th rone solut ion ( 2  mL , 0 . 2% 

(w/v) in  cone . H
2

so
4

) was added to 1 mL o f  the diluted samp le and 

mixed thorough ly . The mixed samples were heated for 15 minutes in a 

boi ling water bath and then cooled in ice . Sulphuric acid ( 2  mL , 

66%  (v/v) ) was added and the samples were again mixed thorough ly . 

The absorbance o f  the sample  was read at 6 2 5  nm agains t a reagent 

blank us ing a Cecil CE- 2 7 2  Linear Readout U . V .  Spectrophotome ter 

( Cecil  Ins truments , Camb ridge , England ) .  Results were calculated 

f rom a s tandard curve ( concentrat ion range 0 - 100 pg sugar /mL) o f  

the part icular s ugar under investigation . All determinations were 

performed in dup licate . 



3 . 4 . 3 . 2  Enzyme Elec t rode Me thod 

An enzyme elec trode me thod was used to determine the 

lactose and glucose concent rat ion in fermentation s amples . A YS I 

Model 2 7  sugar analyser  (Yellow Springs Ins t ruments Ltd , Yellow 

Springs , Ohio , U . S . A . ) was used . This method was used fo r those 

results described in Chap ter 5 (Part I) . 

3 . 4 . 3 . 3  High Performance Liquid Chroma tography (HPLC) 

4 2  

Th is me thod was used for the resu l t s  described i n  Chapt ers 

5 ( Part I I ) , 6 and 7 .  When mixt ures o f  sugars were used in fe rmenta­

t i on med ia ,  they could all  be separated and determined by HPLC , excep t  

fo r glucose and galactose  mixtures . Under the analytical condit ions 

used the retent ion t imes of these two sugars were identical . In this 

s i t uat ion the to tal concent ra tion o f  glucose and galac tose in the 

mixture was determined by HPLC and then the glucose concentrat ion was 

de termined separately by the enzyme elec t rode me thod ( S e c t ion 3 . 4 . 3 . 2 ) .  

To ob tain the gal actose con tent o f  the mixture , the glucose content 

was deduc ted from the total  galac tose and glucose . 

Quant i tative analysis of  different sugars ( vi z .  sucros e ,  glucos e ,  

fructose , galactose and lac tose) was performed us ing a Waters 

Associates Mode l ALC /GPC 244 l iquid chromatograph with a Model 6000A 

solvent de livery sys tem and a U6K septumless inj ec tor (Waters 

Associates , Inc . , Mil ford , Massachusetts , U . S . A . ) . 

A �  Bondapak family Carbohydrate Analys is Column ( 3 . 9  mm ID x 

30 cm , Part No . 84308 , Waters Associates)  was used for the ana lys is . 

The detec tor was a Model R40 1  differen t ial re fractome ter (Wa ters 

Associates ) . Th e response was recorded on a CR600 twin-pen , flat-bed 

chart recorder (J . J .  Lloyd Ins t ruments Ltd , Southampton , England ) . 

Analyses were conduc ted a t  amb ient temperature . The so lvent sys tem 

was a mixture of acetoni t rile and water ( ra t io 80 : 20) . The so lvent 

flow rate was 1 . 7  to  3 . 0  mL/min depending on the resolution required . 

A typical  chromatogram o f  different sugars us ing these condi t ions is 

presented in Figure 3 . 1 . 



F I GURE 3 . 1  

Rtdention Time (m in) 

The HPLC s eparat ion of sugars . 

Solvent flow rate  = 2 rnL/rnin . 
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Be tween 25 �L and 50 �L of sample was inj e cted into the chroma­

tograph , the  exact  amount depending on the sugar concen t ra t ion in 

the s ample . 

The quantitation o f  individual sugars was done by measuring the 

peak he ight of  sugar wi th reference to peak heigh t  of a s tandard 

curve . The standard curves we re l inear up t o  10 g/1  concentrat ion 

(50 �L inj ec ted volume) . Typical s tandard curves are shown in 

Fi gure 3 . 2 . 

3 . 4 . 4  DETERM I NAT I ON OF C I TR I C  AC I D  AND LACT I C  AC I D  

Ci tric  acid and lactic  acid we re de termined by an HPLC me thod 

(isoc i t ric , 2-oxoglutaric and suc c inic acids could also be detected 

by this  method) . The equipment  used  was as described in Sec tion 

3 . 4 . 3 . 3  except a � Bondapak c
1 8  

reverse-phase column ( 4 . 0  mm ID x 

250 mm ,  Bio-sil ODS- 10 , Bio-Rad Laboratorie s , Richmond , California , 

U . S . A . ) was used . The solvent sys t em was 2% (w/v) , potass ium 

dihydrogen orthophosphate p repared using deionized glass-distilled 

water  and adj usted to pH 2 . 4  using orthophosphoric  acid (accord i ng 

to Coppola  et a l . � 1978 ) . The s o l vent f l ow rate was 0 . 5  t o  2 . 0  mL/ 

min depending on the resolut ion require d . Typ ical chromatograms o f  

approp riate  subs tances us ing these condit ions are shown i n  Figures  

3 . 3  and  3 . 4 .  

Be tween 2 5  �L and 50 �L of sample  was inj ected into the ch roma­

tograph . The amoun t o f  cit ric ac id pre s ent in the experimen tal 

sampl es was normally calcul ated by measuring the peak he i ght of ac id  

with  refe rence t o  peak heigh t  o f  the  standard curve . The s tandard 

curve was l inear up to 5 g/1  concent rat ion ( 5 0  �L inj ected  vo lume ) . 

Such a s tandard curve is shown in Figure 3 . 5 .  This me thod of  calcu­

lat ion was used for the quan t i tat ion o f  c i t ric acid for Chap ters 5 ,  

6 and 7 .  

On certain occas ions an inte rnal s tandard method was used for 

the quan t itat ion o f  ci tric and lactic acids . In this cas e , samples  

o f  5 0  �L  volume , containing a s t andard amount of  citric  ( or lac t i c )  



F I GURE 3 . 2  

Sugar Concentra+ion ( 9 11..) 
S tandard curves for sugar analysis by HPLC . 

Sucrose ( 0 ) , glucose ( e ) , fruc tose ( 0 ) , 
galac tose ( • ) , lac to se ( A ) . ( See Sec tion 
3 . 4 . 3 . 3  for chromatographic condit ions ) .  
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F I GURE 3 . 4  
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The HPLC separation of lac t ic ac id , 
citric acid and succinic ac id . 

Solvent flow rate = 1 . 5  mL/min.  
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a cid and 5 g/ 1 suc c inic acid as internal s tandard , were  inj ected  and 

p eak heigh t  rat ios were measured . A simi lar quantity o f  the sample 

to be analyse d ,  also containing 5 g/ 1 succinic acid , was inj ected  

and the  p eak heigh t  ratio was compared wi th the s tandard  t o  obtain 

the concentration o f  acid ( re fe r  S e c t ion 3 . 10 . 1  for calculation) . 

This method was used to obtain the resul t s  described in Chap ter  4 .  

4 9  

Thorough c leaning o f  the HPLC column ( �  Bondapak c 18 ) was 

necessary a f ter  the use of potass ium dihydrogen orthophosphate solu­

t ions . Normally , de i oni zed degassed glass-disti lled wate r ( 2  mL/min 

for 1 hour ) was used . Th is  was followed by cleaning with  me thano l /  

wa ter ( SO : SO)  and pure methano l f o r  2 0  and 3 0  minutes respec tively . 

I n  certain cases , when t l 1e resolut i on was poo r ,  a mo re extens ive 

cleaning procedure was adop ted in the fo llowing sequence .  For each 

s tep the cle an ing so lut ion was passed at a rate of 2 mL/min . 

( a )  Glass-d i s t i l led water  for 1 hour . 

(b ) O . O lM oxalic  acid solut ion for 1 5  minutes . 

( c )  Glass-d i s t illed water  for 30 minutes . 

( d )  Me thanol /water  ( 5 0  : 5 0 )  for 30 minutes . 

( e )  Pure me thanol for 30 minutes . 

( f ) Te t rahydro furan/dichlorome thane ( 1  : 1) for 30 minutes . 

( g )  Then followed the s teps e ,  d and c in that o rder . 

3 . 4 . 5  DETERM I NAT I ON OF TOTAL N I TROGEN 

Th is was p e r formed by the micro-Kj e ldahl me thod (N . Z . S .  2246 , 

1969 ) . 

A known vo lume o f  the fe rment ation liquor or wei ghed samp le o f  

oven-d ried myce l ia ( 0 . 0 2 - 0 . 04 g N)  was t rans ferred t o  a Kj e ldahl 

diges t ion f lask . S odium sulpha te ( 2  g) , mercuric sulphate solut ion 

(5  mL ; o f  150 g red mercuric oxide dissolved in a solut ion of 180 mL 

cone . sulphuric acid p lus 13 20 mL water) and cone . s ulphuric acid 
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( 20 mL) were added t o  the Kj eldahl flas ks . The contents o f  the 

flasks were b rough t to the boil and heated until  the solut ion was 

c lear . The heat ing was then cont inued for  a further 1 hour . The 

cooled contents were then t rans ferred quan t i tat ively to a 100 mL 

volume tric flas k .  The ammonia concentrat ion o f  the digested  s amp les 

( 10 mL) was de t e rmined by s team distillation in a Markham s t i l l  

apparatus after  the addition o f  sodium hypophosphite ( 5  mL ; 1 5 %  

(w/v) ) and sodi um hydroxide ( 15 mL ; 6 0 %  (w/ v) ) . The d i s tillate  

con taining ammonia was co llec ted in  boric  ac id solution ( 10 mL ; 2% 

(w/v) ) w i th 2 drops of screened me thyl red indica tor (2 g me thyl red 

and 1 g me thylene blue d issolved in 1000 mL 96% ( v/v) ethano l ) , and 

then t i trated with 0 . 02 M HCl to grey-green end point . All deter­

mina t ions were carried out in dup licate . 

3 . 4 . 6  TRACE ELEMENT ANALYS I S  

Trace element analys is  o f  whey permeate  and sugars was per formed 

by e i ther the Chemis t ry Department , Mas sey Unive rs i ty , Palmers ton 

North , New Zealand o r  by the N . Z .  Dai ry Research Ins t itute , Palme rs ton 

No rth , New Zealand , using a Varian Tech t ron Atomic Absorp tion Spec t ro­

photometer  type A . A . 5 ,  except for potass ium and sodium wh i ch were 

de termined us ing an EEL Flame Photome te r .  

3 . 5  METHOD OF MUTATION 

3 . 5 . 1  PREPARAT I ON OF SPORE SUSPENS I ON 

The spore suspens ion was prepared in  s terile  dis tilled wat e r  

f rom t h e  spores s craped from 10-day o ld cul ture grown o n  s lopes o f  

S ucrose-Beef  Extrac t Aga r .  This preparat ion was thoroughly shaken 

for 1 hour on a Gri f f in Flash Shake r ( Gr i f f in and George Ltd , London , 

England) and then filte red through s te r i le glass wool to remove 

mycelium and spore c lumps . The spores were counted us ing a haemo­

cytometer  (As s is t en t , Germany) and the required concentrat ion was 

ob tained by dilut ion with s terile dis t il le d  water .  
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3 . 5 . 2  SPORE IRRAD I AT I ON 

Spore sus pens ion ( 10 mL) was p ip etted into a s terile  petri  d ish 

( 90 mm diame t e r  x 15 mm depth) and irradiated for a pre- d e t e rmined 

t ime p eriod ( 2  - 3 0  mins ) by p lac ing the dish 11  cm below a Universal 

-UV-Lamp , (Camag , Mut tenz-Schweiz , 29200) , operating a t  a wavelength 

o f  254 nm . During irradiation the suspens ion was swirled gently . 

The ent ire p rocedure was performed in a dark room and the i rradiated 

s uspens ions we re shielded from light unti l  plated out in order to 

minimi ze  any pho toreac tivation e f fects . 

3 . 5 . 3  POST- I RRAD I AT I ON TREATMENT 

Fo l lowing i r rad iat ion , the spore suspens ion was d i luted to 

c onta in 400 - 500 v i ab le spore s /mL . 0 . 1  mL o f  the d i luted  suspension 

was then sp read ac ross the sur face of a s e lec ted screening medium 

( Tab le 3 . 3  ( a )  or (b ) ) . Control p lates o f  spores without i r radiat ion 

were s imilarly p repared . After 4 - 5 days o f  incubation at 30
°

C ,  

d iscrete  colonies appeared on the p la tes . The acid-produc ing capac i ty 

o f  d i f fe rent co lonies was determined by dividing the d iamet e r  o f  the 

c lear zone surrounding the colony by the diameter  of the colony and 

the f igure so obtained was termed ' ac id unitage ' (James e t  a L . � 1 9 5 6 ) . 

I t  was then possible  to compare , in a s emi-quantitative way , acid 

p roduc tion by isolates with d i ff e rent colony s ize . The acid uni tage 

was calculate d  for each colony and colonies wh ich gave h ighe r  values 

than the parent s t rain were isolated and trans ferred to s lopes o f  

Sucrose-Beef  Extract Agar for subsequent tes t ing in liquid medium . 

3 . 6  MEDIUM DECATIONIZATION 

3 . 6 . 1 PREPARAT I ON OF RES I N  

Amberlite  res in IR-120 (H) was used a s  t h e  cationic exchange material . 

Res in ( 200 g )  was suspended in glass -dis t i l led  water to  give a bed 

4 3  cm in heigh t  and 3 . 2  cm in diame ter  in a glass column of  65 cm 

heigh t . The res in was washed tho roughly wi th 1 litre o f  glass­

dis t i l led  wat e r ,  followed by 1 l i t re of  0 . 1 M hydroch loric acid ( 10 

mL/min ) . The charged resin was washed again wi th glas s-d i s t i l led 



water unt i l  the pH  value o f  the e ff luent returned to tha t  o f  

dis tilled  wat e r .  

3 . 6 . 2  0ECAT I ON I ZAT I ON 

Before passing through the res in b e d , the med i um was f il t e re d  

through Whatman No . 54 filter paper to remove part iculate materia l . 

The whey permeate  was then supplemented with lactose ( 100  g / 1 )  and 

the solution was passed through the resin at a f low rate  of 2 0  mL/ 

min and the pH o f  the e f fluent  was regularly monitored . In the case 

of whey permeate  the pH value decreased f rom 4 . 5  to pH 1 . 5  during 

the t reatmen t .  The suga r solut ions were prepa red at a concentration 

of 140 g / 1  be fore pass ing th rough the res in .  

3 . 6 . 3  REGENERAT I ON OF RES I N  

5 2  

The expended res in beds we re regene rated f o r  future wo rk b y  

thorough wash ing wi th glass-dis tilled  water followed b y  charging wi th 

0 . 1  M hydroch loric acid and rewash ing with glass-dis tilled wat e r  

unt il the p H  value o f  the e f fluent returned to that of dis t il led  

water . The rege nerated res ins were  used  for  three cyc le s  be fore they 

were discarded . 

3 . 7 CULTURE COND IT I ONS 

3 . 7 . 1 SHAKE-FLASK CULTURE 

Expe r imen ts we re conduc ted in 250  mL Erlenmeyer flasks contain­

ing 100 mL o f  medium .  

The Erlenmeye r f lasks were s i l iconized using Sigmacote
(R) 

( S igma 

Chemical Co . ,  S t  Louis , Missouri , U . S . A . ) wh ich formed a micros­

copically thin film o f  silicone on the glass sur face , thus p revent ing 

wall growth o f  mycelium .  The flasks were coated , dried in hot air 

and then washe d  with dis t i lled water  and drie d  be fore use .  

8 Spores (approximately 1 x 10 ) f rom a s tandard spore suspens ion 

(Section 3 . 5 . 1 ) were  used  to inoculate 100 mL of fermentation medium 
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and incubated a t  3cP c on an Environ-Shaker Model 3597  ( Lab- line 

Ins truments Inc . , I llinois , U . S . A . ) for 10 - 14 days at an opera t ing 

speed o f  180 rpm . For sampling , the entire contents o f  a flask were 

taken . 

3 . 7 . 2  FERMENTER CULTURE 

The fermenter apparatus used was cons truc ted in the Biotech­

nology Department ,  Mass ey University . Fi gure 3 . 6  shows photographs 

of the fermenter vessel and its head assemb ly ,  wh i le Figure 3 . 7  

shows a schematic diagram o f  the fermenter vessel  itse lf . Fi gures 

3 . 8  and 3 . 9  show respect ive ly a photograph and s chematic diagram of 

the fermenter unit and i t s  anc i l lary equipmen t .  

3 . 7 . 2 .1 Equipment and Ins t rumentat ion 

The fe rmen ter ves s e l  used was a s ix l i t re capacity glass 

j ar ( New Brunswick Scienti fic Co . ,  New Brunswick , New Jersey , U . S . A . ) ,  

provided wi th a s tainless s te e l  head containing ports fo r the 

insert ion o f  the probes and o ther facilities required . The dimen­

s ions of the fermenter vess el and impellers are shown in Figure 3 . 7 .  
Th e fermenter vessel was provided with four baf f les each of 2 cm 

width , which extended from the head to with in 5 cm of the vessel  bas e .  

Agi tat ion was provided b y  an assembly o f  three , 4 -bladed impellers 

mounted vertically at  inte rva ls of  7 ,  18  and 28 cm above the base o f  

the vessel on the central impe ller shaft . Th is was driven by a D . C .  

� H . P .  var iab le speed mo tor from the top o f  the fermenter vessel . 

Variab le s peed was ob tained us ing an electronic controlle r .  Imp e ller 

speeds from 0 to 1000 rpm we re attainab le . 

The fermenter tempera ture was maintained at  30 ± 0 . 2° C by means 

o f  hot  or cold water flowing through hollow baff les and was controlled 

by an electronic thermostat  controller . The t emperature was con­

t inuously recorded us ing a Honeywel l  Varsaprint Mult ipoint chart 

recorder (Amiens , France) . 

Air was supplied t o  the fermenter vess e l  through a b lower 



F I GURE 3 . 6  Photographs o f  fermenter vessel and its  head assembly . 
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F I GURE 3 . 8  A pho tograph o f  the f erment e r  and i t s  anc i l lary 
equ ipment . 
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s ituated in t h e  fermenter  apparatus . The a i r  f low rate was control­

led by a needle valve and measured with a Gap variable area f lowmeter  

(Platon Flow Control Ltd , Bas ings toke , Hampshire , England) over the 

range o f  1 - 12 l i tre /min . The measured air was passed through a 

ste rile  glasswool-packed filte r ,  be fore entering the culture vessel  

through a sparger o f  6 cm diameter s tainless s teel plate  p rovided 

with 10 evenly spaced 0 . 3  cm holes ( Figure 3 . 7 ) . 

Exhaus t air was vented through a water cooled condens er  to  

prevent the loss of  fermentation liquid by  evaporat ion . The condenser  

was ult imately connected to an  exhaus t air filter . 

The culture pH was measured us ing an E . I . L  3 3  1070 030  toughened 

glass e lectrode and an E . I . L  33 1320 210  laboratory sealed re ference 

electrode (Electronic I nst ruments Ltd , Richmond , Surrey , England ) 

connected to a Hor izon pH Cont roller Model  599 7-20 (Ecology Co . ,  North 

Oak Park Avenue , Chicago , Illinois , U . S . A . ) .  

In one experiment the pH o f  the culture bro th was maintained a t  

a des i red value b y  the addit ion of 1 M NaOH through a p H  met e r­

con trolled s olenoid valve (Fluorocarb on , Anaheim, Cal i fornia , U . S . A . ) . 

The culture pH was cont inuous ly recorded us ing a Honeywel l  Varsaprint 

Mul t ipoint chart  recorder (Amiens , France ) . 

The pH value o f  each fermentation samp le was independen t ly 

measured in order to check the accuracy o f  the fermenter pH control 

sys tem , and any discrepancies were corrected . 

Anti foam emulsion (DOW-Corning Ant i foam A . F) was added to the 

cul ture to supress the heavy foam gene rated by the high agit a t ion and 

aeration rates employed during the fermentation . Heavy foaming was 

encoun tered during the first 30 - 36 hrs o f  fermentation and a 5 %  

(w/ v )  s terile emuls ion was added at  a controlled rate ( 1  - 5 mL/min) 

by a pump ( Co le-Parme r Ins t . Co . ,  Chicago , Illinois , U . S . A . ) which 

was actuated for 10 seconds in every 15 minutes by a cam- t iming 

device . No ant i foam was required after  48 hours of fermenta t ion . 

The rate o f  antifoam addition was adj usted , depending on the degree 



o f  foaming,  through a var iable speed controller . 

D issolved oxygen tension was measured using a dissolved oxygen 

probe ( Type M 1 0 1 6-0202 , New Brunswick Scientific  Co . ,  Inc . , 
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New Jersey , U . S . A . ) , and recorded using a chart recorder (J . J .  Lloyd 

Instruments Ltd , Southampton , England ) .  The probe was cal ibrated 

in situ , prior to inoculat ion o f  the fermenter , by flushing the 

contents of  the fermenter vessel with oxygen-free nitrogen gas 

through the air supply system to obtain zero saturat ion cond i t ion s . 

The content s o f  the fermenter vessel were then aera ted vigo rously  to 

give 1 00% sa turat ion . The saturat ion condition was held for 30 minutes 

to ensure stable d issolved oxygen p robe operation and the chart recorder 

s pan was set at 95% full scale . 

3 . 7 . 2 . 2  Sterilization 

The fermen ter ve ssel containing the medium (4 . 5  l itre)  

and all systems in  the fermenter head except the pH and d issolved 

oxygen probes were steril ized in an autoc lave for 1 5  minutes a t  

1 2 1°C .  

The pH and dissolved oxygen probes were s teril ized by immers ing 

in 2 % (v/v) formaldehyde solut ion for 30 minutes and washed thoroughly 

with sterile distilled water before their insert ion into the fermenter 

vessel . The glass apparatus , pipe t te s  and air fil ter were steril i zed 
0 by dry heat at  160  C for 2 hours . 

3 . 7 . 2 . 3  Preparat ion of Inoculum 

Spores (approxima tely 1 x 1 08 ) ( refer sec tion 3 . 5 . 1 )  

were used to inoculate l OO mL of medium (whey permeate or Kr i s t iansen 

and Charley , Table 3 . 2 ) in a 2 50 mL Erlenmeyer flask .  The inoculated 

med ium was then incubated at 30°C in shake-culture for 36-40 hours . 

The contents  o f  the flasks (containing small pellets o f  about 

0 . 2-0 . 3  mm d iame ter) were used for inoc ulat ion of the fermenter 

( 10% (v/v)  inoculum) . 



3 . 7 . 2 . 4  Sampling 

The routine withdrawal o f  samples (about 30 mL) was 

performed through the sample withdrawal system of the fermenter for 

myce l ial dry weight , pH , c itric acid and sugar determinat ion . In 

some experiments samples were withdrawn for enzyme assay using cell­

free extrac t s . 

60  

Prior  to samp l ing , the sample withdrawal system was flushed wi th 

1 0- 1 5  ml of  the cul ture fluid to remove any resident "dead " volumP . 

The volumes o f  flush and samples withdrawn from the fermenter were 

recorded for volumet ric analysis o f  the fermentat ion component s . 

3 . 7 . 2 . 5  Wall Growth 

Mycel ial growth around the vessel wall  was per iod ically 

dislodged with a teflon-covered bar magne t inside the fermenter vessel 

which was secured and moved with a horse shoe magnet from out s ide the 

ves sel . 

3 . 8  PREPARAT ION OF SAMPLES FOR HPLC ANALYS IS 

Mycel ium was removed by filtrat ion and the f i l t ered samp les were 

centri fuged at about 2 500 x g using a Wi fug Chemico Cen t r i fuge 

( S tockholm , Sweden) . The supernatant liquid was then f i l tered through 

a membrane ( pore size 0 . 45 �m) us ing a Swinney Fil t e r  Kit  ( Millipore 

Corporat ion , Bed ford , Massachuset t s , U . S . A . ) . 

3 . 9  ENZYME ASSAYS 

3 . 9 . 1 PREPARAT I ON OF CELL-FREE EXTRACT 

Fermentat ion samples (about 50  mL) or whole  shake-flask contents  

( about 100  mL) were f il tered through a Buchner funnel using Whatman 

No . 54 filter  paper . The mycel ium was wasl1'ed twice with cold water 

( about 4°C ) , followed by washing with suf fic ient O . lM potassium 

phosphate buffer ( pH 7 . 4 )  to bring the pH to neutrality . The 

mycelium was then rewashed with cold glass-distilled water . 



The washed mycel ium was suspended in cold 0 . 1M potassium 

phosphate buffer , pH 7 . 4 ,  containing 1mM EDTA ( 1 0  mL extrac t ion 

solut ion / g  wet weigh t  mycelium) . The suspens ion was placed into a 

pre-cooled homogenizer container ( a  stainless steel bottle  o f  7 5  mL 

capac ity) which contained the required amount o f  ballo t ini bead s 

( about 5g/g  wet weight mycelium) o f  0 . 5  mm d iameter (Glasperlen , 
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Kt . Nr . 54 1 8 0 , B .  Braun Melsungen AG . ,  Germany) .  The stainless  steel 

container was placed inside the hold ing chamber o f  a rotary cell  

homogenizer ( Ce l l  Homogenizer MSK , Type 853034 , B .  Braun Mel sungen , 

Germany) which operated at either 2000 o r  �000  rpm. The machine and 

the material were cooled for about 1 minute by passage of l i quid 

carbon dioxide through the system .  Thi s  coolant flow was cont inued 

during homogenizat ion . Shaking was cont inued for 1 minute  a t  4 000 rpm 
. f b 3-4°C .  Th h h at  an operat 1ng temperature o a out e omogenat e  was t en 

separated f rom the ballotini- beds by f il tering through a glass  s inter . 

The f il tered l iquid was centrifuged a t  2 5000 x g for 30  minutes at 

0°C using a refrigerated centrifuge ( Sorvall Superspeed RC 2-B 

Automatic Refrigerated Centrifuge ) . The creamy supernatant l iquid 

was maintained at 3-4°C and assayed for enzyme ac tivity as soon as 

possible . Where nece ssary the extrac t was diluted us ing 0 . 1M 

potassium phosphate buf fer , pH 7 . 4 .  

0 
Al l assays were carried out at  room temperature (about 2 3  C )  

using a Cec i l  CE-27 2  L inear Readout UV Spec trophotometer ( Cec il 

Instruments , Cambridge , England) . Assays were conduc ted in t r iplicate 

and the average resul t was recorded . 

The spec i f ic ac t ivity o f  the enzymes was expressed a s  �mo les 

o f  product /min/mg o f  protein . The amount of  produc t formed dur ing 

the react ion t ime was calculated from the standard curve of tha t 

product . Such s tandard curves of c i s -aconitate and NADH o r  NADPH 

are shown in Figure s  3 . 1 0 and 3 . 1 1  respectively . 

3 . 9 . 2  PROTE I N  EST I MAT I ON 

The pro te in content o f  the cell-free extrac t was e s t imated by 

the method of Schac terle and Pol lack ( 1 97 3 ) . Diluted cel l - f ree  
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ext ract ( 1  mL containing not more than 50 �g pro tein/mL) was mixed 

with 1 mL of alka l ine copper reagent ( O . SM sodium hydroxide , contain ing 

10%  (w/v)  sodium carbona te , 0 . 1% (w/v) potassium tart rate and 0 . 05% 

(w/v) copper sulphate)  in a tes t tube and a llowed to s tand for 1 0  

minutes . Folin-Ciocal teu ' s  phenol reagent (4 . 0  mL , s tock d iluted 

x 18)  was p ipet ted forcibly and rapidly into  the test tube and the 

tubes were placed in a water bath at  5 5°C for 5 minutes . They were 

then cooled for 1 minute under tap water and the absorbance was 

read at 650 nm . 

The equivalent amount o f  prote in present was calculated from a 

st andard curve o f  bovine serum albumin . The s tandard curve was linear 

wi thin the range 0-50 �g/mL ( Figure 3 . 1 2 ) . 

3 . 9 . 3  ACON I TASE ( E.C. 4 . 2 . 1 . 3 )  

The ac t ivity  o f  this enzyme was determined by measur ing the rate 

o f  appearance o f  � is-aconitate from isoc i t rate according to the 

me thod o f  La Nauze ( 1 966 ) . 

The reac t ion system contained : 0 . 1M DL-isoc itrat e  in O . OSM 

po tassium pho sphate buf fer ( pH 7 . 4 ) , 0 . 4  mL ; diluted enzyme extrac t ,  

0 . 1 mL , and O . OSM phospha te buf fer (pH 7 . 4 ) , 2 . 5  mL . The b lank 

contained ( in 3 mL) all components other t han sub strate . The rate 

was obtained by monitoring the increase in absorbance at 240 nm over 

a period of 5 minutes . 

3 . 9 . 4  NAO-L I NKED I SOC I TR I C  DEHYDROGENASE ( E.C. 1 . 1 . 1 . 4 1 ) 

The ac t ivity o f  thi s  enzyme was d e termined by measur ing the rate 

of format ion of NADH from NAD accord ing to the me thod of La Nauze 

( 1 966) . 

The reac t ion sys tem contained : O . SM potassium phosphat e  buffer 

( pH 7 . 4 ) , 0 . 2  mL ; O . OOSM NAD , 0 . 3  mL ; 0 . 0025M AMP , 0 . 3  mL ; 0 . 1M 

MgC12 , 0 . 1 mL ; 0 . 3M KCN ( f reshly neutral ized ) , 0 . 1 mL ; 0 . 1M 

DL-isoc itrate , 0 . 1 mL ; diluted enzyme extrac t , 0 . 1 mL , and glass­

dist illed water , 1 . 8  mL . The blank contained ( in 3 mL) all the 
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components o ther than the substrate . The rate was obtained by 

mon itoring the increase in absorbanc e  at 340 nm over a period o f  

5 minute s .  

3 . 9 . 5  NAOP- L I NKED I SOC I TR I C  DEHYDROGENASE < E . C .  1 . 1 . 1 . 4 2 ) 

The ac t ivity o f  this enzyme was determined by measuring the 

rate of format ion o f  NADPH from NADP accord ing to the method o f  

La Nauze ( 1 966 ) . 
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The reac t ion sys tem contained : 0 . 5M potassium phosphat e  buf fer 

( pH 7 . 4 ) , 0 . 2  mL ; 0 . 0025M NADP , 0 . 3  mL ; 0 . 1M MgC1
2

, 0 . 1 mL ; 0 . 3M 

KCN ( freshly neutral ized ) , 0 . 1 mL ; DL- isoc itrate , 0 . 1 mL ; d iluted 

enzyme extrac t ,  0 . 1 mL and glass-dist illed water , 2 . 1 mL . The blank 

con tained ( in 3 mL) all the components o ther than subs trate . The rate 

was obtained by monitoring the inc rease in absorbance at 34 0 nm over 

a period of 5 minute s .  

3 . 9 . 6  2-0XOGLUTARATE DEHYDROGENASE < E . C .  1 . 2 . 4 . 2 )  

The ac t ivity o f  this enzyme was determined by measuring the rate 

o f  format ion of NADH from NAD accord ing to the method of Reed  and 

Mukherjee ( 19 69 ) . 

The react ion system contained : 0 . 5M potassium phosphat e  buffer 

(pH 8 . 0 ) , 0 . 3 mL ; 1 0  mM MgC1
2

, 0 . 3  mL ; 0 . 0 1M NAD , 0 . 3  mL ; 30 mM 

cys teine hydrochloride (neutral ized before use ) , 0 . 3  mL ; 20 mM 

thiamine pyrophospha te , 0 . 03 mL ; 3 mM Coenzyme A ( prepared freshly 

be fore use ) , 0 . 06 mL ; O . lM 2 -oxoglutarate , 0 . 03 mL ; diluted enzyme 

extract , 0 . 1 mL , and glass-dis tilled water , 1 . 58 mL . The blank 

contained ( in 3 mL) all the component s  o ther than the sub st rate . 

The rate was obtained by monitoring the inc rease in absorbance at  

340 nm over  a period o f  5 minutes . 

3 . 9 . 7  PYRUVATE CARBOXYLASE < E . C .  6 . 4 . 1 . 1 )  

The ac t ivity o f  this enzyme was determined by measuring the rate 

o f  oxidation of NADH to NAD accord ing to the method o f  Feir and 

Suzuki ( 1 969 ) . 
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The reac t ion system contained : 5 0  mM Trishydrochloride buffer  

( pH 7 . 9 ) ,  1 . 5  mL ; solut ion containing 5 mM sodium pyruvate , 5 mM 

sodium b icarbonat e , 3 mM MgC12 , 1 . 2 mM ATP and 33  mM KCl , 1 mL ; 

0 . 1 mM NADH , 0 . 3  mL ; malic  dehydrogenase , 1 unit ( 0 . 1 mL) , and 

diluted enzyme extrac t ,  0 . 1 rnL .  The blank c ontained ( in 3 mL) all  

the components o ther than sub strate . The rate was obtained by 

monitoring the decrease in absorbance a t  340  nm over a period o f  

5 minutes . 

3 . 1 0  CA LCULAT IONS 

3 . 1 0 . 1 HPLC DATA ANALYS I S  

In some exper iments , quantitation o f  c i tric acid and lac t ic acid 

was accompl ished by peak he ight measurement using an internal s tandard 

in the sample and comparison with parallel  s tandard solut ions containing 

known amounts o f  c it ric or lac tic ac id . 

From the parallel standard a response fac to r ,  Fe was calculated . 

The following calcula t ion is shown for c itric acid . 

Where : (
I S ) is the peak height ratio o f  internal standard : c p 

c itric acid . 

(
I S ) is the weight ratio o f  internal s tandard : c it r ic c w 

acid in the standa rd solut ion . 

The response factor was used to calculate the amount o f  c itric 

acid in the sample . 

* c * F � IS
W 

(IS)
PX c 

Where : cw is the weight o f  c itric  acid in the sample  ( g) . 

I SW is the weight o f  the internal standard i n  the 

sample  (g ) . 
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is  the rat io o f  c i tric acid : internal standard 

peak height from the sample chromatogram .  

Fe is the response fac tor for c itric acid . 

3 . 1 1  D ISCUSS ION OF METHODS 

3 . 1 1 . 1  MA I NTENANCE OF STOCK CULTURES 

A .  niger loses its ability to produce high yields o f  c itric  acid 

due to  degene ration o f  conidial material during s torage ( Rohr and 

Kubicek ,  1 9 8 1 ) .  In the present study , when the cul ture was maintained 

by repea ted sub cul turing on Suc rose-Beef  Extrac t Agar , no t iceable  

changes we re observed in the mo rphological charac teris t ics . Thus , the 

original co lour o f  the spores changed to a brownish co lour and occa­

s ionally , ' fo ggy ' patches of asporogenous mycel ium were observed . 

Thi s  morphological change co inc ided with a drastic reduc t ion in c i t ric 

ac id yield and may have been caused by spontaneous genet ic changes 

during repeated t ransfers .  Thi s  degenerat ion of the cul ture was 

prevented by preserving the spores as described in Sec t ion 3 . 1 . 5 .  

The same stock cul ture was then used throughout the ent ire period o f  

exper imentat ion and regular checks proved i t  t o  b e  morphologically 

s table , with reproducible yields o f  c it r ic acid . 

3 . 1 1 . 2 SCREEN I NG MED I UM FOR MUTANTS 

The developmen t  of a suitable screening medium to assess the ac id­

produc ing ab il ity  o f  large numbers of isolates a fter muta t ion was 

considered important in iso lating a superior mutant . In itially , a 

medium was dev ised conta ining lac t ic casein whey permeate ( 1000 mL ) , 
agar (20  g)  and CaC03 ( 10 g) on the basis that ac id produc t ion would 

cause  a clearing of the Caco3 in the area surrounding the co lony . 

Unfortunately , the growing colonies spread rap idly over the surface 

of the agar , making it  d i f f icult to d iscern zones o f  clear ing . Thus , 

in o rder to restric t the colony size , ox gall  ( SO  g/1  ( 7 0% so l ids ) ) 

was added to the med ium (Montenecourt and Eveleigh , 1 9 7 7 ) . This 

success fully res t r icted the colony size , but interferred with the zone 

of clearing due to forma t ion of a precipitate , probably the calc ium 
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salt of  b ile ac ids , within the clear zon e .  This was finally overcome 

by the replacement o f  CaC03 with Na2co3 ( Table 3 . 3  (a) (b ) ) . This 

med ium allowed screening of 40-50 colonies on  a s ingle plate , whi l e  

giving d istinct  zones of  c lear ing . 

On certain occas ions , the medium contain ing galactose (Tabl e  3 . 3 
(b ) )  was used as a s creening med ium in an at tempt to isolate mutants 

which could produce c itric acid from galac tose . 

The citric ac id medium (Table 3 . 3 ( c ) )  was used to test t he abil ity 

of selec ted mu tants  to use c itric ac id as sole carbon source . This test  

was used in parallel with the produc t ion of  c i t r ic acid from lac t ic 

casein whey permeate . 
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CHAPTER 4 

STRA I N  SELECT ION AND IMPROVEMENT 

4 . 1 I NTRODUCT I ON 

S ince the early d iscovery by Wehmer ( 1 893)  o f  the presence o f  

c itric acid in spent cul ture media o f  spec ies o f  Penici l lium , a 

varie ty  o f  fungi have been investigated and screened for c itric  acid 

produc t ion . Of  these var ious fungi , there is general agreement that 

only selected s t rains o f  Aspergi l lus niger are useful for commerc ial 

produc t ion of c i t ric ac id . 

An avai lable cheap carbohydrate source is always pre ferab l e  

( for economic reasons) f o r  c i tric acid produc t ion by fungal fermenta t ion . 

When a new type o f  raw material is to be used for the fermentation , 

inves t igat ions are needed to determine the exac t conditions which are 

required for h igh yields of c itric ac id . The most important step  o f  

this inves t iga t ion is to select a sui table  strain o f  A .  niger f o r  that 

part icular raw material . Fo ster ( 1 9 4 9 )  reported that a med ium ideal 

for one organi sm may be poor for ano ther o rganism , yet the latter  may 

i tse l f  produce high yields o f  c itric ac id under a diff erent s e t  o f  

cond i t ions . 

The main obj ective o f  the work described in this chap ter was to 

selec t a par t icular strain of A.  niger through a screening programme 

and subsequently to improve it  by induced mutation . 

4 . 2  RESULTS AND D ISCUSS ION 

4 . 2 . 1 STRA I N  SELECT I ON 

Ten s t ra ins o f  A .  niger and one s t ra in o f  A .  carbonarius were 

invest igat ed for the produc tion of c i tric ac id from whey permeate . 

Experiments were  conduc ted in shake- f lask cul ture us ing lac t i c  casein 

whey permeate (wi thout any supplemen tat ion) and the fermentat ion was 
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c ontinued for 1 0  days . Flasks were harves ted af ter 2 , 4 , 6 , 8  and 1 0  days 

o f  incubation and analysed for citric acid , lac tic acid , pH , myce l ial 

d ry weight and lac tose concentration . The experimental resul t s  ( after 

10 days o f  incubation) are summarized in Table 4 . 1 .  The resu l t s  indicate 

that  A .  niger IMI 7 5 353  and A .  niger IMI 8 3856 failed to grow . The 

remainder of the organisms grew and f ive of them produced c itric  acid . 

A .  niger IMI 4 1 8 74 produced the highest  concentration of c i t ri c  acid 

( 5 . 0  g/1 )  which represents a yield o f  1 3 . 5% (w/w) on the bas is  o f  lactose 

util ized . Among the non-citric acid producing strains , several caused 

an increase in pH value during the fermentation . The probab l e  reason 

for this was the deplet ion of lac tic acid from the medium without the 

produc t ion o f  any other acids . Al l the c itric acid-produc ing s trains 

ut ilized both l actose and lac t ic acid . 

The five c i t r ic ac id-produc ing s t rains were selected for further 

screening in shake-f lask culture , where the lac t ic case in whey permeate 

was supplemented with extra lactose ( 1 00 g / 1 ) . Experimental conditions 

were similar to those o f  the previous screening programme and the 

results are tabulated in Tab le 4 . 2 .  All o f  the s trains showed an 

increase in both c itric acid produc tion and yield . A .  niger IMI 4 1 874  

again produced the highest concentra t ion o f  c itric ac id ( 8 . 2  g / 1 ) , 

represent ing a yield o f  1 5 . 5% (w/w) on the basis of  lac tose u t i li zed . . 

S ince i t  produced both the highes t  concentration and yiel d  o f  

cit ric acid , A .  niger IMI 4 1874 was selec ted f o r  a strain improvement  

programme by  induced mutat ion . 

Tabl e  4 . 3  shows published examples o f  c itric acid produc t ion on 

various med ia by some o f  the s trains used in this screening programme . 

It  is immed iately apparent that the resu l t s  ob tained in lactic  casein 

whey permeate are poo r  in comparison . This may be due to the nature 

of  the sugar source , i . e .  lac tose , or may simply represent non-optimi­

zation of the medium ,  e . g .  trace element composition . However , it  is  

c lear that for some s t rains the lac tose poses a problem .  For examp l e , 

A .  niger IMI 7 5 35 3 ,  which has been s t ud ied by many inve s t igators , 

failed to grow on lactic  casein whey permeate . To further inves tigate  
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TABLE 4 . 1  C I TR I C  AC I D  PRODUCT I ON BY DI FFERENT STRA INS OF Aspergi l lus 

IN LACT I C  CASEIN  WHEY PERMEATE AFTER 10 DAYS OF I NCUBAT I ON . 

a b 

Mycel ial 
Final 

Final Dry 
Lac tose 

Strain Concen-pH Weight 
tration 

( g/ 1 )  
( g / 1 )  

IMI 2 7809 7 . 5  4 . 8  30 . 0  

IMI 3 18 2 1 7 .  7 4 . 6  35 . 0  

IMI 4 1 8 7 3  3 . 0  1 0 . 2 1 0 . 5 

IMI 4 1 874  2 . 0  1 2 . 0  6 . 0  

IMI 5 14 3 3  3 . 0  1 2 . 5 8 . 0  

IMI 7 5 353  4 . 5  No Growth 

IMI 8 3856  4 . 5  No Growth 

IMI 84 304 3 . 5  1 0 . 5  18 . 0  

ATCC 1 2846 2 . 7  7 . 5  1 3 . 0  

ATCC 26036 7 . 5  4 . 5  36 . 0  

ATCC 26550  2 . 5  1 1 . 0  6 . 0  

a 
Initial pH 4 . 5 . 

b 
Initial lactose  4 3  g/1 . 

Finale 

Lac tic 
Lactose 

Ac id 
Utilized 

( % )  
Cone en-
t ra t ion 

( g / 1 )  

3 0  1 . 5  

1 9  2 . 5  

7 6  0 

86 0 

8 1  0 

- -

- -

58 1 . 0 

7 0  0 

1 6  2 . 5  

86 0 

d 

Citric  
Citric  

Ac id 
Acid  . l d  ( % )  
( / l )  

Yle • 
g 

(w/w) 

0 -

0 -

1 . 8  5 . 5  

5 . 0  1 3 . 5  

2 . 6  7 . 5  

- -

- -

0 -

2 . 3  7 . 5  

0 -

2 . 5  7 . 0  

c 
Init ial  lac tic acid 5 . 2  g / 1 . 

d 
Based on lactose util ized . 
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TABLE 4 . 2  C I TR I C  ACI D  PRODUCT I ON BY 5 SELECTED STRA INS OF Aspergi l lus 

IN LACT I C  CASE I N  WHEY PERMEATE SUPPLEMENTED W I TH LACTOSE 

( 1 00 g/ 1 > .  

Results  are expressed a f ter 10  days o f  incubat ion . 

* 

Final 
S t rain 

pH 

IMI 4 1 8 7 3  2 . 8  

IMI 4 1 874  1 . 8 

IMI 5 1433  3 . 0  

ATCC 1 2846 2 . 5  

ATCC 26550  2 . 2  

* Initial pH 4 . 5 .  

Myce l ial 
Dry 

Weight 
( g / 1 )  

1 1 . 8 

1 2 . 5  

1 2 . 0  

8 . 0  

1 1 . 5  

Fi�al 
Lac tose Lac tose 
Concen- Util ized 
trat ion ( % )  

( g / 1 )  

9 3  3 5  

9 0  3 7  

1 0 0  3 0  

105  27  

85  4 1  

+ Ini tial lac tose  c oncentrat ion 143  g / 1 . 

** Based on lac tose utilized . 

Citric 
Ac id 
( g/ 1 )  

3 . 3  

8 . 2  

4 . 0  

2 . 8  

5 . 7  

* *  

Yield o f  
Citric Ac id 

( % )  (w/w) 

6 . 5  

1 5 . 5  

9 . 0  

7 . 5  

1 0 . 0  



TABLE 4 . 3  A BRIEF SUMMARY OF C I TR I C  AC ID PRODUC T I ON  I N  DI FFERENT FERMENTAT I ON  MED I A  

BY STRA I NS OF A .  nigPl" USED I N  THE PRESENT SCREEN I NG  PROGRAM�'£ . 

S t ra in 

IMI 2 7 809 

IMI 3 1 8 2 1  

IMI 4 1 8 7 4  

IMI 5 1 4 3 3 

I M I  7 5 3 5 3  

IMT 8 3 8 5 6  

l M l  84 304 

Sugar i n  t he 
Fermen t a t ion Med ium 

Bee t mo l asses 

Saccharose 

Sucrose 

Suc rose 

Suc rose and c ane 
mo l a sses 

Suc rose and 
comme r c i a l  g l uc o s e  

Comme r c i a l  s u c r o s e  

Bee t mol a s se s  

Sucrose 

C.:l!lc> sugar 

G l uc o se 

ATCC 1 2 846 Glucose and be<>t 
mo l a sses 

ATCC 26036 Suc rose 
( Da s ,  A .  
s t r .:1 i n  ' C ' ) 

ATCC 2 6 5 5 0  Bee t mo l a sses 

Beet mo l a sses 

* Based on sugar u t i l i zed . 
- No grow t h .  

* 
C i t r i c  Ac id 

Cu l t ure Me t hod 

Submerged in 
shake- f l ask 
cul t u re 

S u r f a c e  

Sur face 

Submerged in 
shake - f l a s k  
c u l t u re 

S u r face 

Submeq;ed in 
shake- f l a sk 
cul t ure 

Y i e l d  
(%)  

60-65 

1 1 - 1 2  

4 1 -4 9  

1 5 -48 

3 2 -82 

2 1 -80 

S u r f a c e  6 - 2 0  

Submerged in tower 5 0 - 7 0  
t y p e  o f  f e rmentcr 

Submerged in 50- 5 5 -8 1 
gal l on gl ass l ined 
f e rmen t e r  

SurfacP 

Subm<'rr.ed in 
shake- f l a sk 
c u i  t u  re 

Surface and sub­
m<' rged in shakP­
f l ask c u l t u re 

S u r f ac e  

Suhme r ged i n  36 
l i t re g l as� tower 
f e rment er 
Submerged in 
pyrex t ower 
fe rmen t e r  

2 0- 2 5  

n9- 7 J  

1 2 -67 

1 8 - 2 0  

7 0 - 7 6  

7 5-80 

Conuuents on 
Present Work 

+ 

+ 

++ 
1 5 . 5  

++ 
9 . 0  

+ 

++ 
7 . 5  

+ 

++ 
1 0 . 0  

Re ferences 

Cl ement ( 1 9 5 2 )  

Currie ( 1 9 1  7 )  

Doe l ge r  and 
Prescot t ( 1 9 34 ) 

Karow and 
Waksman ( 1 94 7 )  

Pe r l man r' t  a l  . .  

( 1 94 6 )  

S h u  and Johnson 
( 1 94 7 ,  1 94 8 a , b )  

Toml inson P t  a l .  
( 1 9 5 0 ,  1 9 5 1 )  

Ma r t in and Wa t e r s  
( 1 9 5 2 )  

Bue l ow and 
Johnson ( 1 9 5 2 )  

Porges ( 1 9 3 2 )  

Moyer ( 1 9 5 3a )  

Moyer ( 1 9 5 3a , b )  

Das and Nand i 
( 1 96 5 fl , b )  ( 1 96 9 )  

Cl ark and L e n t  z 
( 1 96 1 )  

Clark ( 1 96 2 )  

+ Grew b u t  no c i t r i c  a c i d  produced . 
++ C i t r i c  a c id produced and f igure expressed as 

pe r c e n t age yiel d ,  based on lactose u t i l i zed . 

74  
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thi s , i t s  ab ility t o  produce citric ac id from dif ferent sugars in a 

synthe t ic medium was s tudied . Experiment s  were conduc ted in shake­

flask culture using the med ium described by Kristiansen and Charley 

( 1 98 1 )  ( Table 3 . 2 ) , where the sugar sources used were sucrose , lactose 

or gala c tose . Fermentat ions were continued for 14  days . In comparison 

with l iterature report s ,  the product ion o f  ct tric acid from sucro s e  

was poor ( 6 . 5  g/ 1 ) , al though good growth was observed . No growth was 

observed when lac tose was the sugar source ,  and although growth occurred 

on galac tose no c itric acid was produced . Thus , the resul t s  from this 

exper iment , as we l l  as  from the screening programme , s t rongly  sugges t  

that A .  niger IMI 7 5 3 5 3  canno t me tabolize  lactose . Also , the inab ility 

to produce c i t ric  ac id from galactose �uggests  tha t the nature o f  the 

sugar being me tabolized may affect citric acid product ion . 

It  i s  c lear , then , that the ab ility to  produce ci tric ac id from 

lactos e , as in whey permeate , does no t necessarily correlate well  

wi th the  ab ility  to p roduc e citric acid from glucose or sucro s e .  

Thus , the use o f  the whey p ermeate as the screening medium was 

j us t i f ied . 

4 . 2 . 2  STRA I N  lMRPOVEMENT BY I NDUCED MUTAT I ON 

A .  niger IMI 4 1 8 74 was subj ec ted to irradiat ion with UV l ight in 

an a t t empt to induce a mutation leading to increased produc t ion o f  

c itric acid from lac t ic casein whey p ermeate . Figure 4 . 1  shows a 

typ ical death curve us ing the conditions described in sec tion 3 . 5 .  

An irradiat ion time o f  30 minutes was ado p t ed as s tandard and used 

in a l l  subsequent mutation programme s .  

On the bas is o f  ' acid unitage ' , 1 4  mutants were isolated and their 

ab i l i t ies to u t i l ize citric acid were examined in a citric a c id med ium 

( Table  3 . 3 ( c ) ) .  The results ob tained are shown in Table 4 . 4 ,  which 

shows that of these 14  mutants , 8 o f  them u t il ized ci tric acid completely 

within 7 days of incubation . Of the remainder , mutant MH 1 5 - 1 5  util ized 

the l east  amount o f  c itric ac id (about 3 0% of that available) , indicating 

that it  had a reduced ab i lity to use c i tric ac id as a carbon source . 
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TABLE 4 . 4  AB I L I TY OF SOME OF THE SELECTED MUTANTS TO UTI L I ZE 

C I TR I C  AC I D .  

Resul t s  are expressed after 7 days o f  incubation . 

* Mycelia l  Dry S train Acid Unitage 
Weight (g/1 )  

IMI 4 1 874  ( parent )  1 . 8 2 . 8  

MH 2-1  2 . 2  1 . 7  

MH 2-4 2 . 4 2 .  1 

MH 2 - 1 0  2 . 5  1 . 6  

MH 5 - 1  2 . 0  2 . 3  

MH 5-5 2 . 3  2 . 4  

MH 5-7 2 . 8  3 . 0  

MH 10-2 2 . 6  2 .  1 

MH 1 0-4 2 . 8  1 . 9  

MH 10-6 2 . 3  2 . 3  

MH 15- 1 2 . 9  2 . 2  

MH 1 5-2 2 . 5  2 . 2  

MH 1 5- 1 1  2 . 7  2 .  1 

MH 1 5 - 1 3  2 . 6  2 . 4 

MH 1 5 - 1 5  3 . 0  1 . 2 

* Defined in Chapter 3 ,  Sec tion 3 . 5 . 3 .  

+ Initial conc entration 20 g/ 1 .  

c ·  · A ' d  + l.trl.C C l.  
Util ized ( g / 1 )  

2 0 . 0  . 

1 8 . 2  

2 0 . 0  

1 2 . 0  

2 0 . 0  

2 0 . 0  

2 0 . 0  

2 0 . 0  

2 0 . 0  

2 0 . 0  

1 5 . 2  

2 0 . 0  

1 5 . 0  

1 8 . 1  

6 . 0  

7 7  
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On the bas is  o f  their lower c itric  acid  util ization , the  mutan t s  

MH 2- 1 0 ,  MH 1 5- 1 , MH 1 5- 1 1 and MH 1 5 - 1 5  were examined for their ability  

to  p rod•1ce c i t ric ac id in shake-flask culture using lac tic  casein whey 

permeate (without lactose supplementation) . The resul t s  ( Tabl e  4 . 5 ) 

show that mutant MH 15- 1 5  produced 6 . 5  g / 1  citric acid , represen ting 

an increase of 2 7 %  over the parent stra in .  

A further comparative s tudy o f  mut an t  MH 1 5-15  with the p arent 

s t rain was conduc ted in shake-flask culture us ing whey permeate  supple­

mented with lactose ( l OO g / 1 ) . Flasks were harvested a f ter 2 , 4 , 6 , 8  

and 1 0  days o f  incubat ion and the resul ts are shown in Figure 4 . 2 .  

The two st ra ins behaved simil arly in all  respec ts hut rhe mutant 

p roduced 2 7 %  more c i tric acid than the parent ( 1 0 . 2  g/1 compared with 

8 . 0  g/ 1 ) . The volumetric and specific produc tion rates , shown in 

Figure 4 . 3 ,  again demonstrate the superiority of the mutant s train . 

A simil ar comp arat ive study was performed on the parent and mutant 

to es tabl ish their ability to produce c i tr ic acid in a synthe tic  medium . 

The experiment was conduc ted in shake-flask cul ture using the medium 

described by Krist iansen and Charley , with sucrose as  carbon sourc e .  

The experimental resul ts (Figure 4 . 4 )  demons trate that both the parent 

and the mutant p roduced substantially more citric ac id ( 34 . 0  g / 1  and 

5 2 . 8  g / 1  respec t ively) than on the lac tose-supplemented lac t ic casein 

whey permeate ( 8 . 0  g/1  and 1 0 . 2  g/1  respec t ively) . Yields , based on 

sugar util ized , were 33% (w/w) and 48% (w/w) for the parent and mut an t  

respect ively , compared with 16% (w/w) and 2 0% (w/w) o n  the whey permeat e .  

Vo lumetric and spec ific rate data , shown i n  Figure 4 . 5 , again show the 

superiority of the mutant and are approxima tely five t imes greater than 

those obtained on the whey permeate ( Figure 4 . 3 ) .  

Two maj or points arise from these comparat ive s tudies on lac tose­

supplemented whey permeate  and the synthe t ic medium . Firs t , i t  can 

be concluded that the mut ant A .  niger MH 1 5- 1 5  is certainly superior 

to the parent in respec t o f  its ability  to produce c itric a c id . 

Hence ,  this mutant was selected for the studies described in Chapters 5 ,  

6 and 7 .  I t s  stab ility was tes ted periodically and i t  was found to be  

s table throughout the ent ire experimental period . 



TABLE 4 . 5  C I TR I C  AC I D  PRODUCT I ON BY 4 SELECTED MUTANTS I N  LACT I C  

CASE I N  WHEY PERMEATE . 

Re sul t s  are exp r e s s ed a f te r  1 0  days of  incuba t ion . 

a 
Final

b c 
Myc el ial 

Lac t o s e  Lac t o s e  Y ield  o f  
S t rain Final Dry 

Concen- U t il ized 
C i t r ic Ac id 

C i t r i c  Ac id 
pH We i gh t  

t ra t ion (% )  
(g/ 1 )  ( % )  (w/ w) 

(g / 1 )  (g/ 1 )  

IMI 4 1 874  
2 . 0  1 2 . 5  7 84 5 . 1 14 . 0  

( paren t )  

MH 2 - 1 0  2 . 0  1 2 . 8  1 0  7 7  4 . 5  1 3 . 5  

MH 1 5 - 1 2 . 0  1 3 . 5  8 8 1  5 . 2  1 5 . 0  

MH 15- 1 1  2 . 2  1 2 . 0  1 8  58 3 . 8  1 5 . 0  

MH 1 5 - 1 5  1 . 8 1 3 . 5  7 84 6 . 5  18 . 0  

a 
Ini t ial  pH 4 . 5  

b 
Ini t ial  lactose conc e n t r a t ion 4 3  g / 1. 

c 
Based on lac t o s e  u t i l i zed . 

7 9  
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Secondly , c itric acid concentrations , yields , and produc t ion 

rates were greatly  superior on the sucros e  synthetic medium than on  

the whey permeate . Whe ther these e ffect s  were due to the use o f  

the dif ferent sugar sources or t o  other med ium cons tituents is 

inves t igated in Chapters  5 and 6 .  

84 

In this study , the selected mutant was ob tained by screening 

approximately 1 6 , 000 colonies in petri d ishes . This mutant was 

subj ec ted to a second mutat ion step us ing UV l ight and a fur ther 

25 , 000 colonies were sc reened , some of which were tested for their 

ab ility to produce cit ric acid in shake-f lask , using lac tic c&sein 

whey permeate . However ,  no further improvement was made over mutant 

MH 1 5- 1 5 . This wa s considered surp ris ing since there are many reports  

in the literature showing that successive mutat ion steps can improve 

citric acid produc tion severalfold (Gardner et a l . , 1 95 6 ; Das and 

Nand i ,  1 969 � , b ) . Poss ibly the use of d i f feren t  mutagen ic agent could 

have proved succes sful , as suggested by Das and Nandi ( 1 969a , b ) . 

It was subsequen t ly observed ( Chapter 6 )  that mutant MH 1 5 - 1 5  

did not produce c itric acid from galac tos e . This finding led t o  the 

use o f  the galac tose medium ( Table 3 . 3 (b ) ) for the screening of 

isolates af ter UV irradiation o f  parent s t rain , A. niger IMI 4 1 874  

and mutant MH 1 5 - 1 5 .  Thus , a mutation programme was undertaken in 

which approximately 30 , 000 colonies were examined in petri  d ishes 

and many of them were  isolated and tes ted for their ability to produce 

citric acid in the Krist iansen and Charley med ium using galac tose as 

carbon source . However ,  in no case was c itric  acid product ion from 

galac tose ob served . The fa ilure of these  a t t empts has no immediate  

explanat ion but the problem o f  galac tose i s  further considered in 

Chapter 7 .  

4 . 3  CONCLUS I ON 

The strain selec t ion programme , us ing whey permeate as the test  

med ium ,  identified A .  niger IMI 4 1 874 a s  being the mos t  suitable  

organism for further work . A mutant s t rain of  this organism was 
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subsequently isolated and proved t0 be  superior in its  abil ity to 

produce c i tric acid . 

A comparison o f  lactose- supplemented whey permeate and a sucrose­

containing synthetic med ium demonstrated the latter  to be greatly 

superior in supporting c it r ic ac id produc t ion by A. niger IMI 4 1 874 

and its mutant . Pos sible reasons for this include the dif ferent sugar 

source and a different composition of o ther med ium constituents . 



" 
86 \ 

CHAPTER 5 

PRODUCTION OF CITRIC ACID 

FROM LACTIC CASEIN WHEY PERMEATE 

IN FERMENTER CULTURE 

5 . 1  INTRODUCTION 

The previous chapter reported the development  of  an improved 

strain o f  A .  niger . This strain was now stud ied in fermenter cul ture 

in an at temp t to optimize the cond it ions for produc tion of cit ric acid . 

I n i tial experimen ts were d irec ted toward the e f fects  of  lac tose 

and nitrogen concentration and pH control ( part- I ) , while subsequent 

experiments invest igated the e f fects of trace elements using decat ionized 

whey permeate as the bas ic  medium ( part-II) . 

PART-I 

PRODUCTION OF CITRIC ACID FROM 

UNTREATED LACT IC CASEIN WHEY PER�EATE 

5 . 2  THE EFFECT OF LACTOSE SUPPLEMENTATION 

5 . 2 . 1 INTRODUCT I ON 

The shake-flask culture experiment s  (at  the time o f  strain 

selec t ion and improvement )  ind icated that l�ctose-suppl�menterl whey 

permeate gave higher c itric  acid produc t ion than unsupplemented whey 

permeate . However ,  it  was cons j dered wor thwhile to repeat the experi­

ments  in fermenter cul ture in order to set thP. basel ine for c i t r i c  

acid product ion , a s  wel l  as to  provide comparison t,;rith the sh.?ke­

f lask cul tures . 
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5 . 2 . 2  RESULTS AND D I SCUSS ION 

An ini t ial  fermentation was performed us ing unsupplemented lac tic  

casein whey permeate (5  litre  working volume ) . The ini t ial pH value 

of the med ium was pH 4 . 5 (no t  adj usted) . The inoculum was grown in 

the same whey permeat e  according to the procedure descr ibed in Sec t ion 

3 . 7 . 2 . 3  and a 10% (v/v) inoculum was added to the fermenter . The 

dissolved oxygen tension o f  the fermentat ion b roth was not moni tored , 

but the agitat ion speed and aerat ion rate were set at 200 rpm and 

3 1 /min respe c t ively for the f irst 48 hours o f  fermentat ion and subse­

quen tly increased to 300 rpm and 5 1 /min respectively . Samples  were  

withdrawn pe riodically during the 10  days o f  fermentat ion and analysed 

for c i t ric acid , lac t ic ac id , pH , mycel ial dry weight and lac tose 

conc entra t ion . The t ime course o f  the fermentat ion is shown in 

Figure 5 . 1 .  

The resul t s  show that the maximum c it ric ac id concentra t ion 

(8 . 3  g / 1 )  was achieved after 8 days of fermentat ion and then the c i t r ic 

ac id was depleted slowly from the med ium . In contrast ,  in shake-flask 

cul ture the maximum c itric ac id concen t rat ion (6 . 5  g/ 1 )  was obtained 

after  10 days o f  fermentat ion ( Table 4 . 5 ,  Chapter 4) and was no t depleted 

from the med ium . However , the yields , based on lac tose utilized , were  

not significantly d i fferent (approximately 1 9 %  (w/w) ) .  The lac tose  was 

util ized comple tely a fter 8 days of fermen t a t ion , sugges t ing that the 

c itric  acid deplet ion was a consequence of l actose deficiency . ( This  

interpretation is  consis tent with the shake-flask data where no  c i tr ic 

ac id deplet ion was observed , but lactose was no t completely util ized ) . 

Lac t ic acid was comp letely utilized a f ter 4 days of ferment a t ion and 

the pH of the med ium gradually decreased f rom pH 4 . 5  to pH 1 . 8 as c itric 

ac id accumulated . 

The vo lumetric and spec ific rate data shown in Figure 5 . 2 ,  demon­

strate that both the volume t r ic and specific  rates o f  c it r ic acid 

product ion reached their maximum after 5 days o f  fermentation ( 0 . 07 

g/ l . h  and 0 . 0085 g / g�W . h , respec t ively) and then decl ined to  zero a fter 

8 days . 



::c 
Q_ 

_.; � -
� 
-u · o < 12 

u 
-V !t -J 

,........ 
""< 10 -
en 

'-...J 
-...r en 

I» 8 � 
).. � a 
� 
I» u 
>-

2 

� 
-
en '-' 

.., 
0 

< 2 
u 
!a. 

.... 

(.) 
0 2 

F I GURE 5 . 1  

88 

60 

50 

40 
........... 
� 
...... en 

30 '-o.J 

CJ 
11) 0 

..... 0 
20 � 

10 

6 8 0 

Fer�c,.,tation TiMe (d ) 

The p roduc t ion o f  c i t r ic ac id f rom unsupp lemented 
lac t ic casein whey permea t e . 

C i t r i c  ac id ( 0 ) , myce l ial  d r y  we ight ( e ) , 
l a c t o s e  ( 0 ) , lac t ic ac id ( • ) , pH ( A ) . 



,-..... .....r 

� CHIJ  
,....... 0') ..s: "-'  . 

� �  01·-......,0 3 0 · 

=ff o a.  � 
\0 -u  

0 :! < o 
"i v  

o · -
>- ... ...... � 0  

.. Ill ...... ...... 
� � 

0 

(a) 

,........ 

0 -� � 
� -
en 

....._, 

� 
0· 3 .2 

.... " 
N 

-

3 
� 0·2. 1/) 0 

u 
j 
0 
11) .. 
� 

0 6 8 10 

...-..c 
i 0 ..--.. m 

....r -. en 
� -0 t: 
cn o 

- · -m u '-" 3 
� '6  
� d:  0 
� "ts  
- �  111 

· -

- <.)  Q,) -
u .. 

:2o 
'+- ...... 0 0 
� Q,) 

- -
� �  
0 u 

· - -
� ...... ·o ·o c. Ill Cl. Q.. 
1/) 11)  

0·02r- A] (b) 

0·016 

0 ·012 

0·008 

0 
F.z,.me ntat io.., TiMe (d ) fer'm1Z11tation Time 

F I GURE 5 . 2  ( a )  Vo lume t r ic and ( b )  spec i f ic rate d a t a  dur ing c i t r ic a c id produc t ion f rom 
unsuppl emented l ac t ic c a s e in whey pe rmea t e . 

C i t r ic a c i d  ( 0 ) ,  myc el ial growth ( e ) , lac t o s e  ( 0 ) .  

"? 0· 1 it A 
m 

-
0" 

� 

0·08 � 
+ 
:! 

:!; 
0 · 06 _. 

11) 0 "b 
.s 

0·� 't; 
11) ...... 
� 
0 0 ·02 � 
u Q,) � 

(/) 

0 10 

00 1.0 



9 0  

A second fermentat ion was performed i n  which the whey permeate was 

supplemented with addi t ional lactose ( 1 00 g / 1 ) . The experimental condi­

t ions were ident ical to the previous experiment . However , in this case , 

dissolved oxygen tension was monitored and recorded as shown in Figure 5 . 3 .  

This was the general pat tern o f  dissolved oxygen tens ion in the fermenter 

broth for all the fermenter cul ture expe r iments . 

The t ime course o f  the fermentation , presented in Figure 5 . 4 ,  shows 

that a c itric acid concentrat ion o f  14 . 8  g / 1  was obtained at the end o f  

fermentation , representing a yield o f  2 3% (w/w) based o n  lac tose util i zed . 

In contras t ,  us ing the same level of  lac tose supplementation ( 1 00 g / 1 )  

in shake-flask cul ture , the citric acid concentration and yield were 

10 . 2  g / 1  and 20% (w/w) respectively . Thus , these results  ind icate a 

slight superior ity o f  fermenter cul ture over shake-flask cul ture . A 

mycel ial dry we ight o f  1 2  g / 1  was obtained a t  the end o f  the fermentation 

and this was approxima tely the same as in shake-flask cul ture . In 

compar ison wi th Figure 5 . 1 ,  us ing unsupplemented whey permeate , it  is 

clear that the produc t ion of citric ac id was increased in the presence 

of a higher ini tial l actose concentration . This agrees with the resul t 

of  Somkut i  and Benc ivengo ( 1 98 1 ) , also working with whey permeate . 

The result s  also demonstrate that lac tose supplementa t ion checked the 

citric acid depletion from the med ium . Lac tic  acid was completely 

ut ilized within a period of 4 days of fermentation , while the pH value 

gradual ly decreased to pH 1 . 8  as the citric  acid accumulated . The 

fermented samples were analysed for glucose and galactose  ( hydrolysis  

produc ts o f  lactose)  but neither was detected , indicat ing that lac tose  

was not  hydrolysed outside the cell . 

The volume tr ic and speci f ic rate data , shown in Figure 5 . 5 ,  

ind icate that the c i tric acid produc tion rate ( 0 . 140 g / l . h  and 

0 . 0 1 5  g/gDW . h) reached a peak on the f i f th day of fermentation . 

These values were approximately double those obtained us ing unsupple­

mented whey permeate in fermenter cul ture . The rate of sugar u t i l i­

zat ion was highes t  during the ini t ial growth phase and then declined 

with t ime . This rate  was s imilar to that observed us ing unsupple­

men ted whey permeate , as was the mycelial growth rate . 
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Thus , it appears that the addi t ion of l ac tose  to the whey permeate 

caused an increas e  in the rate o f  citric ac id production , without 

affec t ing e ither the sugar ut ilization rate or the growth rate . 

Interes t ingly , the c it r ic acid produc t ion rate declined to z ero a t  

the same t ime a s  the growth rate and sugar ut il i zation rate , despi t e  

the presence o f  considerable amounts (about 7 0  g / 1 )  of  lac tose remaining 

in the med ium .  Thi s  suggests that the whey permeate may b e  def ic ient 

in some nutrients  and that continued growth and sugar utilization may 

lead to cont inued c itric  acid produc t ion . 

5 . 3 THE EFFECT OF SUPPLEMENTAT I ON W ITH NON-PROTE IN N ITROGEN , LACT IC 

AC ID , PHOSPHATE , MAGNES IUM AND TRACE ELEMENTS 

5 . 3 . 1 INTRODUCT I ON 

The previous experiment showed that a high concentration o f  lac tose 

in the medium l ed to an increased c itric ac id concentration and produc­

tion rate . A higher concentrat ion of lacto se in whey permeate  may a l so 

be a ttained by concentrating the whey permeate . For example , to a t tain 

a lactose concentration of approximately 140  g / 1  would require about a 

three fold concentrat ion o f  whey permeate . This would also inc rease 

the concentrat ions o f  al l other components  o f  whey permeate , inc luding 

nitrogen and trace elements , which may deleteriously influence the 

accumulat ion of c i tric acid . Conversely , the higher concentrat ion o f  

such materials may enhance c itric acid accumulation . 

To examine the effec t o f  such concentrat ion , an experimen t  was 

performed by supplement ing the whey permeate with three t imes more 

lactose , non-protein nitro gen , l actic acid , phosphate , magnesium and 

trace element s . 

5 . 3 . 2  RESULTS AND D I SCUSSI ON 

Table 5 . 1 shows the concentrations o f  d if ferent component s  o f  

normal whey permeat e , supplementation and f inal concentrat ions set  f o r  

the experiment .  The fermentation was performed i n  a similar manner 

to  that descr ibed previously ( Section 5 . 2 . 2 ) . 



TABLE 5 . 1 THE D I FFERENT COMPONENTS PRESENT I N  LAC T I C  CASE I N  WHEY 

PERMEATE , SUPPLEMENTAT I ON AND THE F I NAL CONCENTRAT I ON 

SET FOR EXPER I MENT . 

Present Final 
Component 

in Whey Supplementation 
Concentration 

Permeate ( g / 1 ) *  

Non-pro tein 

Lac t ic acid 

Phosphate 

M 
2+ 

g c 

Cu2+ d 

F 
2+ 

e e 

zn
2+ 

f 

Mn
2+ 

g 

Ni
2+ 

h 

b 

( g/ 1 ) *  

nitrogen 
a 

0 . 46 

5 . 20 

0 . 4 7 

5 7  

0 . 1 7  

1 .  20 

3 . 00 

0 . 1 3 

0 .  1 3  

* Trace element concentrat ion expressed 

a 
Supplied casein hydrolysate . as 

b 
S uppl ied KH2

Po
4

. as 
c 

Supplied MgS0
4

. 7 H
2 0 .  as 

d 
Suppl ied as Cuso

4
. sH

2
o .  

e Suppl i ed Feso
4

. 7H
2

o .  as 
f 

Supplied as ZnS0
4

. 7H
2

o .  
g 

Suppl ied as MnC1
2

. 4H2
0 .  

h 
Suppl ied as NiS0

4
. 7H

2
0 .  

V 

( g / 1 ) *  

1 .  38 1 . 84 

1 5 . 60 20 . 80 

1 .  3 1  1 .  7 8  

1 7 1  228  

0 . 5 1  0 . 68 

3 . 60 4 . 80 

9 . 00 1 2 . 00 

0 . 39 0 . 5 2 

0 . 39 0 . 52 

as mg/ 1 . 

9 5  
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There was heavy mycelial growth a f te r  24 hours of  fermentation 

and the pell e t s  were broken down into a mesh-like mycel ium. This thick 

mycelial growth made it  almost  impossible to  maintain the aerat ion 

e fficiency in the fermenter . Fermentat ion was discontinued a f te r  6 

days . A mycelial dry weight o f  1 8  g / 1  was obtained during this  t ime 

but no c itric ac id accumulated in the med ium .  The ini t ial pH value 

( pH 4 . 5 ) remained unchanged while lactose utilization was less  than 

20% of  that suppl ied ( 14 0  g / 1 ) . 

These f ind ings sugge st that the excessive nutrient content (e . g .  

nit rogen and trace elements)  o f  the medium caused the heavy myc e l ial 

growth and adversely inf luenced the accumulation of c itric acid . 

There fore , the app roach of  concen tration o f  whey permeate was consid­

ered no t to be use ful for the presen t research . Further s tudy in 

this area , as for example , the treatment of concentrated whey permeate 

for the removal o f  excess nitrogen , lac tic  acid and t race elements , 

could perhaps imp rove the s ituation , but this type o f  study was 

considered beyond the scope of  the present research . 

Hence , for all future experiments , l ac tose-supplemented whey 

permeate was chosen as the base medium . 

5 . 4  THE EFFECT OF CONTROLLED PH 

5 . 4 . 1 INTRODUCT I ON 

The maintenance o f  a favourable  pH value is essential for the 

successful produc tion of ci tric acid (Kapoor et al . , 1 98 2 ) . This 

pH value will depend largely on the med ium and the s t rain o f  fungus 

used (Loesecke , 1 945 ; Kapoor et a l . , 1 98 2 ) . It has been reported 

that the accumulation of high concentrat ions of  c itric ac id in the 

medium may inhibit the rate of c it r ic acid product ion and pH values 

below 2 . 0  have been associated with reduct ion of  yield ( Chmiel ,  1 9 7 7 ) . 



I t  was shown in Sect ion 5 . 2 . 2 that the ini t ial pH value 4 . 5  

gradually  decreased to pH 1 . 8-2 . 0  as citric ac id accumulated . I t  

was thought that such a low p H  value at  the product ion s tage might 

inhibi t  the rate of  c itric acid produc t ion . Therefore , it was 

considered useful to control the cul ture pH af ter onset of fermen­

tat ion to observe its effec t on the produc t ion of citric acid . 

5 . 4 . 2  RESULTS AND D I SCUSS I ON 

9 7  

The basic fermen tat ion conditions were a s  previously described 

( Se c t ion 5 . 2 . 2 )  and the process commenced with a pH value of 4 . 5 .  

This was allowed to decrease naturally to pH 2 . 3  ( reached on the 

third day of fermentation) , at which t ime the pH value was controlled 

to be tween pH 2 . 3-2 . 5  by the automatic add it ion o f  2M NaOH . This 

control was cont inued up to the end of fermentation . The time course 

o f  the fermentation is shown in Figure 5 . 6 .  

The resul t s  show that a c i tric acid concentration o f  7 . 2  g /1  was 

obtained at the end of fermentat ion , representing less than 50% o f  

tha t  obtained with uncon trolled pH ( Figure 5 . 4 ) . There was a higher 

mycelial dry weight ( 14 g/ 1 )  at the end o f  fermentat ion compared with 

that us ing uncontrolled pH (Figure 5 . 4 ) , suggesting that the higher 

pH value in the cul ture medium at the later stage of fermentat ion led 

to biomass growth at the expense of c itric acid produc t ion . The amount 

of  lactose consumed rema ined at approximately 70 g/1 . 

From these results , i t  was concluded that to obtain higher yields 

o f  c itric ac id under the cond i t ions s tud ied , pH control  is no t essential  

( in fac t ,  it reduces yield ) . 

5 . 5  THE EFFECT OF CONT INUOUS N ITROGEN FEED ING AFTER ONSET OF 

FERMENTAT ION 

5 . 5 . 1 INTRODUCT I ON  

The accumulat ion o f  citric ac id has been reported t o  occur under 

nitrogen- l imit ing conditions ( Krist iansen and S inc lair , 1 978 , 1 9 7 9 ) . 
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However , t he addi tion o f  small  quanti t ies o f  nitrogen during the 

production phase does s timulate c itric acid produc tion ( Shepherd , 

1 96 3 ) . In general , a l ow nitrogen content in the medium favours the 

production o f  c itric a c id , while a high nitrogen content favours the 

abundant growth of mycel ium with low acid product ion . However ,  this 

cond i t ion seems to vary according to the carbohydrate  source and the 

s t ra in of A .  niger used ( Lo esecke , 1 945 ) . 

From the result s  o f  the previous experiment s ,  i t  was apparent 

9 9  

that c it r ic acid produc t ion and lac tose ut ilization ceased at  approxi­

mately the same t ime as mycelial growth . This  suggested that if growth 

could be ma intained , t hen c itric acid produc t ion would continue . To 

achieve this , i t  was dec ided to invest igate the effect of  supplying 

extra n i trogen to the medium,  on the basis that this was the growth­

l imit ing nutrient . In this way ,  it  was hoped that a constant growth 

rate could be maintained . In order to prevent excessive mycel ial 

growth , a cont inuous feed was adopted , using (NH4
)

2
so

4
. 

5 . 5 . 2  RESULTS AND D I SCUSS I ON  

Af ter 3 �  days o f  fermentat ion , 0 . 007 gN/ 1 /h was fed cont inuously 

to the cul ture medium and this was cont inued until the e ighth day . 

The resul t of  this experiment is presented in Figure 5 . 7 ,  which demon­

s t rates that product ion o f  c itric ac id , mycel ial dry weight and lactose 

ut il izat ion were inc reased over that of  the control exper iment ( Se c t ion 

5 . 2 , Figure 5 . 4 ) . The final concentrat ion of cit ric a c id was 1 9 . 5  g / 1 , 

represent ing a yield o f  2 6 %  (w/w) based on lactose util ized . By compar­

ison with Figure 5 . 4 ,  it can be seen that this represents  a 32% inc rease 

in the product ion o f  c it r ic ac id , al though the yield was only sl ightly 

higher . 

The volumetric and speci f ic rate data are shown in Figure 5 . 8 .  

By comparison with Figure 5 . 5 ,  i t  is apparent that the maximum observed 

rate of citric ac id product ion increased f rom 0 . 1 4 g/l . h  to  0 . 20 g / l . h ,  

while the maximum rate o f  mycelial growth also increased from 0 . 1 0  g / l . h  

to 0 . 1 6 g/l . h .  However , the spec ific rate  o f  c itric acid product ion 

was not s ignifican t l y  increased . 

MASSEY UNIVERSITY; 
LI3;_A!" '; 



......... 
� -0'\ -
-� 

CS) - �  12 
� 

>... � 
a 

. !  9 
" V )... 

� 
-
� 6 
en 

,__ 

-o 
V 

< 3 
\,) 

- �  � u 

1 00 

0-7 0 · 007 gN/J../h Feed l Starlod 

120 0 ·6 

100 0 ·5 

(j c .. 11) 0') 0 0 
60 - 0·3 ; 0 

le ...J z 

40 0 ·2 

0· 1  

0 0 ... 6 8 

fermentat ion TiMe (d) 

F I GURE 5 . 7  The produc t ion o f  c it r ic ac id from lac to se­
supplement ed whey permeate , with supplementary 
nitrogen-feeding . 

Citric acid ( 0 ) ,  mycelial dry weight ( e ) , 
lac t ose ( 0 ) ,  nitrogen ( � ) .  



0·2 t-
-� 
-< -- "' � - 0· 16 

'"'( -
CS) �  - .2 + CJ 3 

� "1)  0· 12 
1 J  
e 

\!> "Q  
u 

-. <  0 ·08 
- u ., _ _  u � >- :t  � u  
'O 't 0·04 
Ill ., 
- �  � �  

I 
0 

(a )  

0 

-
I I I 
2 4 6 

'%' 
i 0 '::C CJ" 

� �  (3"\ 1.:  - 0 0 ·02 In :+:  
.._ CJ 

. �  

3 

f "&  o ct 
L. � -o 0·016 

CJ - <  .!  
u u u · -
>- .!:  � () 0 ·012 

't 15 
" �  
� �0·008 
IJ IJ ·- ·-c..- � 

· - · -0 0 � C» 
Q. c:l.  

cn cn o-oo4 

8 10 

( b) 

L 
0 

F4Z rmentat i on Time ( d ) Ferm entation Ti me. 

F I GURE 5 . 8  ( a )  Vo l ume t r i c  and (b )  spec i f i c  r a t e  curves o f  n i t rogen- feed ing exper iment .  

C i tr ic ac id ( 0 ) , mycel ial dry we ight ( e ) .  

(d ) 

1-' 0 1-' 



102  

It  i s  clear from Figure 5 . 7  that after  8 days of  fermentation both 

mycelial growth and citric acid product ion ceased as in p revious exper­

iments , despite the presence of excess  nitrogen and lac tose . This  

suggests  that some other nutrient had become l imit ing . 

From the nitrogen concentrat ion data in Figure 5 . 7  it  can be seen 

that the added nit rogen was completely util ized until the seventh day 

of fermentat ion and thereafter the utilization slowed down and the 

residual nitrogen concentrat ion increased rapidly . 

From the experimental resul ts i t  can be concluded tha t nitrogen 

feeding after  onset  of citric acid produc t ion can sub stantially increase 

the produc t ion of citric acid , al though the yield , based on lac tose 

utilized i s  only marginally affected . 

5 . 6  THE EFFECT OF CONTINUOUS NITROGEN FEEDING AT DIFFERENT INITIAL PH 

VALUES OF THE MEDIUM 

5 . 6 . 1 I NTRODUCT I ON 

A previous experiment had ind icated that pH control was unnecessary 

during the fermen tat ion . However ,  a substant ial literature exists  

desc rib ing the influence o f  the initial pH value of the  med ium on the 

rate of c i tric acid product ion in submerged cul ture ( for example , Shu 

and Johnso n ,  1948b ; Khan and Ghose , 1 97 3 ;  Berry et a l . � 1 9 7 7 ) . 

Therefore , it  was o f  interest  to investiga te  the effect  o f  different 

ini t ial  pH values on the produc t ion of citric acid from whey permeate . 

Nitrogen feeding was also employed during the fermentat ions . 

5 . 6 . 2  RESULTS AND D I SCUSS I ON  

The basic fermentation conditions were a s  previously described 

( Sec t ion 5 . 2 . 2 ) and experiment s  were performed using ini t ial pH values 

o f  3 . 0  and 6 . 0 .  The pH value was adj usted using H3Po
4 

o r  2M NaOH . 

After  3� days of fermentation , nitrogen feeding (as  ( NH
4

)
2so

4
) was 

commenced at a rate of  0 . 0035 gN/ 1/h .  The results o f  these two experi­

ment s  are shown in Figure 5 . 9 .  
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The result s  show that c i tric acid produc t ion was drastically 

reduced in both experiments when compared with Figure 5 . 4  ( lactose­

supplementation , ini t ial pH 4 . 5 ) and Figure 5 . 7  ( lac tose-supplemen­

tation , ini t ial pH 4 . 5 ,  nitrogen feed ing ) . However , of these two 

ini t ial pH values ,  pH 3 . 0  gave the higher c itric acid concentration 

(6 . 5  g/ 1 ,  compared with 4 . 5  g/1 at ini t ial  pH 6 . 0 ) .  The mycel ial 

dry weight ob tained was higher at ini tial pH value 6 . 0  ( 14 g / 1 )  than 

at initial pH value 3 . 0  ( 1 2 g / 1 ) . This indicates that the higher 

ini t ial pH value of the medium favours mycel ial growth at the expense 

of  citric acid produc t ion . During the fermentat ions , the pH value 

gradually decreased from pH 3 . 0  to pH 1 . 8  and pH 6 . 0  to 2 . 4 ,  as the 

citric ac id accumulated . The added nitrogen was util ized in an almost  

ident ical pa t te rn in bo th of  the exper iments . It was anticipated that 

us ing the lower ni trogen feed ra te compared with Figure 5 . 7 ,  the 

nitrogen migh t be utilized throughout the ent ire period of fermentat ion . 

This was no t the cas e , as the ni trogen util izat ion again s topped a f ter 

the seventh day of fermentat ion . 

In view o f  the above findings , it  was dec ided that an ini t ial  pH 

value of pH 4 . 5 ,  i . e .  the natural pH , would be used in all subsequent 

experiments . 

5 . 7  D ISCUSS I ON AND CONCLUS I ONS 

The experimental resul ts described in this sect ion al low the 

following conclusions to be drawn : 

(a )  Lactose  supplementation ( 1 00 g / 1 )  o f  the permeate caused 

higher produc t ion of  c i t r ic acid and also prevented 

subsequent produc t deplet ion from the med ium . 

(b)  Lac tose utilization rarely exceeded more than 50% of  that 

suppl ied ( 140 g/1 )  under any exper imental cond i t ions . 

( c )  An ini t ial pH value o f  pH 4 . 5  was found to be op t imum when 

followed by a natural decrease to pH 1 . 8-2 . 0  as c itric 



acid accumulated . No pH control was required . 

( d )  Nitrogen feeding ( 0 . 007 gN/ 1 /h) after onset o f  c i t r i c  acid 

product ion significantly increased the citric acid 

p roduc t ion , but had l i t tle  effect on yield . 
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The maximum observed product ion o f  citric ac id was 1 9 . 5  g/1 , 

repres ent ing a yield o f  26%  (w/w) based on lactose utilized . This is 

an improvemen t over the resul ts obtained in shake-flask cul ture using 

lactose-supplemented whey permeate , but s t ill relativel y  poor when 

compared with the use o f  the sucrose-based synthetic medium ( Chap ter 4 ,  

Figure 4 . 4 ) . Therefore , at least two possibilit ies may be cons idered : 

(a )  The nature o f  the sugar source has an  effect on  c i tric acid 

produc tion . 

(b )  The trace element compos i t ion o f  the whey permeate is rela­

t ively  unsuitable for c i tric acid produc t ion . 

I t  is  also worth considering o ther fermentat ion parame ters that 

may influence citric ac id produc t ion , e . g .  dissolved oxy gen tension . 

The cond it ions o f  aeration and agi tation used in the fermentation 

exper iment s  maintained a maximum dissolved oxygen tens ion of only 

1 2 - 1 5 %  of saturat ion ( Figure 5 . 3 ) .  Al so , these cond i t ions had a 

deleterious effect on pellet morphology . Photographs o f  typical pellet 

morphology are shown in Figure 5 . 1 0 .  The inoculum consis ted of small 

solid pellets  ( 0 . 4-0 . 5  diameter) , but during the course o f  the fermen­

tation these broken down into  a mycelial form (Figure 5 . 10 ) . 

The morphology o f  pelle t s  o f  A .  niger in submerged culture has 

long been realized to be impor tant for high yields of c itric acid . 

Small , round and hard cream coloured pellets  have been suggested to  

be desirable for  high c itric acid  yields ( Snell and Schwe iger , 1 94 9 ;  

Martin and Waters , 1 95 2 ; S teel e t  a l . � 1 954 , 1955 ; Mart in ,  1 9 5 7 ) , 

whil e  the filamentous form i s  reported to produce l i tt l e  citric acid 

( Cari l l i  e t  a l . � 1 96 1 ; Clark e t  a l . ,  1 9 6 6 ) . Poss ibly , the degeneration 
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(b ) 

( d )  

( e )  

F I GURE 5 . 1 0  Pellet morphology in the fermenter a t  various t ime 
intervals : (a )  Day 0 ,  (b )  Day 2 ,  ( c )  Day 4 ,  ( d )  Day 6 
and (e )  Day 8 .  
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observed in the present work was due to  the agitation syst em within 

the f ermenter . 

However , s ince , with whey permeate , the fermenter experiment s  

gave higher c i t ric acid produc tion than shake-flask cul ture (where 

pel le t  morphology was maintained ) ,  it  was dec ided that an inves t igat ion 

into  the t race element composit ion of the medium might be a more fruit­

ful approach . 

PART - I I 

PRODUCT ION OF C ITR IC AC ID FROM 

D ECAT ION I ZED LACT IC CASE IN WHEY PERMEATE 

5 . 8  I NTRODUCT ION 

S ince the fundamental research of Currie ( 1 9 1 7 )  it has been 

apparent that excess quantit ie s  o f  many metal ions may markedly 

inhibi t  the format ion o f  c it r ic acid by A. niger. There are many 

conflic t ing reports  in the l i t erature regarding the exact trace 

elemen t  requirement for c itric acid product ion ( Perlman e t  a l . , 

1946 ; 

1 95 1 ;  

1 9 66 ) . 

Shu and Johnson , 1 94 7 , 1 948a , b ;  Tomlinson e t  a l . ,  1 9 50 , 

Trumpy and Millis , 1 96 3 ; Millis  et al . ,  1963 ; Clark e t  a l . , 

Nevertheless the control o f  trace elements concentrat ion in 

the fermentation medium has ensured reasonable reproduc ib ility  o f  the 

fermentation yields ( Sanchez-Marroquin et a l . ,  1 9 7 0 ) . The optimal 
. f 1 ( F 

2+ 
C 

2+ 
Z 

2+ 
d concentrat�ons o many t race e ement s  e . g .  e , u , n an 

Mn
2+

) vary so widely with different s t ra ins o f  A .  niger that i t  is  

necessary to  adj ust the composition o f  the  medium to avo id the inhib i­

tory effec t s  caused when these trace elements are present in toxic 

concentrat ion� ( Sanchez -Marroquin e t  a l . , 1 9 7 0) . I f  higher yields 

of c it ric acid are to be  obtained then the trace element composition 

needs to be investigated each t ime a new s train of A .  niger or subs trate 

is used ( Berry e t  a l . , 1 9 7 7 ) . 
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The literature on c i tric acid produc t ion from crude carbohydrate 

materials (e . g .  cane and beet molasse s , s tarch hydrolysate e tc . )  has 

been adequately reviewed (Perlman and S ih ,  1 960 ; Miall ,  1 9 7 8 )  and 

among the vas t  number o f  reports there is general agreement that a 

relat ively high concentration o f  certain trace element s  in these c rude 

carbohydrates causes inhibitory effec t s  on c itric ac id pioduct ion . 

Many investigators obtained higher yields o f  c itric acid from thes e  

c rude carbohydrates b y  treatment with c a t ion exchange materials (Karow 

and Waksman , 1 94 7 ; Sne l l  and Schweige r , 1949 ; Miles Laboratories , 

1 952 ; Toml inson e t  a [ . � 1 9 5 1 ) , aluminium hydroxide ( Shu and Johnso n ,  

1 948a) or ferrocyanide ( Perlman e t  a ! . � 1 94 6 ; Gerhardt et a Z . � 1946 ; 

Martin and Wa ters , 1 95 2 ; Clement ,  1 9 5 2 ; S teel e t  a Z . � 1 9 5 5 ; C lark 

and Lentz , 1 96 1 ; Clark , 1962 ) . 

The exper imen tal resul ts in Par t-I  ind icated relatively poor citric  

acid produc tion with poor lactose util izat ion . I t  seemed possib l e  that 

the low produc t ion of c i t ric ac id might be due to the effect o f  the 

concentrat ions of t race elements present in the lactic casein whey 

permeate (Table  5 . 2 ) . There has been no work reported so far on the 

effect of trace element concentrat ion on c i tric acid produc t ion f rom 

lac t ic casein whey permeate . Therefore , an at tempt was made to inves­

tigate the e f fect of trace elements on  c itric acid produc t ion from this 

subs trate . 

5 . 9  THE USE OF D ECAT I ON I ZED LACT IC CASE IN WHEY PERMEATE FOR THE 

PRODUCT I ON OF C IT R IC AC ID 

5 . 9 . 1 I NTRODUCT I ON 

The exact concentrations o f  var ious trace elements necessary to 

obtain high produc tion o f  citric acid from whey permeate are not 

known . Therefore , it  was dec ided to perform an initial experimen t  

us ing decationized whey permea te to observe its  effects on the 

produc tion of c i t ric acid and also to determine the guidelines for 

further research in this area . 
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5 . 9 . 2  RESULTS AND D I SCUSS I ON 

Lac tose-supplemented ( 1 00 g / 1 )  lac tic casein whey permeate was 

passed through cation exchange materials ( see details in Sec tion 3 . 6 ) 

and this decat ionized whey permeate was used as the fermentation medium .  
:1 

The content of trace elemen t s  before and after decationizat ion is shown 

in Table  5 . 2 .  During the decat ionizat ion process a substantial loss  

of  total nit rogen was observed (before decat ionization 0 . 55 gN/ 1 ,  after 

decat ionization 0 . 35 gN/1 ) . Before measuring the content o f  trace 

element s  and us ing the permeate in the fermenter , the pH of the deca­

tionized whey permeate  was adj usted to pH 4 . 5  using 2M NaOH . I t  was 

found in initial inve s t igat ions tha t the strain A .  niger MH 1 5- 1 5  grew 

poorly in the decat ionized whey permea te . Therefore , the inoculum was 

grown in non-decationized , lac tose-suppl emented whey permeate and a 1 0% 

(v/v) inoculum was used t o  inoculate the fermenter .  The experimental 

condit ions in the fermenter were s imilar to tho s e  previously described 

( Sect ion 5 . 2 . 2 ) . The t ime course of the fermentation is shown in 

Figure 5 . 1 1 .  The resul ts show that a citric acid concentrat ion of 

3 . 5  g/1 was obtained at the end of the ferment a t ion , represent ing a 

yield o f  9% (w/w) based on lac tose util ized . S imilarly , the final 

mycel ial dry weight ( 6  g / 1 )  was lower than that obtained us ing non­

decationized whey permeate .  The pH value gradually decreased to pH 1 . 8 

as the citric ac id accumu lated , whi le the lac tic  ac id was completely 

util i zed by the fourth day o f  fermentat ion . The lac tose util izat ion 

was very low ( 29% of tha t  suppl ied) . Fermentat ion samples were analysed 

for the presence o f  free galactose and glucose (hydrolysis produc t s  

o f  lactose) but neither was detec ted . Thus , it  appears that lactose  

is  no t hydrolysed extracel lularly . 

The volumetric and specific rate data o f  c itric acid product ion , 

shown in Figure 5 . 1 2 ,  indicate that the maximum rate (0 . 032 g / l . h )  

and spec ific rate ( 0 .  0065 g/  gDW . h )  were reached on the fourth day o f  

fermentation , which was one day earlier than o n  non-decationized 

whey permeate . However , they were considerably lower in value 

(refer to Figure 5 . 5 ) . 

• 
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TABLE 5 . 2  

1 1 0 

TRACE ELEMENT COMPOS I T I ON OF LACT I C  CASE I N  WHEY PERMEATE 

BEFORE AND AFTER DECAT I ON I ZAT I ON .  

Trace Element 
Before Decationi zation Af ter Decationizat ion 

(mg / 1 )  (mg / 1 )  

K
+ 

600 1 . 2  

Na 
+ 

3 7 2  1 0 . 0  

ca
2+ 

1 50 1 5 . 0  

Mg
2+ 

5 7  0 . 84 

Zn
2+ 

3 0 . 1 3 

Mn
2+ 

0 . 1 3  0 . 0 1 6  

Fe
2+ 

1 . 2 0 . 5 3 

Pb
2+ 

0 . 2 7 0 .  1 3  

Ni
Z+ 

0 .  1 3  0 . 0 1 7  

Cu
2+ 

0 . 1 7  0 . 0 1 8  
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In view o f  the above f indings , it can be concluded that the low 

level of c itric acid product ion , mycelial dry weight and lac tose 

utilizat ion were the consequence of trace element def ic iency in the 

whey permeate . Therefore , subsequent experiments were designed to 

suppl ement some essen t ial t race element s  with the aim of improving 

the s ituat ion . 

5 . 1 0  THE EFFECT OF SUPPLEMENTAT I ON WITH Fe
2+

, Cu
2+

, zn
2+ 

AND Mg
2+ 

5 . 1 0 . 1 I NTRODUCT I ON 

1 1 3 

The resul ts o f  the previous experiment indicated that the poor 

yield o f  c i tric ac id in the decat ionized whey permeate was the e f fec t 

o f  some trace element de fic iency . The next s tage , therefore , was to 

supplement  the decat ionized permeate with known quan t i t ies of some 

trace elements . 

5 . 1 0 . 2  RESULTS AND D I SCUSS I ON 

The decat ionized lac t ic casein whey permeate was supplemented with 

Fe
2+

, Cu
2+

, Zn
2+ 

and Mg
2+ 

as shown in Table 5 . 3 .  The supplementation 

was based on that used in the synthetic medium o f  Kri s t iansen and 

Charley ( 1 98 1 )  ( Table 3 . 2 ) . The inoculum was grown on non-decat ionized 

whey permeate , but before addi t ion to the fermenter , the pellets were 

washed asep t ically three t imes ( to avo id trace element contaminat ion) 

wi th s ter ile decat ionized glass-distilled water (about 1 l itre) . The 

washed pellets  were suspended in 500 mL o f  fermentat ion medium and then 

added to the fermenter . Fo r all subsequent experiment s  us ing decationized 

whey permeate , an ident ical inoculum preparat ion procedure was used . 

The t ime course o f  the fermentat ion i s  presented in Figure 5 . 1 3 .  By 

comparison with Figure 5 . 1 1 ,  it is apparent that trace element supple­

mentation signif icantly improved the c itric ac id produc t ion , lactose 

util izat ion and mycelial dry weight . However ,  after the maximum c itric 

acid concentrat ion (7 g / 1 )  had been reached on the fourth day of 

fermentation , the c itric acid was depleted from the med ium despite 

the presence o f  lac tose . In contras t , this phenomenon was not observed 

in unsupplemented decat ionized whey permeat e ,  sugges t ing that a trace 
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TABLE 5 . 3  TRACE ELEMENT CONCENTRAT I ONS I N  DECAT I ON I ZED WHEY PERMEATE 

AND F I NAL CONCENTRAT I ONS AFTER SUPPLEMENTAT I ON .  

Decat ionized Final Concentrat ion* 
Trace Element Whey Permeate After Supplementat ion 

(mg/ 1 )  (mg/ 1 )  

Fe
2+ 

0 . 5 3  0 . 63 

Cu
2+ 

0 . 0 1 8  0 . 07 8  

Zn
2+ 

0 . 1 3  0 . 2 3 

Mg
2+ 

0 . 84 5 00 

* Suppl ementation was made to the level s used by Krist iansen and 

Charley ( 1 98 1 ) . 
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element s  imbalance might be  the cause o f  c i tr ic acid depletion . The 

pH value decreased gradual ly from pH 4 . 5  to pH 1 . 8  and then increased 

slightly  as the citric  ac id was deple ted . Lac t ic ac id was ut ilized as 

in the previous experiment s .  In comparison with Figure 5 . 4 ,  using 

non-decat ionized whey permeate , c itric ac id p roduction was markedly 

less ( 7 . 0  g/1 compared to  14 . 8  g/1 ) , while the mycelial dry weight was 

only sl ightly lower ( 10 g/ 1 compared to 1 2  g/ 1 ) . This lat ter observa t ion 

suggests  that although some nitrogenous material s have been removed 

during decat ionizat ion , t his does not ful ly explain the lower c it r ic 

a c id produc t ion . 

The volumetric and spec i f ic rate data are presented in Figure 5 . 14 .  

By comparison with Figure 5 . 1 2 ,  i t  is clear that the maximum produc t ion 

rates observed ( 0 . 1 25 g/ l . h  and 0 . 0 1 3  g/gDW . h ) were about four t imes 

and two times higher respec t ively , than wi thout t race element  supple­

menta t ion . However ,  these rates were slightly less than those ob served 

using non-decat ionized whey permeate ( Figure 5 . 5 ) . 

From the above f indings , i t  may be concluded that t race element 

supplementat ion improved c itric acid produc t ion f rom decat ionized whey 

permea te , but the subsequent depletion of c i tr ic ac id suggests  an 

imbalance of trace elemen t s .  Hence , further experiment s  were des igned 

in an a ttempt to remedy the situat ion and to  improve on the produc t ion  

observed using non-decat ionized whey permeat e .  

5 .  1 1  THE EFFECT OF Mn
2+ 

IN THE PRESENCE OF OTHER TRACE ELEMENTS 

(Fe
2+

, Cu
2+

, Zn
2+ 

AND Mg2+) 

5 . 1 1 . 1  INTRODUCT I ON 

The presence o f  manganese ions in the fermen tat ion medium has been 

reported to be detrimental to c itric acid p roduc t ion by A .  niger 

( Shu and Johnson , 1 94 7 ; Clark et a l . , 1 966 ; Ilczuk and Dobrowo l ska , 

1 9 7 1 ;  Kisser et a l . , 1 980 ) . However , Toml inson et a l .  ( 1950 , 1 95 1 )  

and Berry et al .  ( 1 9 7 7 )  reported that  the presence o f  a very small  

amount of  Mn
2+ 

in  t he fermentation medium permitted higher yields o f  
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citric acid . These reports appear to  be  contradic tory and thus i t  

' d  d f 1 . . h f f  f Mn
2+ 

1 . was cons1 ere use u to  1nvest1gate t e e ect o supp ementat1on 

in the decat ionized whey permeate ,  in the presence of o ther trace 

element s .  

5 . 1 1 . 2 RESULTS AND D I SCUSS I ON 

During decat ionization , the concentrat ion of Mn
2+ 

in the permeate 

decreased from 0 . 1 3  mg/ 1  to 0 . 0 1 6  mg/ 1  ( Table 5 . 2 ) . Thus , 0 . 1 mg/ 1  
2+ 

Mn (as MnC12
. 4H

2
o) was added to the decat ionized permeate  for this 

experiment .  The other trace elements ( Fe
2+

, cu
2+

, zn
2+ 

and Mg
2+

) 

were also supplemented as in the previous experiment ( Se c t ion 5 . 1 0 ) . 

The effect o f  Mn
2+ 

addition on the fermentation is shown in Figure 5 . 1 5 .  

By comparison with Figure 5 . 1 3 ,  i t  can b e  seen that there was a marked 

reduc t ion o f  c i tr ic acid produc t ion and yield , lactose u t i l i zat ion , and 
2+ 

mycelial dry we ight , indicat ing an adverse effect  of Mn on c i tric 

acid accumulation under this study cond it ion . The resul t also indicates 

that the added Mn
2+ 

did not check the deplet ion of c itric acid . 

Th h . b h '  h Mn
2+ . h d '  h 1 . e mec an1sm y w 1c 1n t e me 1um prevent s  t e accumu at1on 

of citric acid is no t clearly understood . However , it has been sugges ted 

tha t in i t s  presenc e ,  the necessary repression of TCA-cycle enzyme 

synthesis  does not occur (Kubicek and Rohr , 1 97 7 ;  Bowes and Mat tey , 

1 9 7 9 ) . 

From the resul t of  this experiment it was conc luded that c i tric 
2+ 

acid accumulat ion was greatly reduced in the presence o f  added Mn 

and therefore it  was not inc luded in the subsequent experiment s .  

5 . 1 2 THE EFFECT OF NITROGEN IN THE PRESENCE OF TRACE ELEMENTS ( Fe
2+

, 

Cu
2+

, Zn
2+ 

AND Mg
2+

) 

5 . 1 2 . 1 INTRODUCT I ON 

I t  was earlier observed using non-decat ionized whey permeate 

( Section 5 . 5 ) that nitro gen-feed ing after onset of  citric  acid 

product ion s igni f icantly improved the produc tion of c itric acid . 
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I t  was also observed , u sing decationized whey permeate ,  supplemented 
. 2+ 2+ 2+ 2+ w1th Fe , Cu , Zn and Mg ( Sec t ion 5 . 10 )  that  the p rocess  o f  

decat ionization removed some nitro genous material from the med ium . 

Further , i t  may be possible that nitrogen def ic iency was somehow 

involved in c itric acid depl e t ion (Figure 5 . 1 3 ) . Hence some nitrogen 

suppl ementat ion at  the point  of  commencement o f  citric acid deplet ion 

was c onsidered useful . 

5 . 1 2 . 2  RESULTS AND D I SCUSS I ON 

This experiment was identical to that described in Sect ion 5 . 1 0 

with the except ion that a t  the point o f  citric acid deple tion ( i . e .  

on the fourth day) 0 . 25 gN/1 (as (NH4 ) 2so4 ) was added to  the cul ture 

med ium.  The course of the fermentation is presented in Figure 5 . 1 6 .  

The resul t s  show that on the addition of nitrogen , c itric acid 

deplet ion was completely checked and produc t ion cont inued and reached 

a maximum concentration o f  9 g/ 1 ,  representing a yield of 1 2% (w/w) 
on t he basis o f  lac tose utilized . There were also increases in 

lactose util izat ion and mycelial dry weight ( in comparison with 

Figure 5 . 1 3 ) . I t  can be seen from the nitrogen utilizat ion curve 

( Figure 5 . 1 6 )  that the nitrogen conc entrat ion of the cul ture medium 

was very low ( 0 . 035 g/ 1 ) at the t ime o f  ni trogen add it ion and the 

added nit rogen was completely util ized . 

It can be concluded from these resul ts that nit rogen suppl emen­

tat ion can overcome the problem o f  citric ac id depl et ion , but c i tric 

acid produc t ion st il l  compares unfavourably with that ob served using 

non-decat ionized whey permeate ( Figure 5 . 4 ) .  Hence , some imbalance 

in the trace element compo sition may remain .  

5 . 1 3  THE EFFECT DF Zn
2+ 

OM I SSION I N  THE PRESENCE OF N ITROGEN AND TRACE 

ELEMENTS (Fe2+
, cu2+ and Mg2+) 

5 . 1 3 . 1 I NTRODUC T I ON 

There are many con f l icting reports  in the literature regarding 

the exact concentrat ion o f  zinc ions required for good product ion 
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o f  c it ric acid , although it  i s  generally agreed that the concen t ra t ion 

should be low ( less  than 0 . 065 mg/ 1 ) . Kapoor e t  aZ .  ( 1 982 )  have repo r t ed 
2+ 

that a high concen trat ion of Zn allows vegetat ive growth at  the cos t  
2+ 

o f  c i t r ic acid produc t ion . The addition of excess Zn to the c i tric  

acid-producing culture was found to reverse the acid produc t ion phase 

and its defic iency during growth apparen t ly s ignals the transi t ion f rom 

the growth phase t o  the acid production phase ( Kapoor et a Z . � 1 9 8 2 ) . 

In view of this and cons idering the Zn
2+ 

content of  decat ionized whey 

permeate ( 0 . 1 3  mg/ 1 ,  Table 5 . 2 ) , it was dec ided to perform a fermen-

. h 1 h z 2+ 
. tat1on wit out supp ementation wit n 1ons . 

5 . 1 3 . 2  RESULTS AND D I SCUSS I ON 

The experimental condit ions were ident ical to those described in 

S . 5 12  . h h . h z 2+ 
1 . . d ec t 1on . w1t t e excep t 1on t at  n supp ementa t 1on was om1t te . 

The c ourse o f  the fe rmentat ion is shown in Figure 5 . 1 7 .  By comparison 

with Figure 5 . 1 6 ,  it is apparent that Zn
2+ 

omis s ion resul ted in an 

improvement in c i t ric ac id produc t ion ( 1 2 g / 1  compared to 9 g / 1 ) , but 

the yield remained a t  approx . 1 5%  based on lac tose util ized . However , 

there were no signif ican t dif ferences in lac tose  utilization myc e l ial  

dry weight or nitrogen utilization between these two experiments . 

5 . 1 4  D I SCUSSION AND CONCLUS IONS 

The maj or po int to arise from these re sul t s  obtained using deca­

t ionized whey permeate is that no condition was found which gave b e tter  

citric acid produc t ion than when us ing non-decat ionized whey permeate . 

The use o f  decat ionized permeate without t race element supplementat ion 

clearly restric ted both  mycel ial growth and c i tric ac id produc t ion . 
. 2+ 2+ 2+ 2+ 

However ,  supplementat ion w1th Fe , Cu , Zn and Mg , to the l evel 

described by Krist iansen and Charley ( 1 98 1 ) , and used in the sucrose­

based synthetic med ium during the s train select ion programme ( Se c t ion  

4 . 2 . 2 ) , gave lower c i tric ac id product ion than when using non-decat ionized 

permeate . A po ssible  reason for this is t hat  t he decat ionizat ion proce­

dure used did not comp le tely remove all the trace elements present 

( Table  5 . 2 ) ,  and the remaining ions may have considerabl e  effect on 

citric  acid p roduc t ion . Possibly ,  a second decat ionizat ion treatmen t  

may have removed these contaminants . However ,  at this s tage o f  the 
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stud y ,  it  was con sidered more appropriate to  pursue a d i fferent l ine 

of inves t igat ion , i . e .  the effect of  sugar source , since l i t t l e  progress 

was be ing made with t race element compos i t ion . 

Other poin t s  to arise from the resul t s  include : 

(a ) Depl e t io n  o f  c itric acid from the medium can occur even when 

large quantities of lac tose are remaining . This depl e tion 

can be  p revented by the add i t ion of nitrogen . 

(b ) The inhib itory e f fec t o f  Mn2+, desc ribed by many workers , 

was observed . 



CHAPTER 6 

THE EFFECTS OF D I FFERENT SUGAR 

SOURCES ON C ITR IC AC ID PRODUCT ION 

AND SOME TCA-CYCLE ENZYME ACT I V IT IES 

6 . 1 I NTRODUCT ION 

1 2 5  

A variety o f  carbohydrate sources have been u sed by d i ff erent 

workers for the p roduc tion o f  c itric acid . The mos t  important of these 

are cane sugar , sugar bee t molasses , sugar cane mo lasses , gluco se , 

sugar cane j u ice and l iqu i f ied s tarch obtained by acid o r  enzyme 

hyd ro lys is ( Divekar e t  a l . , 1 97 1 ) . The maj ority o f  the publ ished work 

on c i t r ic ac id produc tion in synthe t ic media refers to e ither glucose 

or suc rose and ve ry l ittle  informat ion is available on the use o f  

f ruc tose , lac tose or  galac tose . Glucose has been found t o  be a 

favourable sugar source for  c it r ic ac id product ion , but no t as good 

a s  sucrose (Karow and Waksman , 194 7 ; Srivastava and Kama l , 1 9 7 9 ) . 

In l t i s  comparat ive s tudy o f  c it r ic acid produc t ion in surface cul ture 

us ing d if ferent carbon sources inc luding sucrose , gluco se , fructose 

and galactose , Bernhauer ( 1 9 2 8 )  repor ted that more  c it r ic acid was 

produced f rom sucrose than f rom glucose or f ructose and only a trace 

amount was p roduced from galac tose . A s imilar repor t has appeared f rom 

Noguchi ( 1 96 2 ) , us ing shake-f lask cul ture . 

From the init ial inves t iga tion during strain select ion and improve­

ment ( Chapter 4) it was evident that the mutant strain A .  niger MH 1 5 - 1 5  

produced greater quant ities  o f  citric  ac id i n  a sucrose-based syn thet ic 

med ium than in whey permeate .  S ince the invest igat ion into the t race 

element comp o s i t ion o s whey permeate  provided no sign i f icant increase 

in c it r ic ac id produc t ion , it  was dec id ed to investigate  the e f fects  o f  

suc rose , glucose , fruc tose , lactose and galactose o n  the p roduc t ion in 

both shake-flask and fermenter  cul ture . 

Several theories have app eared in the l iterature concerning the 

mechanism o f  c it r ic ac id accumulat ion by A .  niger ( Presc o t t  and Dunn , 
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1959 ; Perlman and S ih ,  1 960 ; Meyrath , 1 967 ) b u t  apparently there i s  

s t ill  no s ingle hypo thesis which accoun t s  for the optimum phy s io logical 

cond i t ions r equired to  obtain high yields ( Smith et a l . , 1 9 7 4 ; Lockwood , 

1 9 7 5 ) . The extent to which the TCA-cycle operates during the c it r ic 

ac id produc t ion phase is  controvers ial . Var ious reports  have stated 

that c itric ac id accumulation by A .  niger is accompanied by a complete 

disappearance or  marked reduct ion in the ac t ivities of  aconi tase and 

NAD-and NADP-l inked isoc itric dehydrogenase ( Ramkrishnan et a l . , 1 9 5 5 ; 

La Nauze , 1 966 ; Szczodrak , 1 98 1 ) . Conversely , Ahmed e t  a l .  ( 1 9 7 2 )  

has reported tha t these enzymes remain active and no changes in their 

ac tivities occur throughout the period of fermentation . However ,  mos t  

of  the pub l ished wo rk o n  TCA-cyc l e  enzyme a c t  ivies has been done us ing 

sucro se-based synthe t ic med ia ( La Nauze ,  1966 ; Feir and Suzuki , 1 96 9 ; 

Ahmed e t  a l- . , 1 9 7 2 ; Ma ttey , 1 9 7 7 ; Kub icek and Rohr , 1 9 7 7 , 1 9 7 8 ; 

Bowe s and Mat tey , 1 9 7 9 ) , gl ucose ( Ramkrishnan and Mart in ,  1 9 54 ) or  

mo lasses ( Ramkrishnan e t  a l . , 1 9 5 5 ; S z czod rak , 1 98 1 ) .  The re appear 

to have been no stud ies performed on TCA-c ycle enzyme ac t iv i t ies when 

growing the same stra in o f  organism on dif ferent sugars , under o ther­

wise iden t ical fermentation condit ions . Therefore , the rol e  of some 

of the key enzymes o f  the TCA-cyc l e  related to c itric acid accumulation 

from different sugar sources in ferrnenter culture was investigated . 

The sugars used were suc rose , gluco se , f ruc tose , lac tose and galac tose . 

6 . 2  RESULTS AND D ISCUSS ION 

6 . 2 . 1 THE EFFECTS OF NON-DECAT I ON I ZED AND DECAT I ON I ZED SUGARS ON 

C I TR I C  AC I D  PRODUCT I ON I N  SHAKE-FLASK CULTURE 

The experiments  were conducted in shake-flask using bo th non­

decat ionized and decationized sucro se , glucose , fructose , lac tose or  

galac tose in  the med ium of Krist iansen and Charley ( 1 98 1 )  ( Table 3 . 2 ) . 

The procedure o f  decat ionizat ion was described in Sec t ion 3 . 6 .  The 

trace element content of these sugars was determined before decat ion­

izat ion and the results  are shown in Table 6 . 1 .  The data demonstrate 

. 2+ 2+ . 2+ 
that there  was ne1ther Cu nor Mn 1n any o f  these sugars  but Fe 

was detec ted in all . Zinc was not detected in sucrose o r  g lucose but 



TABLE 6 . 1 TRACE ELEMENT CONTENT OF D I FFERENT SUGARS BEFORE 

DECAT I ON I ZATI ON . 

Trace Element (�g/g)  
Sugar 

Fe
2+ 

Cu
2+ Zn

2+ 
Mn

2+ 

Sucrose 4 . 00 - - -

Glucose 2 . 26 - - -

Fruc tose 2 . 1 1  - 4 . 96 -

Lac tos e  1 . 32 - 6 . 20 -

Galac tose 4 . 5 1 - 7 . 20 -

- No t detec ted . 

1 2 7  



it was present  in f ruc tose , lactose and galac tose . 

The fermentations were continued for 1 4  days and f lasks were 

harvested after 2 , 4 , 6 , 8 , 1 0 , 1 2  and 14  days . Summarized resul t s  o f  

128 

the e f fect of  bo th  non-decat ionized and decationized sugars on c i t r i c  

acid production a r e  presented i n  Table 6 . 2 .  

The time course o f  c it ric ac id produc t ion from both decation ized and 

non-decat ionized sugars is shown in Figure 6 . 1 .  It can be seen that 

citric acid was no t ob tained from either non-decat ionized or decat ion-

ized galac tose . Clearly , the sugar source appears to be very impor tant 

in respect of c i t ric acid production . In non-decationized sugars , at  

the end of fermentation , the highest concentration of  c itric acid was 

ob tained from suc ro se , followed by gluco se , fruc tose and then lac tose  

(Table 6 . 2 ) . 

The effect  o f  sugar decat ionizat ion on c itric acid produc t ion was 

only sl ight wi th f ruc tose and lactose but was quite marked with sucrose 

and glucose , where greater produc tion was ob served using the dec a t ion­

ized suga r .  Possibly  this can be explained by the iron content of the 

non-decat ionized sugars , as excess iron has been shown to lower the 

yield of citric acid produc t ion ( Schweige r , 196 1 ) . (No te that us ing 
2+ 

non-decationized sucrose at 140 g/1 represents an Fe concen t ra t ion 

o f  0 . 56 mg/1 ,  c f .  0 . 1  mg/1 in the syn thetic medium) . 

The volumet r ic and spec ific rate data o f  c itric ac id produc t ion 

from decationized and non-decat ionized sugars are shown in Figure 6 . 2  

and 6 . 3  respec t ively . It  is apparent f rom the data that the maximum 

rates o f  0 . 38 g / l . h  and 0 . 4 3 g/ l . h were ob tained from non-decat ionized 

and decationized suc rose respec t ively  and were reached on the twel f th 

day of fermentation . In con trast ,  the maximum rates o f  c it ric acid 

produc t ion from glucos e ,  f ructose and l ac tose were reached on the 

e ighth day . The reason for such a dif ference in t ime to reach the 

maximum rate is  not understood . No s ignif icant  differences in the 

specific rates of c itric acid produc t ion were observed between deca­

t ionized and non-decationized sugars . 



TABLE 6 . 2  SUMMAR I ZED RESULTS OF THE EFFECTS OF D I FFERENT SUGARS ON C I TR I C  AC I D  PRODUCT I ON I N  SHAKE-FLASK CULTURE . 

Resul ts are expressed a f ter  14  days o f  fermentat ion . 

Non-Decat ionized Sugars 

Sugar 
Mycelial Sugar 

+ 
Citric Ac id 

pH* Dry Weight Util ized Concentrat ion 
( g/ 1 )  ( g/ 1 )  ( g / 1 )  

Sucrose 1 . 8 1 8 . 8  l l O
a 52 . 8  

Glucose 1 . 9  1 9 . 5  90 3 1 . 0  

Fruc tose 2 . 0  l 1 7 . 8  92  23 . 0  

Lac tose 2 . 0  9 . 8  68 5 . 0  

Galactose 2 . 4  1 2 . 5  73  0 

+ Init ia l  sugar concentrat ion 140  ( g / 1 ) . 

* Ini t ial pH 6 . 5 .  

**  Based on sugar utilized . 

Decationized Sugars 

** + ** 
Citric Ac id Mycel ial Sugar Cit ric Ac id Citric  Acid 

Yield ( % )  
(w/w) 

48 . 0  

34 . 5  

25 . 0  

7 . 5  

-

pH* Dry Weight Util ized Concentration Yield ( % )  
( g / 1 )  ( g / 1 )  ( g / 1 )  (w/w) 

1 . 8 1 8 . 0  1 09 60 . 5  5 5 . 5  

1 . 9  1 9 . 0  94 3 7 . 0  39 . 5  

2 . 0  1 7 . 3  92  25 . 0  2 7 . 5  

2 . 0  9 . 4  65 5 . 2  8 . 0  

2 . 3  1 2 . 0  76  0 -

---- ----------���-----

a Resul t expressed as total o f  glucose and fructose 
(hydrolysis produc ts of sucrose) . See Figure 6 . 5 (b )  
f o r  details . 

..... N \0 
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By compar ison with  Figure 4 . 2  ( Chapter 4 ) , i t  is  apparent that 

c itric acid produc t io n  from lactose-supplemented whey permeate ( 10 . 2  g / 1 )  

was greater than that f rom the lac tose-based synthe t ic medium ( 5 . 0  g / 1 )  

( Figure 6 . 1 (a ) ) . The yields were 2 0 %  (w/w) and 7 . 5% (w/w) , respect ively , 

based on lac tose  utilized , indica t ing that whey permeate  is a superior 

medium for citr ic ac id production f rom lac tose . In terms o f  the vo lum­

etric produc tion rate ,  a maximum rate o f  0 . 055  g / l . h  was obta ined in 

whey permeate ( Figure 4 . 3 ) ,  which was s l ightly  higher than that obtained 

in the lac to se-based synthetic med ium (0 . 04 0  g / l . h ,  Figure 6 . 2 (a ) ) . 

No signif icant difference in spec i f ic rates was ob served ( Figures 4 . 3  

and 6 . 3 (a ) ) .  Overall , these results  indicate that the whey permeate 

is more suitable than the synthet ic med ium for ci tric acid produc t ion 

from lac tose . 

In terms of growth rates and myc elial dry we ights ob tained , there 

were no maj o r  diffe rences between decat ionized and non-decat ionized 

sugars ( Table 6 . 2 ) . There fore , the e f fec t s  of non-decat ionized sugar 

sources only on mycelial dry weight are shown in Figure 6 . 4 .  It appears 

from the results that there was virtually no dif ference in mycelial 

dry we ight produc t ion among sucrose , glucose and fruc tose . However ,  

the myc e l ial weights produced from lac tose and galac tose were lowe r ,  

ind icating,  perhaps ,  that these are less readily-ut il izable  carbon 

sources . B iomass yields on the bas is of  substrate ut il i zed at the 

end of fermentat ion were 0 . 1 7 , 0 . 22 ,  0 . 1 9 ,  0 . 14 and 0 . 1 7  g/g  from 

sucrose , glucose , f ruc tose , lactose and galac tose respec t ively . 

These indicate that the effic ienc ies are fairly similar , except for 

lacto se . 

With regard to sugar util izat ion , no s ignificant dif ferences were 

observed between decat ionized and non-decat ionized sugars . Thus , the 

util ization of non-decat ionized sugars only is presented in Figure 6 . 5 .  

Interes tingly , sucrose was completely hydrolysed to glucose and fruc tose 

within the first 30 hours o f  fermenta t ion and then the two mono saccharides 

were util ized s imul taneously  ( Figure 6 . 5 (b ) ) .  In contrast ,  the lac tose 

was not hydrol ysed outside the cell and was utilized as such . The 

volume tric  rate s of sugar utilization are shown in Figure 6 . 6 .  The 
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rates o f  glucose and f ructose util izat io n  were virtually ident ical 

throughout the entire period of fermentat ion and were  sl ightly  h igher 

than those of lac tose and galac tose . By comparison with Figure 6 . 6 (a ) , 

however , Figure 6 . 6 (b ) , indicates that the combined rate o f  u t il ization 

of the hydrolysis produc t s  of suc rose ( glucose and fruc tose)  was higher 

throughout the entire period of fermentation than that o f  individual 

glucose and fructose . This  higher rate of  utilizat ion could possibly 

explain the h igher c itric acid p roduc t ion from sucrose . I t  may also 

be postulated that the s imultaneous u t i l ization of these two mono­

saccharides ind icates the possibil ity o f  two uptake sites in the cell  

membrane . 

These results o f  citric acid production from different sugars 

clearly ind icate that the sugar source is importan t .  The mos t  signi­

ficant find in g is the lack of c it ric acid product ion from galactose , 

de spite the fac t tha t it is a ut il izable carbon source . It may be 

concluded that this effect contributes to the relatively low 

produc t ion o f  c itric ac id from lactose when compared with glucose 

and fruc tose . 

6 . 2 . 2  THE ROLE OF TCA-CYCLE ENZYME ACT I V I T I ES DUR I NG C I TR I C  

AC I D  PRODUCT I ON FROM D I FFERENT SUGAR SoURCES I N  FERMENTER 

CULTURE 

As in the shake- flask exper iment s ,  the sugar sources used were 

sucrose , glucose , fruc to se , lac tose and galac tose , but they were not 

decat ionized before use . Lac tose-supplemented ( l OO g / 1 )  lac t ic casein 

whey permeate was also used . The fermentation conditions were s imilar 

to those described in the previous chap ter in Sec tion 5 . 2 . 2 .  Samples 

were withdrawn at intervals o f  1 0- 1 5  hours throughout the period of 

fermentat ion and were analysed for c itric ac id , mycel ial dry weight , 

pH value and sugar concentrat ion . For enzyme assays , mycel ium was 

withdrawn af ter 2 , 4 , 6  and 8 days of fermentation .  The cell-free 

extrac t was prepared according to the procedure descr ibed in Sec t ion 

3 . 9 . 1 ( Chapter 3 )  and assayed for  aconi tase , isocitric dehydrogenase 

(both NAD- and NADP-linked ) ,  2-oxoglutarate  dehydrogenase and pyruvate  

carboxylase . The result s  for the  e f fec t s  o f  different sugars and whey 
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permeate on citric  ac id production are summarized in Table 6 . 3 .  

The t ime course for citr ic acid produc tion f rom the d i fferent 

sugar sources is presented in Figure 6 . 7 .  It  is clear f rom the data 

that sucrose was again the superio r  carbon source for c i tric acid 

product ion . As in shake-flask cul ture , no citric  acid was produced from 

galac tose . By comparison o f  Tables 6 . 2  and 6 . 3  or  Figures 6 . l (a )  and 

6 . 7 ,  it is apparent that lower citric acid produc t ion was obtained 

f rom all the sugars ( except lactose)  in fermenter culture . These 

reduc t ions may be due to the fac t that in the fermenter the pel le tal 

growth broke down to a f ilamentous form .  The importance of  the 

pelle tal form o f  growth in citric ac id p roduc t ion has been d iscussed 

previously in Section 5 . 7 .  In shake-f lask the pellets remained intact 

and solid ( a  prerequisite fo r higher c i t ric acid produc t ion) and no 

filamentous form o f  g rowth was observed . No work was performed to 

investigat e  the cause o f  the filamentous form o f  growth in the fermenter , 

but the imp l icat ion is  that the agitation system was the caus e . Inter­

e s t ingl y , however ,  with whey permeate g reater production o f  c itric acid 

was ob tained in the fermenter than in shake-flask cul ture ( Chap ter 5 ) , 

although s imilar degeneration o f  the pelletal growth form occured in 

the fermenter . Pos s ibly ,  this indicates  some maj or dif ference between 

this sub s t rate and t he synthetic med ium . In this respec t ,  i t  is 

possible that in fermenter cul ture some trace element contaminat ion 

occured f rom the stainless steel equipment . In the synthetic  medium 

this may cause an imbalance in the trace element compos i t ion with a 

subsequent effect  on c itric acid produc t ion , particularly where 

produc t ion is expec t ed to be high , e . g .  from sucrose or  gluco se . In 

whey permeat e , however , some trace e lement "buffering" power may be  

present , e . g .  organic material , which prevents this imbalance . 

The vo lumetric and specific rate data o f  c itric acid p roduct ion 

are presented in Figures 6 . 8  and 6 . 9  respec t ively . The maximum 

volumetric  and spec ific rates o f  c i tr ic acid produc t ion were reached 

between the third and fourth days of the fermentation . In contras t ,  

in shake-flask , it  was on the twe lf th day for sucrose and the eighth 

day for o ther sugars , and the maximum rates were sligh t l y  h igher . 



TABLE 6 . 3  SUMMAR I ZED RESULTS OF THE EFFECTS OF D I FFERENT SUGARS 

ON C I TR I C  AC I D  PRODUCT I ON I N  FERMENTER CULTURE . 

Resul t s  are expressed a f ter 1 0  days o f  fermentation . 

Mycelial Sugar 
+ 

Sugar pH* Dry Weight Util ized 
( g / 1 )  ( g/ 1 )  

Suc rose 1 . 7  1 3 . 5  1 1 2
a 

Glucose 1 . 8  1 4 . 5  1 00 

Fruc tose 1 . 9  1 3 . 0  1 05 

Lac tose 2 . 0  1 0 . 5  7 0  

Galactose 2 . 2  9 . 0 8 0  

Whey Permeate 1 . 8 1 2 . 0  6 5  

* Ini t ia l  pH 6 .  5 .  

+ 

** 
Ini t ial sugar c oncentration 1 4 0  g / 1 . 

Based on sugar u t il ized . 

Citric Acid 
Concentration 

( g / 1 )  

37 . 5  

1 3 . 0  

9 . 5  

5 . 0  

0 

14 . 8  

** 
Citric  Ac id 

Y ield  ( % )  
(w/w) 

33 . 5  

1 3 . 0  

9 . 0  

7 . 0  

-

2 3 . 0  

a Resul t expressed as total of  glucose and fruc tose ( hydrolysis 
produc t s  o f  suc rose)  u t ilized . See Figure 6 . 1 1 (b )  for details .  
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The ef fec ts o f  d i f ferent sugars o n  myc e l ia l  dry weight produc t ion 

are shown in Figure 6 . 1 0 .  Overall , the mycel ial dry we ights  ob tained 

were lower than those in shake-flask and growth virtually  ceased after  

8-9 days o f  the fermentation . Again , lac tose and galac tose gave lower 

dry weights  than the o ther three sugars . 

The t ime course o f  sugar util ization is s hown in Figure 6 . 1 1 ,  

which demonstrates tha t , as in shake-flask cul ture , more sucrose , 

glucose and fruc tose were util ized than lactose  and galac tose . 

Approximately 50% o f  the suppl ied l actose and galac tose were ut il ized . 

Al so as in shake-f lask cul ture , suc rose was completely hydrolysed 

within the first 30 hours of fermentat ion and then the glucose and 

fruc tose were util ized simultaneously ( Figure 6 . 1 1 ( b ) ) . Th is find ing 

is in good agreement with the result of S ibert  and Schulz ( 1 9 7 9 ) , who 

repo rted that the first  phase of growth was charac terized by rap id 

l inear degradat ion o f  suc ro se with simul taneous inc rease in the concen­

t ra t ions of glucose and fructose in the med ium . 

The volume t ric and spec ific rate data o f  sugar util izat ion are 

shown in Figures 6 . 1 2 and 6 . 1 3 respec t ively . From the volumetric  

ra te  data  it  can be seen that the comb ined rate o f  glucose and f ruc t o se 

(hydrolysis produc ts o f  sucrose ) utilization  was higher than the 

ind ividual glucose and fructose util iza t ion . As in shake- flask , 

this may be the c ause of higher c itric acid p roduc tion from sucrose 

compared with glucose or f ruc tose . In comparison with  glucose and 

fruc tose , the volumetric rates of lactose  and galac tose utilization 

were lowe r .  On the rate curves ( especially with sucrose , glucose 

and fruc tose ) two peaks o f  sugar utilization rates are evident . 

The first one is  presumably associated with the initial growth phase 

and the other with the ac t ive citric acid product ion phase . The 

second peak is absent from the lactose and galactose data , but in 

the case of lac tose a small  change of slope is evident . 

The yield o f  c i t ric ac id and b iomass per  gram o f  sugar u t il ized 

were calculated for 2 , 4 , 6 , 8  and 1 0  days of the fermentation and the 

resul ts are tabula ted in Table  6 . 4 .  By  tak ing the f igures for  1 0  days , 
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TABLE 6 . 4  Y I ELD OF C I TR I C  AC I D  AND B I OMASS PER GRAM OF SUGAR UT I L I ZED I N  FERMENTER CULTURE . 

Y Citrate Y Biomass 
Sugar Sugar 

S ugar 
Fermentat ion Time (d )  Fermentat ion Time ( d )  

2 4 6 8 1 0  2 4 6 8 

Sucrose 0 . 185  0 . 3 1 5  0 . 350 0 . 34 0  0 .  34 0 0 . 300 0 . 1 6 7  0 . 140  0 . 1 2 3  

Glucose 0 . 090 0 . 1 05 0 . 1 2 5  0 . 1 30 0 . 1 30 0 . 260  0 . 185  0 . 146  0 . 1 4 5  

Fructose 0 . 05 2  0 . 090 0 . 098 0 . 1 0 1  0 . 090 0 . 240 0 .  204 0 .  154  0 . 1 34 

Lactose 0 . 02 0  0 . 040 0 . 068 0 . 07 7  0 . 07 1  0 . 2 34 0 . 1 8 7  0 . 1 8 3  0 . 1 6 7  

Galactose 0 0 0 0 0 0 .  1 5 1  0 .  1 2 1  0 . 1 1 6 0 . 1 15 

Whey Permeate ' 0 . 090 0 . 145  0 . 2 2 7  0 . 240 0 . 228  0 .  2 00 0 . 2 1 0 0 . 200 0 . 1 9 7  

1 0  

0 . 1 20 

0 . 145  

0 . 1 2 3  

0 . 1 5 0  

0 . 1 1 2 

0 . 185  

..... � 00 
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i t  i s  apparent that al though the citric ac id y i elds vary with the sugar 

source ,  the b iomass  yields are approxima te ly s imilar . The analyses 

carried out do no t show whe ther other product s  in add ition to co2 and 

biomass  are produced f rom e . g .  galac tose , but i t  is worth no t ing that 

apart  from c itric a c id no o ther TCA-cycle  ac ids were detec ted . 

The fermen tation data using lactose-supplemented whey permeate 

are summarized in Tab l e  6 . 3  ( for details see F igures 5 . 4  and 5 . 5 ,  

Chap ter 5 ) . By c omparing these data with tho s e  f rom lac tose in the 

synthet ic med ium ,  it is apparent that whey permeate is a super io r  

medium f o r  cit r ic a c id produc tion from lac tose . 

Overa ll , the evidence suggests  that the main ob s t acle to obtaining 

imp roved c l tric ac id p roduc t ion f rom whey permeate is the nature o f  the 

suga r source rather than the o ther cons t ituen t s  of the med ium . 

The spec i f ic ac t ivities o f  the enzymes aconitase and NAD- and 

NADP-l inked isoc i t r ic dehydrogenase are shown in Figures 6 . 14 ,  6 . 1 5 

and 6 . 16  respec t ively . The resul ts  show tha t  during the ini t ial  

growth phase o f  the  o rganism (before c i t r ic a c id produc t ion had 

commenced ) the ac t ivities of these enzymes were higher in the presence 

of sucrose , glucose and f ruc tose than in lac tose , whey permeate and 

galactose . Dur ing t he c itric ac id produc t ion phase the ac tiv i t ies o f  

all three enzymes dec reased except in the presence o f  galac tos e ,  where 

the activity inc reased . Thus , there appears to be some relat ionship 

be tween c itric ac id produc t ion and both the level o f  initial ac t ivity  

o f  these enzymes ,  and  the dec rease in their  ac t ivity a f ter the  second 

day of fermentat ion . 

The spec i f ic a c t ivities o f  2-oxoglutarate dehydrogenase and 

pyruvate carboxylase are presented in Figures 6 . 1 7 and 6 . 1 8 respec t ivel y .  

No 2-oxoglutarate dehydrogenase ac t ivity  was de tected i n  the presence 

o f  sucrose , glucose or f ruc tose . In contra s t , i ts act ivity was detec ted 

in l actose , whey permeate and galac tose . In lactose and whey permeate 

the ac t ivity of 2-oxoglutarate dehydrogenase was highest dur ing the 

ini t ial growth phase of the mycelium and i t  subsequently dec l ined as 
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c i tric  ac id was produced . In the presence of galac tose ,  however ,  

1 5 2  

the ac t ivity cont inued t o  inc rease throughout the ent ire period o f  

fermentat ion . Figure 6 . 1 8 shows that the ac t iv ity o f  pyruvate  carbo­

xylase increased in the pre sence o f  sucrose , glucose and fructose 

during the citric acid product ion phase . In contras t ,  the ac tivity 

o f  this enzyme was very low in the presence o f  lac tose and whey permeate 

and very l it tle act ivity was detected in the p resence o f  galac tose . 

Thus , it  is clear from the data that both 2-oxoglutarate dehydrogenase 

and pyruvate carboxylase ac t ivities varied considerably with the sugar 

source and levels corre lated well  with c i t r ic acid produc t ion . 

The presence of  the enzymes aconitase and isoc itric dehydrogenase 

(bo th NAD- and NADP-l inked ) throughout the entire period o f  fermenta t ion 

ind icates that the complete  disappearance of these enzymes is not 

necessary for c itric ac id accumula t ion , al though they do decl ine 

subs tant ially . This  finding is in good agreement with the resul t s  o f  

La Nauze  ( 1 966 ) , Kub icek and Rohr ( 1 9 7 7 )  and Szczodrak ( 1 98 1 ) . The 

apparent relat ionship be tween the init ial ac t ivity of these enzymes 

(at  Day 2 )  and subsequent citric ac id produc t ion is mo re dif ficult to 

explain . Poss ibly , the l evel o f  ac tivity reflec t s  the flux o f  carbon 

material through the TCA-cycle . In this respec t ,  when considering 

growth on galac tose it  is pert inent to consider the fate of the carbon 

s ince no TCA-cycle ac ids were detec ted . A recen t  rep�rt  by Heinrich 

and Rehm ( 1 982 ) has shown that  under some cond it ions A .  niger can 

p roduce some gluconic acid toge ther with c i tric acid , even at low pH 

values . Using the p resen t analyt ical me thods , however ,  gluconic ac id 

would no t have been detec ted , so this possib ility  remains speculat ive . 

The absence o f  ac t ivity o f  the enzyme 2-oxoglutarate dehydrogenase 

during citric acid p roduction from sucrose , glucose and fruc tose is in 

agreement with find ings of Ng et a l .  ( 1 9 7 3 )  and Kub icek and Rohr ( 1 9 7 7 ) . 

In contrast , the presence of this enzyme dur ing citric acid degradation 

in A.  niger has been demonstrated by  Muller  and Frosch ( 1 9 7 5 ) . Thus , 

the p resent data suppor t  the view o f  Rohr and Kubicek ( 1 98 1 )  that c i tric  

acid accumulation is due to repression o f  2-oxoglutara te dehydrogenase 

by glucose and fructose , causing a block in the TCA-cycle ( Figure 6 . 1 9 ) . 
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ferm e r1 tat i o n  lime (d ) 

F I GURE 6 . 1 8  The s pec i f i c  ac t ivi t y  o f  py ruva te 
c a rboxylase du ring c i tr ic ac id 
p roduc t ion from d i f ferent s ugars . 

Sucrose ( 0 ) , g l ucose ( /:::.. ) ,  f ruc t o s e  ( e ) ,  
l a c t o se ( A ) ,  gal ac tose ( • ) ,  whey 
pe rmea t e  ( 0 ) . 
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Apparently , glucose and fructose can cause repress ion but galactose 

cannot . The presence o f  2-oxoglutarate dehydrogenase in the p resence 

of galac tose probably  allows the TCA-cycle to cont inue operating , thus 

met abo l i z ing c itric a c id . The low level of c it r ic acid produc t ion f rom 

lactose compared with glucose is probab ly due to  the presence of the 

galac tose mo iety.  

The reason why lack o f  the enzyme 2-oxoglutarate dehydrogenase 

should cause accumulat ion of citric acid rathe r t han 2-oxoglutaric 

acid o r  isoc i t ric acid is no t clear ( these ac ids were never detected 

in the cul ture med ia ) . However ,  it  may be due to a cell permeab il ity  

e f fec t ,  i . e . ne i ther 2-oxoglutaric acid nor  isoc i tric ac id can be 

e xc r e t ed eas i l y  from the cel l ,  but c i tric ac id can .  

The strong relat ionship between the a c t ivity  o f  the enzyme pyruvate  

carboxylase and c i t ric ac id product ion can be explained by  the need to  

produce oxaloacetic  ac id , the d irec t precursor o f  ci tric ac id .  In the 

absence of a ful l TCA-cycle , carboxylat ion o f  pyruvic ac id serves to  

produce oxaloac e t ic ac id , thus maintaining c it r ic acid accumulat ion . 
L•r ;'-J�{,.j t.-'- � 

The increased ac t ivity  is probably an ef fec t o f  2-oxoglutarate1 repres-

sion . Thi s  sugges t ion is supported by the results of Cleland and 

Johnson ( 1 954 )  and Woronick and Johnson ( 1960 ) , who reported that 

oxaloacet ic acid in the TCA-cycle o f  A. niger was regenera ted through 

carboxylat ion of pyruvic acid by the enzyme pyruvate carboxylase . 

Based on these observat ions it may b e  conc luded that c i tric  acid 

accumulat ion is accompanied by a d isappearance of the ac t ivity o f  

2-oxoglutarate dehydrogenase , with a concomitant inc rease i n  the 

ac t ivity of pyruvate carboxylase . At the same t ime , there is a 

reduc t ion in . the ac t ivities o f  aconitase and isoc itric dehydrogenase .  

6 . 2 . 3  THE EFFECTS OF D I FFERENT M I XTURES OF SUGARS ON C I TR I C  AC I D  

PRODUCT I ON 

An invest iga t ion using var ious mixtures  o f  sugars as sub strate  

was undertaken to determine whether utilization of one sugar interfered 

with another and whether there were any ef fects of such mixtures on 
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c it r ic ac id p roduc t ion . 

These experiment s  were conducted in shake-flask cul ture us ing the 

medium o f  Kri s tiansen and Charley ( 1 98 1 ) . The sugar sources used were 

mixtures o f  glucose and fructose ( 5 0 : 50 (w/w) ) ,  sucrose and lactose 

( 7 5 : 25 ,  5 0 : 50 and 2 5 : 7 5 ) , glucose and galac tose ( 7 5 : 25 ,  50 : 50 and 2 5 : 7 5 )  

and fruc tose and galactose (50 : 50) . The total sugar concentration was 

140  g/ 1 .  The ferrnentat ions were continued for 14 days and flasks were 

harvested a f ter 2 , 4 , 6 , 8 , 1 0 , 1 2  and 14  days of incubat ion . The e f fec ts  

o f  these mixtures of  sugars on  ci tric ac id produc tion are  summarized 

in Tab le 6 . 5 and should be compared with Tab le 6 . 2  for the e f fec t s  o f  

individual sugars . 

The e f fect o f  the mixture o f  glucose and fruc tose ( 50 : 50 )  on the 

fermentat ion is shown in Figure 6 . 20 ,  which demonstrates tha t  the 

c itric ac id concentra tion , myc el ial dry we ight and glucose and fruc tose 

util izat ion were vir tual ly iden t ical wi th those obtained f rom suc rose 

in shake-flask cul ture ( Sec t ion 6 . 2 . 1 ,  Table 6 . 2  and Figures 6 . 1 (a) , 

6 . 4  and 6 . 5 (b ) ) . In this event , i t  should be recalled that in separate 

shake- flask cul tures , glucose and f ruc tose produced lower c itric acid 

in comparison wi th sucrose ( Figure 6 . 1 (a) ) ,  but the present f ind ing 

indicates that the mixture o f  glucose and fructose (which also resul ted 

from sucrose hydrolysis)  produced t he same amount o f  c i tr ic acid as 

from sucrose . Thus , the increased c itric acid produc t ion is pos tulated 

as b eing due to an inc reased rate of total sugar util i z a t ion . The 

s imul taneous utilization o f  glucose and f ruc tose throughout the ent ire 

period o f  fermentat ion indicates the possib ility  of their  t ransport  

into the  cell  through two d i f ferent sites  of  the transpor t  sys tem. 

The e ffec t s  of dif ferent proport ions of sucrose and lac tose on 

cit ric ac id produc t ion are presented in Figure 6 . 2 1 .  I t  is  apparent 

from the data that citric ac id p roduc t ion was decreased with the 

decreased proportions o f  sucrose in the mixtures . C i t r ic acid concen­

trations o f  4 2 . 0  g/1 , 26 . 5  g / 1 , and 1 1 . 5  g/1  were ob tained f rom 7 5 : 25 ,  

50 : 50 and 25 : 7 5 ,  sucrose : lactose respec t ively .  The yield s ,  based on 

total sugar util ized , were correspondingly reduced . However , it is 



TABLE 6 . 5  SUMMAR I ZED RESULTS OF THE EFFECT S  OF M I XTURES OF SUGARS ON C I TR I C  AC I D  PRODUCT I ON I N  SHAKE-FLASK CULTURE . 

Resul ts are expressed a fter 14  days o f  fermentat ion . 

Sugar Ut il ized ( g / 1 )  
* *  * Mycelial Citric Ac id Citric Acid Sugar Mixture 

Dry Weight 
(w/w) 

( g/ 1 )  Glucose Fructose Galac tose 

Glucose : Fruc tose 1 9 . 8  63  5 1  -

( 50 : 50 )  

Sucrose : Lactose 1 6 . 2  - - -

( 7 5 : 25 )  

Sucrose : Lactose 14 . 0  - - -

( 5 0 : 50 )  

Suc rose : Lac tose 1 2 . 5  - - -

( 2 5 : 7 5 )  

Glucose : Galac tose 1 6 . 5  9 1  - 18  
( 7 5 : 25 )  

Glucose : Galac tose 1 6 . 0  7 0  - 32 
( 5 0 : 50)  

Glucose : Galac tose 1 4 . 8  35 - 48 
( 2 5 : 75 )  

Fructose : Galactose 1 7 . 0  - 56 48 
( 5 0 : 50 )  

----- ----- - ---------

* Init ial to tal sugar concentrat ion in the mixture 140  g/1 . 
**  Based on total sugar u t il ized in the mixture . 

Concentrat ion Y ield ( % )  
Lac tose Sucrose 

a 
( g / 1 ) (w/w) 

-

4 

20 

43 

-

-

-

-

a 

- 50 . 0  44 . 0  

105  4 2 . 0  38 . 5  

7 0  26 . 5  2 9 . 5  

35  1 1 . 5  14 . 5  

- 2 7 . 0  25 . 0  

- 7 . 5  7 . 5  

- 3 . 5  4 . 0  

- 1 1 . 5  1 1 . 0 

Resul t exp ressed as total o f  glucose and 
fruc tose (hydrolysis product s  of sucrose)  
util ized . See Figure 6 . 2 1 for details .  

i 
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\.J1 
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Ferm en tati o n  Tim e  ( d )  

Produc tion o f  c i tric ac id from a glucose/  
fruc tose mixture (50 : 50 w/w) . 

Cit ric acid ( e ) , mycelial dry weight ( 0 ) , 
glucose ( • ) , fruc tose ( A ) . 
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impossible  to determine whether the lac tose interfered with  c i t ric 

acid product ion from sucrose , since d i f ferent ini tial concen trations 

o f  the latter were used in the experiments . As in previous experiment s , 

sucrose was hydrolysed into glucose and fruc tose , both o f  which were 

u t i lized simultaneous l y .  I t  can be seen f rom Figure 6 . 2 1  that lactose  

was no t utilized unt il glucose and f ructose were exhausted f rom the 

medium,  ind icating a d iauxie effec t .  The util ization by mic roorganisms 

o f  one sugar in the presence of ano ther , when both are suppl ied in the 

med ium , is an indicat ion that the metabol ism of the pre ferred sugar 

produces materials which interfere with the me tabolism o f  the other 

sugar ( Romano and Ko rnberg , 1 969 ) . A classic example of this is the 

demonstration by Monod ( 1 9 4 7 )  that the adap tat ion to the use of  lactose 

and ga lac tose as growth subs trate by E. co li is inhibited by the 

presence o f  glucose . This is seen to be the consequence o f  an inter­

ference by glucose with the up take o f  the o ther sugars with consequent 

impairment o f  the induc t ion of enzymes required for the catabol ism 

o f  lac tose and of galac tose . From the present f ind ing it may be 

in fer red tha t the presence o f  sucrose ( glucose and fruc tose ) inhib i t s  

the induc tion o f  the enzyme 6-galactosidase required for  the catabo l ism 

of  lactose and consequently no lac tose was u t il ized in the presence o f  

glucose and f ruc tose . 

Figure 6 . 22 shows the data for the e f f e c t s  o f  d i f ferent glucose 

and galactose mixtures on c itric acid produc t ion . The results  show 

that c itric ac id produc t ion was decreased with increased propo r t ions 

of  galac tose in the mixture . Conc entrat ions o f  27 . 0  g/ 1 ,  7 . 5  g / 1  and 

3 . 5  g/ 1 were ob tained from 7 5 : 25 ,  50 : 50 and 2 5 : 7 5 ,  glucose : galac tose 

re spec t ively at the end o f  the fermenta t ion . From Tab le 6 . 2 ,  glucose 

alone gave a concent rat ion o f  3 1 . 0  g/ 1 ,  respresent ing a yield o f  

34 . 5% on the bas is o f  glucose ut il ized . When the yields for the 

data in Tabl e  6 . 5  are calculated on the basis  of glucose utilization 

alone , f igures o f  30% , 1 1% and 1 0% are obtained for  glucose : galac tose 

75 : 25 ,  50 : 50 and 25 : 7 5 respec t ive l y .  These reduc t ions in yield and 

production of c it ric acid may be due to an inhibitory e f fect  o f  

galac tos e ,  but the d i ffering initial glucose concentrat ions preclude 

such a conc lus ion being drawn at  this s tage . Interestingly , the c itric 
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The e f fects of  dif ferent proportions of  glucose and galac tose on c i t r ic acid produc t ion . 
( A) Glucose : galactose ( 7 5 : 2 5 ) , ( B )  glucose : galac tose ( 5 0 : 50 )  and (C )  glucose : galactose ( 2 5 : 7 5 ) . 
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ac id produc t ion and yield from the 5 0 : 50 glucose : galac tose  mixture 

are very similar to  those ob tained from lac tose (Table 6 . 2 ) . Thus , 

1 6 2  

i n  pract ical terms , there would appear t o  be n o  advantage i n  hydrolysing 

the lactose in whey permeate p r ior  to fermentation , at least when using 

the present  s train of organism . In t erms of sugar utilization , glucose 

and galactose were util ized s imul taneous ly , al though the glucose 

utilizat ion rate was higher . Once  g lucose was exhaus ted f rom the 

medium, c itric acid product ion ceased , indicating tha t galac tose d id 

no t con t r ibute to citric ac id produc t ion . 

From the volume tric rate data o f  sugar utilization ( Figure 6 . 2 3 ) , 

it is clear that the ra te o f  galac tose utilization increased as the 

rate o f  glucose utilization decreased during the fermen tat ion . 

Furthermo re ,  the ini tial utilizat ion rates o f  the sugar s  va ried 

approxima tely in proport ion to their in itial concentrat ions . Cirillo 

( 1 96 1 )  has s tated that if two sugars have widely diff erent a f finit ies 

in the transport system,  the sugar with lower affinity will be trans­

ported more slowly at lower concentration but fas ter at higher concen­

trat ion . Thus , f rom the presen t  observat ion , i t  can be concluded that 

glucose is utilized pre feren t ially to galac tose but i t  is  not a true 

diauxie e f fect . I t  can be pos tula t ed that the two sugars are trans­

ported into the cell  at the same s i te of the transpor t  s ys t em ,  but the 

sys tem shows greater affinity for  glucos e .  

Fo r further clarif icat ion with regard t o  the pos s ib il i ty o f  gluco se 

and galac tose t ransportation into the cell through a common s ite , an 

experiment  was conducted using a f ruc tose and galac tose ( 5 0 : 50 (w/w) ) 

mixture . This experiment was considered on the bas is o f  the rates o f  

util i z a t ion o f  glucose/ fruc tose and glucose /galac tose in a mixture . 

It was previousl y  found that , in a mixture , glucose and f ruc tose were 

ut iliz�d a t  almost  equal rates ( Figure 6 . 6  and Figure 6 . 20 )  whereas 

in glucose / galac tose mixtures there appeared to be compet i tion between 

the sugars (Figure 6 . 23 ) . These f indings suggested that for the 

transpor t  of these sugars there was a common s ite for  glucose and 

galac tos e ,  but a different site  for  fruc tose . If this is so , then 

in a mixture o f  galac tose and f ruc tose it  might be expected that the 
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individual sugars would be utilized a t  equal rates . The result s  o f  

this exper iment is  presented i n  Figure 6 . 24 ,  which shows that 1 1 . 5  g/ 1 

c itric acid were p roduced from this mixture o f  galactose and f ruc tose 

at the end of the fermentat ion , in cont ras t to the produc t ion of 2 3 . 0  g/ 1 

(Table 6 . 2 ) f rom f ructose alone . The yiel d ,  based on total  sugar 

utilization , was 1 1% (w/w) but based only on the fruc tose u t i l ized 

it was 20% (w/w) ( c f  25% (w/w) from fructo se alone , Table 6 . 2 ) .  

This f inding suggests  that the galac tose may inhibi t  c itric ac id 

produc t ion f rom fruc tose , as wel l  as from gluco se , but the e f fec t is 

less marked . The resul ts show that 56 g /1 and 48 g/1 o f  f ruc t o se 

and galac tose were util ized , respec t ively , at the end o f  the fermen­

tat ion . Cons ider ing the s imul taneous u t il izat ion o f  these sugars , 

comb ined wi th the ra te data ( Figure 6 . 2 5 ) , it  may be sugges ted tha t 

ga lac tose and f ruc tose are transpo rted into the cell us ing two 

dif ferent s i tes o f  the transpo rt sys tem .  I t  could also b e  equal ly 

pos tulated that the same transpor t s i te is  used and it  has equal 

a f f inity fo r the two sugars . However ,  given the data f rom the var ious 

mixtures of gluco se , fruc tose and galac tose , the evidence sugge s t s  

that there is a common s i t e  f o r  glucose and galac tose , and ano ther 

site  for fruc tose . More data are required to c larify thi s . 

6 . 2 . 4  I NH I B I T I ON BY GALACTOSE OF C I TR I C  AC I D  PRODUCT I ON FROM 

GLUCOSE 

The resul ts  f rom the previous sec t ion ind icated that the presence 

of galactose in glucose and galac tose mixtures might cause inhibit ion 

of citric ac id produc t ion from gluco se . To further inve s t igate this 

po ssib i l i t y ,  experiments  were carried out in shake-flask u s ing the 

medium of Kri s t iansen and Charley ( 1 98 1 )  where two constan t  concen­

trations o f  glucose ( 7 0  g/ 1 or 40 g/ 1 ) were used with three d i f ferent 

concentrat ions o f  galac tose ( 35 g/ 1 ,  70 g / 1 and 1 05 g/ 1 ) . The e f fec t 

o f  glucose ( 70 g/ 1 ) and galac tose ( 35 g / 1 ,  70  g/ 1 and 105  g/ 1 ) 
mixtures on some TCA-cycle enzyme a c t iv i t ies o f  cell-free extrac t s  

was also invest igated . The ferment ations were cont inued for  14  days 

and flasks were harvested after 2 , 4 , 6 , 8 , 1 0 , 1 2 and 14 days . The e f fec ts  

o f  these mixtures o f  gluco se and galac tose on  c i tric ac id produc t ion are 

summarised in Table 6 . 6  
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TABLE 6 . 6  SUMMAR I ZED RESULTS OF THE EFFECTS OF GLUCOSE ( CONSTANT CONCENTRAT I ON )  AND GALACTOSE ( VARY I NG CONCENTRAT I ON )  

M I XTURES ON C I TR I C  AC I D  PRODUCT I ON I N  SHAKE-FLASK CULTURE . 

Result s  are expressed after  14  days o f  fermentat ion . 

Amount o f  Glucose Mycelial Sugar Util ized Maximum * ** 
and Galactose in the Dry Weight ( g / 1 )  Citric Acid Citric Ac id Citric Acid 

Mixture ( g / 1 )  Yield ( % )  Yield ( % )  ( g/ 1 )  Concentration 
(w/w) (w/w) 

Glucose Galacto se Glucose Galac tose ( g / 1 ) 

0 1 5 . 5  70  0 2 7 . 5
a 

39 . 0  3 9  

7 0  3 5  1 6 . 2  7 0  25  2 2 . 6  24 . 0  3 2  

7 0  1 6 . 5  7 0  35  7 . 8 7 . 5  1 1  

1 05 1 6 . 8  70  42  5 . 7  5 . 0  8 

0 1 1 . 2  4 0  0 10 . 8
b 

2 7 . 0  2 7  

40  
35  1 5 . 0  40 35  6 . 5  8 . 5  1 6  

7 0  1 6 . 0  40 4 5  5 . 5  6 . 5  1 4  

1 05 1 6 . 0  40 50  5 . 3  6 . 0  1 3  
--��- �------- ------- ------ - ---

* Based on to tal glucose and galactose utilized . 
** Based on glucose utilized . 
a Highest concentrat ion o f  c itric acid ( 2 7 . 5  g / 1 )  reached o n  tenth day o f  the fermentation and then decl ined due t o  

complete sugar utiliza t ion . See Figure 6 . 26 (a) . 
b Highes t  concentration o f  c itric acid ( 10 . 8  g / 1 )  reached o n  sixth day o f  the fermentat ion and then declined due to  

complete sugar utilization . See Figure 6 . 26 (b ) . 

...... 
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The data for c it ric acid produc t ion are presented i n  Figure 6 . 26 .  

I t  is apparent that the c itric ac id produc t ion was drama tically reduced 

with an increased concentrat ion of galactose in t he mixture . Similarl y ,  

c it ric ac id yields , based o n  glucose util iza t ion  a lone , were reduced in 

the presence of galac tose ( Table 6 . 6 ) . The reason for the decl ine 

occasionally observed in c i tric acid concentration was probably the 

exhaust ion of sugar ( Figure 6 . 28 ) . 

The volumetric rate data o f  c i tr ic acid p roduc t ion are shown in 

Figure 6 . 2 7 . The resul ts show tha t an increased concentra t ion o f  

galac tose in the med ium caused a decreased r a t e  o f  c itric acid product ion . 

The gluco se and galac tose utilization data for  the p eriod o f  fermen­

tation are shown in Figure s 6 . 28 and 6 . 29 respec t ively . The glucose 

was completely util ized a f ter 1 0  to 14  days ( Figure 6 . 28 ( a ) ) and 6 to  

8 days ( Figure 6 . 28 ( b) ) depending upon the ini t ial  glucose concentra t ion 

o f  the med ium . Increased concentrations o f  galac tose in the media 

resulted in sl ightly slower glucose utiliza t ions . The two sugars were 

ut ilized simul taneously , but glucose was util ized at a fas ter rate 

( Figures 6 . 30 and 6 . 3 1 ) . As glucose was ut il ized , so the rate o f  

galac to se util ization inc reased . This f ind ing suggests again that 

glucose and galactose unde rgo competition f o r  transport a t ion into the 

cell through a common site  of the transport system and the transport  

system has a greater affinity for glucose than for  galac tose . 

To conf irm the inhib itory e f f ec t  of  galac tose on c i tric acid 

p roduc t ion from glucose , plots o f  citric acid product ion rates ( taken 

at day 6 ,  Figure 6 . 2 7 )  were drawn as shown in Figures 6 . 32 and 6 . 3 3 .  

The plo ts o f  Q/Qi versus i ( Figure 6 . 32 ,  according to Lineweaver and 

Burk , 1 934 ) show tha t the slope of the l ine varies with the substrate 

concentration , indicating competitive inhib i t ion . This is  confirmed 

by the plot o f  1 /Qi versus i (Figure 6 . 33 ,  according to Dixon , 1 9 5 3 ) , 

which indicates a Ki value for galac tose o f  approximately 22  g / 1  

With regard t o  the enzyme act ivities , Figure 6 . 34 shows the 

speci f ic act ivities o f  aconitase and both NAD- and NADP-l inked i soc i t r ic 
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dehydrogenase , while Figure 6 . 35 shows the speci f ic ac t ivities  o f  

2-oxoglutarate  dehydrogenase and pyruvate  carboxylase . I t  appears 

f rom the resul t s  ( Figure 6 . 34 (a) ) that during the phase o f  myce lial 

growth,  aconitase activity was inversely proport ional to the galac tose 

content of  the sugar mixture . However , during the c itric acid 

p roduc t ion phase the ac t ivity o f  this enzyme decreased considerably . 

S imilar trends were observed with both NAD- and NADP-linked isoc itric 

dehydrogenase ( Figure 6 . 34 ( b)  and ( c ) ) . Thus there appears t o  b e  

s ome relat ionship between the activit ie s  o f  these enzymes and the 

p roduc t ion o f  cit ric ac id . The decl ine in their ac t ivit ies a s  c itric 

acid accumulates is understandable , but the reason for the inverse 

rela t ionship be tween ac t ivity and galac tose  concentrat ion is  less  

c lea r .  Perhaps  in the presence of  galac tose , carbon material is 

me tabo lised in some otherway . This possibility has been ment ioned 

previously  in Sec t ion 6 . 2 . 2  with reference to Table 6 . 4 .  However ,  

a more conc lusive relat ionship is seen in the behaviour o f  2 -oxoglutarate 

dehydrogenas e  and pyruvate carboxylase ( Figure 6 . 35 ) . No 2 -oxo glutarate 

dehydrogenase a c t ivity was detec ted in the presence o f  glucose alone 

( this agrees with the resul ts of  fermenter culture) or in glucose with 

35 g / 1  galac tose . However ,  at the h igher galactose concentrat ions , 

activity was detec ted , and was observed to  increase as the f e rment a t ion 

proceeded ( Figure 6 . 35 (a) ) . This f inding probably explains the lower 

c itric acid produc t ion at the higher galactose concentrat ions in the 

sugar mixture . Thus , when 2-oxoglutarate dehydrogenase was absent 

high level s  of c itric acid were produced . However , with increased 

ac t ivity o f  this enzyme cit ric ac id produc t ion decreased , which 

strongly suggests  that the absence of 2-oxoglutarate dehydrogenase 

is a prerequisite  to obtain high c itric acid production under the 

present s tudy condit ions . As in fermenter cul ture ( Sec t ion 6 . 2 . 2 ) , 

when the TCA-cycle was blocked at  the step o f  2-oxoglutarate dehydro­

genase ,  the ac t ivity of pyruvate carboxylase increased markedly dur ing 

the c itric acid produc t ion phase ( Figure 6 . 35 (b ) ) , ind icat ing that 

oxaloacet ic ac id is produced by the ac t ion of this enzyme on  pyruvic 

ac id . In contrast , the activity was very low in the p resence of the 

higher galactose concentrations , sugge s t ing that when the TCA-cycle 

is no t blocked , h igh levels  of  ac t ivity of pyruvate carboxylase are 

no t required . 
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The activity o f  2-oxoglutarate dehydrogenase increased with  the 

increasing propo r t ions of galac tose in the mixture . From this resul t 

1 7 8  

it may b e  hypothe sized that galactose inhibi t s  the postulated repression 

of 2 -oxoglutarate dehydrogenase caused by glucose . This assump t ion 

may be  explained accord ing to  the Jacob and Monod ( 1 9 6 1 )  model which 

is p resented in Figure 6 . 36 .  

In this scheme , there are at l east four genes on the chromo some 

(DNA) that instruc t the pro tein synthe t ic machinery to make a par t i­

cular enzyme . The regulator gene (R) produces a repressor pro tein 

molecule which in the presence o f  glucose is a c tivate-d and b inds to 

the operator gene ( 0 ) , thus prevent ing protein synthesis by the 

neighbouring struc tural gene ( S ) . The promo t e r  gene (P) is the 

ini t iating site of RNA po lymerase , the enzyme which catalyzes trans­

cript ion of the DNA in to messenger RNA (mRNA) . When the repressor 

mol ecule comb ines wi th 0,  RNA polymerase canno t move and no mRNA 

complementary to the DNA sequence o f  S is made . Hence , no enzyme is 

synthe sized (e . g .  2-oxoglutarate dehydrogenase ) . In contras t ,  in the 

presence o f  galac tose , the aporepressor prot e in remains inac t ive and 

thus it cannot comb ine with 0 .  Consequently  t he RNA polymerase can 

move from P and t ranscribe gene S and the enzyme is synthesized . 

This  mechanism remains a hypo thes is , but i t  serves to illus trate the 

principle . 

6 . 3  CONCLUS I ONS 

Using a synthet ic med ium the effects  o f  dif ferent sugar s ources 

on c itric acid p roduc t ion and some TCA-cycle  enzyme ac tivities have 

been studied in bo th shake- flask and fermenter cul ture . 

Of the f ive sugar sources ( i . e .  sucrose , glucose , fructose , 

lactose and galac tose)  examined in shake-flask , sucrose appears to be 

the best sugar source for high c itric acid p roduc t ion . Citric acid 

was not produced from galactose , despite  the fact that it is  a carbon 

source util izabl e  by A .  niger strain MH 1 5 - 1 5 .  Results of  c i t r ic 

acid product ion from decat ionized and non-decat ionized sugars d id no t 
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show any s igni f icant difference for  lactose ,  but there were a slight 

difference for fructose and marked dif ferences for sucrose and glucose , 

where more citric ac id was obtained from the decat ionized than the 

non-decat ionized sugar . From the resul t s , it  is concluded that the 

nature o f  the sugar has a p ro found effect  on citric ac id accumula t ion 

and that this is more important  than the presence of contaminat ing 

metal  ions in the sugar sources . 

In fermenter cul ture , no citric acid was obtained from galac tose , 

while the c itric acid concentrat ions obtained from the o ther sugar 

sources were s ignificantly lower than in shake- flask cul ture . It  is 

sugges ted that the form of mycel ial growth induced by the agitation 

me thod may be the cause of this e f fect . In both the shake-flask and 

fermenter cul ture the sucrose was comple tely hydrolysed to glucose 

and fruc tose wi thin the first 30 hours o f  fermen ta t ion and then the 

two monosaccharides were util ized simultaneous l y .  Lac tose was no t 

hydrolysed outside the cell and was utilized as suc h .  From the resul ts 

of  both shake-flask and fermenter cul ture it is  conc luded that the 

sugar source is impor tant in determining yields of c it r ic acid . 

I t  may be further inferred that the relat ively low produc tion o f  c itric 

acid f rom lactose in comparison with glucose was due to the contribution 

of the galactose mo iety .  

Aconitase and isoc itric dehydrogenase (both NAD- and NADP-linked ) 
activi t ie s  in cell-free extrac t s  showed some relat ionship with c itric 

acid accumulat ion . However ,  the enzymes 2-oxoglutarate dehydrogenase 

and pyruvate carboxylase varied considerably with the sugar sources and 

their levels correlated wel l  with  citric ac id produc tion . 2-oxoglutarat e  

dehydrogenase activity was no t detected when citric acid produc t ion was 

high , but activity was present when produc t ion was low .  The ac t ivity 

of pyruvate carboxylase inc reased considerably during c i tric acid 

produc t ion , but l ittle activity was detec ted when c itric acid was no t 

produced . It is concluded that accumulat ion o f  c itric acid is not a 

consequence o f  the complete  disappearance o f  the activ i t ies o f  aconitase 

or isocitric dehydrogenase (both NAD- and NADP-linked ) , but rather the 

accumulation is caused by the repression of 2-oxoglutarate dehydrogenase , 

causing a block in the TCA-cycle  and the concomitant increase in 



pyruvate carboxylase ac t ivity . I t  i s  po s tulated that glucose and 

f ructose cause repression , but galactose  does not .  

1 8 1  

Experiments using mixtures o f  gluco se and galac tose a s  the sugar 

source have demons trated that galac tose inhibits  citric ac id product ion 

f rom glucose . The inhibition correlated wel l  with the l evels o f  

a c t ivity o f  2-oxoglutarate dehydrogenas e  and pyruvate  carboxylase . 

The inhibi t ion has been shown to be compet i t ive . 

It is clear from the results  o f  this chapter that the galac tose 

mo iety of l ac tose present s a probl em to the product ion of c i tric acid 

f rom lac tose . As ment ioned in Chap ter 4 ,  at temp ts to p roduce a mutant 

capab le of producing ci tric acid from galac tose proved unsucce s sful . 

An alterna t ive approach to mutat ion is to search for a me tabol ic 

inhib itor o f  2-oxoglutarate dehyd rogenase . Thus , the exper iments in 

the next chapter were des igned with this aim in mind . 



CHAPTER 7 

THE EFFECT OF METHANOL ON 

C ITR IC AC ID PROD UCT ION AND 

SOME TCA-CYCLE ENZYME ACT IVIT IES 

7 . 1 I NTRODUCT I ON 

1 8 2  

There a r e  various reports  in the litera ture showing tha t the 

produc t ion o f  citric acid by A. nige� can be inc reased by the presence 

o f  1 -4 %  (v/v)  me thanol in the fermentat ion med ium , in both surface 

and subme rged cul ture ( for  example , Moyer , 1 9 5 3  a , b ;  Taha and 

El-Za iny , 1 9 5 9 ; Noguchi and Bando , 1 9 60 ; Noguchi e t  a l . , 1 9 60 ; 

Hang e t  a l . , 1 9 7 7 ;  Chaudhary e t  a l . � 1 9 7 8 ; Somkuti and Benc ivengo , 

1 9 8 1 ) . The exac t ro le o f  me thanol in s t imulating c itric ac id produc tion 

is no t c lear , but Moyer ( 1 9 5 3  a)  has sugges ted that the presence o f  

methano l and the ac id ity o f  the med ium bring about  an a l tera t ion in 

the normal carbohydrate me tabol ic pathways , so that citric acid 

accumulates . 

In the previous chapter it  was shown that c i tr ic a c id was no t 

p roduced from galac tose and that lit tle  was produced f rom lactose 

when compared with glucose . The TCA-cyc le enzyme s tud ies revealed 

that the enzyme 2-oxoglutarate dehydrogenase remained ac t ive in the 

presence of galac tose and lactose but no t glucose . If this we re the 

cause o f  not obtaining c i t ric acid from galactose and l i t t le c i tr ic 

a c id f rom lac tose , then searching for a me tabo l ic inhib itor o f  

2 -oxo gl utarate  dehydrogenase may be a real is tic approach t o  overcome 

the prob lem . Hence , it was dec ided to inve s t igate  the e f f ec t  o f  

methano l on citric ac id p roduc t ion f rom these various sugars and whey 

permeate . At the same time , the effect  o f  methanol on the var ious 

TCA-cycle enzyme ac tivit ies was studied for any inhibitory e f fects . 



7 . 2  RESULTS AND D ISCUSSION 

7 . 2 . 1 THE EFFECT OF METHANOL ON C I TR I C  AC I D  PRODUCT I ON AND 

SOME TCA-CYCLE ENZYME ACT I V I T I ES I N  SHAKE-FLASK CULTURE 

1 8 3  

The experiments were  performed in shake-flask cul ture ,  using the 

medium of Kristiansen and Charley ( 1 98 1 ) , where  lac tose , glucose and 

galac tose were used as s ugar sources . The e f fe c t  o f  methanol was 

inves t igated at two concentrat ions , 1% (v/v)  and 3% (v/v) , added on 

the third day of fermentation . Fermentat ions were cont inued for 1 4  

days and flask were harvested after 2 , 4 , 6 , 8 , 1 0 , 1 2 and 14  days o f  

incuba tion . Fo r the enzyme assays , mycel ium harves ted a f ter 2 , 4 , 6  

and 8 days o f  fermentation only was studied . The e ffec t s  o f  methanol 

on c it ric ac id produc tion are summarized in Table  7 . 1 .  The data 

ob tained in the absence o f  me thano l (Chapter 6 ,  Sec tion 6 . 2 . 1 )  are 

also inc luded in this Sec t ion for compar ison . 

The e f fec ts o f  me thanol on the time course , volumet ric rate and 

spec i f ic rate of c i tric ac id produc t ion are presented in Figures 7 .  1 ,  

7 . 2  and 7 . 3  respec t ively . The most interest ing and signif icant 

find ing is that c it r ic acid was produced f rom galac tose in the 

presence of methanol .  Also , higher c itric acid concentrations were  

ob ta ined from glucose and lac tose in  the  presence of  1 %  (v/v)  methanol , 

as compa red with the data obtained with 3% (v/v)  methanol and in the 

absence of methanol ( Table 7 . 1 ) .  

It is apparent f rom the volumetric rate data ( Fi gure 7 .  2 )  tha t the 

maximum rates ob tained were higher with l% ( v / v )  methanol as compared 

with the data obtained in the absence of me thano l .  On glucose , the 

maximum rate ob tained with 1% (v/v) me thanol was sligh t ly higher than 

that obtained in the absence of methanol , while in lac tose the rate 

was approximately three times higher than the value obtained in the 

absence of methanol .  At 3% (v/v)  methanol ,  rates were lower than 

at 1 %  (v/v) methanol . Similar e f fects  were  observed with spec i f ic 

rates ( Figure 7 . 3 ) .  These f indings indicate a s t imulatory e f fect  o f  

1 %  (v/v)  methanol and a n  inhibitory e f fe c t  o f  3 %  (v/v) methanol in 

respect  o f  citric acid product ion . The s t imul a tory e f f ec t  on 



TABLE 7 . 1 EFFECTS OF METHANOL ON C I TR I C  AC I D  PRODUCT I ON I N  SHAKE-FLASK CULTURE . 

Result s  are expressed after 1 4  days of  fermentat ion . 

0% Me thanol 

C itric 
Sugar Mycel ial + 

Sugar Ac id 
Dry 

Util ized Concen-
Weigh t  

( g/ 1 )  trat ion 
( g / 1 )  ( g / 1 )  

Lac tose 9 . 8  68 5 

Glucose 1 9 . 5  90  3 1  

Galac tose 1 2 . 5  7 3  0 

+ Init ial sugar concentrat ion 140  g / 1 . 

* Based on sugar utilized . 

* 
Citric Mycel ial 

Ac id Dry 
Y ield ( % )  Weight  

(w/w) (g/ 1 )  

7 . 5  1 0 . 5  

34 . 5  14 . 0  

- 1 0 . 5 
�- ------

1 %  (v/v)  Me thanol 

Citric + 
Sugar Ac id 

Util ized Concen-
( g / 1 )  tration 

( g / 1 )  

6 5  1 8 . 5  

85 42 . 0  

60 1 2 . 5  

* 
Citric Mycel ial 

Ac id Dry 
Yield ( % )  Weight 

(w/w) ( g/ 1 )  

2 9  7 . 5  

49  8 . 5  

2 1  7 . 0  

3% (v/v)  Me thanol 

Citric  + 
Sugar Ac id 

Util ized Concen-
(g/ 1 )  tration 

( g / 1 )  

4 6  8 . 0  

55  1 7 . 0  

45  4 . 6  

* 
Citric 

Acid 
Yield ( % )  

(w/w) 

1 7  

3 1  

1 0  

.... 00 � 
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product i on from glucose and lactose has been previously repo rted 

(Moyer , 1 9 5 3  a , b ;  Somkuti  and Benc ivengo , 1 98 1 )  but the e f f ec t  on 

p roduct ion f rom galac tose has no t .  
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The e f fect o f  add it ion o f  methanol on mycelia l  dry weight 

p ro duc t ion is shown in Figure 7 . 4 .  The resul t s  show that increasin g  

concentrat ions o f  me thanol have a n  inhib itory e ffect  o n  mycel ial 

growth . 

The e f f ec t  of  me thanol on sugar utilizat ion i s  presented in 

Figure 7 . 5 , which demonst rates a sl ight inh ibitory effec t o f  1 %  ( v/v)  

me thanol on  sugar util izat ion and this is more pronounced in  the 

presence o f  3% (v/v) me thano l .  

The e f fect o f  me thanol on the spec ific ac t ivi t ies o f  aconitase , 

NAD- isoc it ric dehyd rogenase , NADP- isoc itric dehydrogenase , 2 -oxoglu­

tarate dehydrogenase and pyruvate carboxylase are presented in 

Figures 7 .  6 ,  7 .  7 ,  7 .  8 ,  7 .  9 and 7 . 1 0 respectivel y .  Unfor tunately no 

direc tly comparable experiment s  were performed in shake-flask cul ture 

to invest igate the level s  of TCA-cycle enzyme ac t ivities in the 

absence of me thanol .  However ,  the data obtained in fermenter cul ture 

( Chapter 6 ,  Sec t ion 6 . 2 . 2 ) may be  taken as an index of  general 

behaviour in the absence of methanol . Thus , these data are presented 

for comparison . The p resent resul t s  show that dur ing the ini t ial 

growth phase o f  the fungus , the spec if ic ac t iv i t ie s  of  aconitase 

and isoc i t ric dehydrogenase (both NAD- and NADP- l inked) were s ign ificantly 

higher in glucose than in lac tose e r  galac tose ( s imilar find ings were 

observed in fermenter culture , Figures 7 . 6 ,  7 .  7 and 7 . 8  respec tively and the 

possible signif icance has been d iscussed previously) . However , 

a f ter the add it ion o f  methanol , the activit ies o f  these enzymes 

dec reased to levels much lower than those observed in the ab sence 

o f  methano l . In the case o f  galac tose , the e ffect  of  methanol was 

part icular ly ma rked , s ince in its  absence the activities o f  these 

three enzymes continued to increase throughout the ent ire fermentat ion 

( Figures 7 . 6 ,  7 . 7  and 7 . 8 ) . These data suggest a general inhibitory 

e f fect  o f  methanol on the enzyme ac t ivi t ies . With regard to 2-oxoglu-
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tarat e  d ehydrogenase , this was never detected with glucose as substrate 

(Figure 7 . 9 ) .  With lac tose and galac tose , however , the activity o f  

this  enzyme was detec t ed throughout the ent ire fermentation i n  the 

absence o f  methanol ( F igure 7 . 9 ) . On addit ion o f  methanol , however ,  

the ac tivity dec reased to zero by the sixth day o f  fermentat ion . 

Thi s  find ing suggests that methanol inhibits  the activity o f  2 -oxoglu­

tara te dehydrogenase . The complete disappearance o f  the ac t ivity 

of t his enzyme during c i tric acid produc t ion from galac tose provide s  

fur ther evidence for its  being a key enzyme in controlling c itric acid 

accumula t ion . The enzyme pyruva te carboxylase was detec ted fo r all  

sugar sources  throughout the  per iod of fermentat ion (Figure 7 . 1 0 ) . 

In g lucose , after the add it ion o f  1 %  (v/v) me thano l the ac t ivity of 

pyruva te carboxylase con t inued to increase , although its  ac t ivity 

was app roximately fourfold less compared with that in the absence o f  

me thanol ( Figure 7 . 1 0 ) , while its act ivity was approxima tely halved 

by the add ition of 3% (v/v) me thanol . Howeve r ,  in the presence o f  

lactose and galac tose , the enzyme ac tivity was approxima tely the 

same in bo th 1%  (v/v) and 3 %  (v/v) methanol . In the case o f  galac tose , 

the act ivity of pyruvate carboxylase persisted throughout the fermen­

t a t ion in the presence of methanol , whereas in i t s  absence the enzyme 

was no t detec ted after the fourth day ( Figure 7 . 1 0 ) . 

S imilar experiment s  were performed where methanol was added at  

the  time o f  inoculation . The resul t s  obtained did no t show any 

s ignif icant  dif ferences from the data desc r ibed above . 

The resul ts sugge s t  that me thanol has a general inhibitory e f fect  

on  the various enzyme ac t ivit ies . The effect  on 2-oxo glutarate 

dehydrogenase seems to relate well to c itric ac id produc t ion from 

galactose . The only ins tance where an enzyme ac t ivity was increased 

in the presence of me thanol was pyruvate carboxylase when c i tric ac id 

was produced from galac tose . This suggests  that the block caused by 

me thanol in the TCA-cycle  at the point o f  2-oxoglutarate dehydrogenase 

had a stronger effect  in s t imulating pyruvate carboxylase ac t ivity than 

d id methanol in inhib i t ing it . 
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7 . 2 . 2  THE EFFECT O F  METHANOL ON C I TR I C  AC I D  PRODUCT I ON AND SOME 

TCA-CYCLE ENZYME ACT I V I T I ES ,  US I NG LACTOSE-SUPPLEMENTED 

LACT I C  CASE I N  WHEY PERMEATE I N  FERMENTER CULTURE 

On the basis of the observation that the presence o f  me thanol led 

to inc reased produc t ion o f  c i tric acid from lactose , an experimen t  

was perfo rmed using lac tose-supplemented lact ic c ase in whey permeate  

in  the presence o f  me thanol , in  fermenter cul ture . 

Lac t ic casein whey permeate was supplemented with lac tose ( 1 00 g / 1 )  

and the fermentation cond it ions were iden tical t o  those described in 

Section  5 . 2 . 2  (Chap ter 5 ) . On the third day of fermentation me thano l 

was added to the fermenter to a final concentration of 3%  (v/v) . 

Samples  were withdrawn daily throughout the fermentation pe riod . 

For the enzyme assays , mycel ium was wi thdrawn a f ter 2 , 4 , 6  and 8 days only 

of fe rmentation . The t ime c ourse of the fermentation is presented in 

Figure 7 . 1 1 .  The data show that a c it r ic ac id concentration o f  

2 5  g / 1  was achieved compared with 1 4 . 8 g / 1  obtained in the absence 

of me thanol ( Figure 5 . 4 ,  Chapter 5 ) . The yield was 33% (w/w) compared 

with 23% (w/w) in the absence of methano l .  On comparison with the 

data obtained using the lac to se-based synthet ic med ium in the presence 

o f  methanol in shake-flask culture (Table 7 . 1 ) ,  bo th the produc t ion 

and yields were sign i f ican t ly higher in the presen t  experimen t . A 

slightly lower mycel ial dry weight was observed in the presence o f  

me thanol but approximately 1 5 %  more l ac tose was ut ilized by the end 

of  the fermentation (as compared with Figure 5 . 4 ) . The toxic e f fe c t  

o f  methanol o n  mycel ial growth i n  the fermenter culture was no t s o  

marked as  i n  shake-flask culture . This may be due to loss of  me thano l 

from the fermenter uia the aera t ion system . 

The volumetric and specif ic rate data o f  c it r ic a c id produc t ion 

and lac tose ut ilizat ion are presented in Figures 7 . 1 2 and 7 . 1 3 

respec t ivel y .  By comparison with Figure 5 . 5  ( Chap ter 5 ) , the maximum 

observed vo lume tric and specific rates of c it r ic acid produc t ion were 

60% and 100% greater , respectively , in the presence of methano l .  On 

the volume tric rate curve of lac tose util i za t ion ( Figure 7 . 1 3 )  two 

peaks are apparent . The f irst (at  Day 2 )  i s  presumably asso c iated 
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Effect of 3% (v/v) methanol on c itric 
acid produc tion from lac t ose-supplemented 
lac tic casein whey permea te in fermenter 
c ulture . 
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with a c t ive mycelial growth , while the second (at  Day 6 )  co incides 

with the maximum rate of c itric acid produc t ion . In the absence o f  

methano l ,  the second peak was much less pronounced . When compared 

with the data in the absence of me thanol ( Fi gure 5 . 5 ) a sl ightly 

higher rate o f  lac tose utilization was observed in the presence o f  

me thanol .  

The e f fects o f  methanol on the spec i f ic activities o f  some TCA­

cycle enzymes are presented in Figure 7 . 14 .  The data for the enzyme 

ac tivi t ies observed in the absence o f  me thanol ( Chapter 6 ,  Sec t ion 

6 . 2 . 2 ) are inc luded in Figure 7 . 14 for compari son . The results show 

tha t the ac t ivit ies of all  these enzymes were sl ightly lower in the 

presenc e o f  methanol . In part icular , 2-oxo glutarate dehydrogenase 

was no t de tec ted a f ter the s ixth day , whereas in the absence of 

me than o l  it pers is ted throughout the fermenta t ion . This f ind ing 

again suggests  that me thanol inhibits  the ac t ivity of 2-oxoglutarate 

dehydrogenase and this co rrelates well  with the higher c itric ac id 

produc t ion observed in the presence of me thanol . 

200 

Somkut i  and Benc ivengo ( 198 1 )  observed a s imilar increase in 

c i tr i c  ac id produc t ion from whey permeate in the presence o f  methano l , 

but t hey did no t invest igate any enzyme ac t iv it ies . 

7 . 3  CONCLUS IONS 

The effec ts o f  me thanol on produc t ion o f  c i tric acid from lac tos e ,  

glucose , galac tose and lac tose-supplemented lac tic  casein whey permeate 

have been s tud ied . I t  was obse rved that , in shake- f lask cul ture , 1 %  

(v/v)  methanol caused inc reased produc t ion and yields from both glucose  

and lactose . Produc t ion o f  c it ric acid from galactose was also observed . 

In f ermenter cul ture , using whey permeate , the presence o f  3% (v/v)  

methano l led to  a 69% increase in c itric a c id produc t ion . Apparent l y ,  

the presence of methanol had a general inhibitory e ffec t o n  the var ious 

enzymes s tudied with the excep t ion of pyruvate  carboxylase , the a c t ivity  

of which increased when galactose was used  as the sugar source . The 

inh i b i t ion of 2-oxoglutarate dehydrogenase in the presence of methanol 

rel a tes well  with c i tric ac id accumulation . 
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CHAPTER s 

F INAL D ISCUSS I ON AND CONCLUS I ONS 

The feasibility o f  c itric acid produc t ion from lac t ic casein whey 

permeat e  was inves t igated . From the industrial point o f  view , this 

inves t igat ion has cons iderable in terest for the dairy indus try in 

New Zealand , for economical util izat ion of surplus whey permea te , 

the d isposal of  which c an cause serious prob lems . As part o f  this 

inve st igat ion , the produc tion of c itric ac id from d ifferent sugar 

source s  and the ro le of some TCA-cycle enzyme s , was also inves t igated . 

Final l y ,  the effe c t  o f  add it ion o f  methano l to the fermen tation med ium 

was stud ied . 

The starting po int of the invest igat ion was the examina tion o f  

ten s t rains of  A .  nige� and one strain o f  A .  ca�bonaPius for thei r  

ab ility to produce c i tric ac id from lac tic  case in whey permeate . 

The data obtained during this screening programme are presented in 

Chap ter  4 .  The best  c i tric acid-producer (A . nige� IMI 4 1 8 7 4 )  was 

selec ted for further work , including a s t ra in improvement programme . 

S train improvement was per formed by induc ed mutation using 

ul traviolet  light and a suitable me thod was developed for screening 

the maximum number o f  survivors in a s ingle petri dish . Out o f  several 

thousand isolates , a mutant (A . nigeP MH 1 5 - 1 5 ) , which produc ed mo re 

c i tric ac id than the parent , was selec t ed . Further a t t emp ts to 

improve this mutant , using ul traviolet l ight , were no t succes sful . 

Pos s ib l y ,  a change in mutagenic agent could have been useful . 

When it  became apparent that both the parent and the mutant were 

incapable of  produc ing c i t r ic ac id from galac tose ( exce p t  in the 

presence o f  me thanol ) , a mutat ion programme was undertaken to 

isolate  mutants  with this capabil ity . Many i solates were collec t ed 

and examined but none produced c itric ac id from galac tose . 
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A comparison o f  lac tose-supplemented whey permeate and a sucrose­

cont a in ing synthet ic med ium demonstrated the superiority o f  the lat t er 

in supporting c it r ic ac id produc t ion by both the parent and mutant 

organ isms . Whether this effect was due t o  the use o f  the different 

sugar sources or to the other medium cons t ituents was inves t igated in 

Chapt ers 5 and 6 .  

The exper iment s  in Chapter 5 ,  descr ibing an inves t igation into 

the medium cons t i tuent s ,  part icularly me tal ions , failed to produce 

sign i f icant improvement s  in c i tric acid accumulation . However , the 

experiments in Chapter 6 ,  describing an inves t igat ion into the e f fect  

o f  the sugar source ,  revealed marked d i f ferenc es in ci tric acid 

product ion . Sucrose proved to be the mo s t  e f fec t ive sugar source , 

fol lowed by glucose and fruc tose and then lac tose . No c itric ac id 

was produced when us ing galac tose as the sugar source , al though good 

mycel ial growth was observed . Thus , when us ing whey pe rmeate , it 

appears that , it is the nature of  the sugar , rather than the other 

med ium const i tuents , which presents  the maj o r  problem to improved 

produc t ion of c itric ac id . 

When invest igat ing the effect of  the sugar source using synthe t ic 

med ium in fermenter culture , produc t ion of  c itric ac id was somewhat 

lower than in shake-f lask cul ture . It  was suggested that this was 

due to a breakdown of the fungal pel l e t s  to a f ilamen tous form , caused 

by the agitation sys t em in the fermenter . However , us ing whey permeate 

as sub strate , fermenter culture was supe r ior  to shake-f lask cul ture . 

Cl early , further work is required to inves t igate these effec t s . 

The ac t ivities of some TCA-cyc le enzymes in cell-f ree extracts  

were inves t igated when studying citric  ac id produc t ion from the var ious 

sugars and whey permeate in fermenter culture . For the enzymes 

aconitase and isocitric dehydrogenase ( both NAD- and NADP-l inked ) , 

there was a s t rong relat ionship between their ac tivit ies during the 

g rowth phase and subsequent citric ac id produc t ion . The s igni f icance 

of this relat ionship is no t clear , but it may reflec t how ef fec t ively 

the TCA-cycle i s  operat ing and the ul t imat e  fate of the carbon 

source . During the c it r ic acid product ion phase , the act iv i ties  o f  
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these  enzymes decreased cons iderably ,  except  when galac tose  was used 

as the sugar source when the ac t ivity increased . There were s t rong 

relat ionships between c i t r ic ac id accumula tion and the ac t iv i ties  o f  

2-oxoglutarate dehydrogenase and pyruvat e  c arboxylase .  When c i t r ic 

ac id was being ac t ively produced , 2-oxo glutarate dehydrogenas e  was 

no t detec ted , sugges t ing that this may be the key enzyme in c i t r ic 

ac id accumulation .  When c itric acid was no t produced , a s  when 

galactose was used as sugar source ,  this enzyme remained ac t ive . Thus , 

it was postulated that glucose and fruc tose , but no t galac tos e , are 

able to repress 2-oxoglutarate dehydrogenase . During acc umulat ion of 

c i tric  acid , pyruva te carboxylase ac t ivity  inc reased considerably , 

suggest ing tha t this is a maj or route for the format ion o f  oxaloace t ic 

ac id , a direc t precu rso r o f  c i tric acid . 

The e f fe c t  o f  galac tose on citric ac id produc tion from glucose 

was inve st iga ted and the data demonstrated that galac tose caused 

compe t i t ive inh ib it ion of  citric ac id p roduc t ion from glucose . 

The biochemical  mechanism of the inhib i t ion is not certain , but the 

data from enzyme ac t ivity s tud ies are consi s tent with the hypo the s i s  

that galactose inhib its  the repres s ion o f  2 -oxoglutarate dehydrogenase 

by gluco se . 

The effec t o f  me thanol on c itric a c id produc t ion from d i f ferent 

sugar sources and whey permeate was inve s t igated , and its s t imulatory 

e f fe c t  was demonstra ted . Mo st impo rtan tl y ,  in the p resence o f  methanol , 

c i t ric acid was obtained from galac tose . The mechanism o f  act ion o f  

me thano l i s  not ent irely c lear , but the result s  suggest a general 

inhib itory e f fe c t  on the ac t ivity of all enzymes stud ied , part icularly 

2-oxoglutarat e  dehyd rogenase . 

In conc lus ion , the maj o r  aim o f  this work was to assess the 

feasibil ity o f  using lac t ic casein whey permeate as an alterna t ive 

source of raw material for c itric acid p roduc t ion . Al though the 

present work has no t developed an indus trial p rocess , the data 

obtained have provided valuable informat ion which wil l  be useful to 

future invest igators . The main problem is with the conve r s ion of 

galactose to c i tric ac id . Thus , research in the following areas 



would be useful : 

( a )  Screening o f  different strains o f  A .  niger for their 

ab i l i ty to produce c itric ac id from galac tose . If such 

a s train were found , i t  should be possible to improve 

it by mutation . ( In this regard , Maddox ( 1 9 8 3 )  has 

recently  screened the 1 1  s t rains of Aspergi Z Zus detailed 

in Chap ter 4 o f  this thesis , but without success ) .  

( b )  Searching for chemical metabolic inhib itors o f  the enzyme 

2-oxoglutarate dehydrogenase . Such work could be 

performed rapidly using cell- free extrac ts and any 

useful compounds could then be tes ted in fermentat ion . 
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