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                                 Abstract

        Kinetic studies  oi gluconic acid  fermentation have been conducted  at  pH  6.5,

     using  AspeTTgilldes niger  5131. The formulae for the ldnetic model  of  the ferrnen-

     tation processes were  obtained  by assuming  that the limiting step  of  the  ferrnentation

     processes is the transport of  glucose through  the cel1  merribrane.  It was  found

     through  the experiments  that these formulae predicted the rate  processes of  the

     fermentation from the expenenthl  to the stationary  phase.

                               Introduction

    Kinetic studies  are  necessary  for basic understanding  of  fermentation processes

and  for rational  design and  contro1  of indusuial fermentation processes. Although

lrinetic investigations on  fermentation processes have been widely  reportedi'S･S･7･i2"4),

kinetic comparisons  between fermentation reactions  in u'x,o  and  in w'tro  have been

little researched.  In the present study,  the  kinetlcs of  glucose consumptiQn  by Asper-

galus  niger  were  compared  with  that of  glucose oxidase  to determine the  rate  con-

trolling step  throughout  the fermentation.

    The gluoonic acld  fermentation, particularly that using  a homofermentative organ-

ism such  as  Aspergillus niger,  is well  suited  for basic fermentation studies,  for its

rate  processes are  relatively  simple.  In this fermentation glucose is converted  to a

single  product (gluoonic acid),  with  negligible  amounts  of  intermediate and  side

productsS'e), so  the attention  may  be focused on  three primary  processes: the rates

of  nutrient  disappearance, product  formation, and  cell  growth.  In order  to  invostigate

the applicability  of  Monod's  equationie)  to  the  growth  rate  of  this mieroorganism  and

the controlling  step  in the fermentation, theoretical formulae for the rates  o{  consump

tion  of  glucose and  production of  gluconic acid  were  derived and  compared  with

experimental  data.

                  Experirnental Equiprnent and  Precodures

    In the present study,  a  jar fermentor of  stainless  stee1 and  glass was  employed;

it was  constructed  to be quite similar  to lthe one  used  in our  previous work8).
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Its total capacity  was  fifteen liters. The  otganism  used  in our  experiments  was  a

strain  of Acpergilltcs niger,  5131, contributed  by the Department of Fermentation

Technology of  Osaka University. A  synthetic  medium  was  used  for the  present
experiments  because of good reproducibility;  its composition  is sbown  in Table 1,

where  the composition  of the  medium
                                                      Table 1.
for preculture is also  shown.
                                        Medium  cornposltion  f6r mi  culture.
    Preculture was  carried  out  in a  500

mi  shaker-flaFk  on  a reciprocai  shaker  , fik'l:g.l.i.. 
ph.ph.t.,

 dib,,ie glglli
at  a  speed  of 120 rpm  with  a5CM  Magnesium sulfate  O-07%

amplitude  at  30eC  for one  day. The  potassium phosphate,  monobasic  O･12%

preculture thus obtained  was  inoculated
                                        Medium composition  for product culture.

into the iar fermentor, in which  the
                                         GIucose 5.0%
culture  brotli was  maintained  at  pH  6.5
                                         Ammenium  phosphate, dibasic O.e5%
and  30eC. The aeration  rate  was  1･5 Magnesiumsulfate O･Ol%

v.v.m.  (15 11min), and  the  speed  of Potassium phosphate, mgnobasic  O.02%

agitation  was  430 rpm.  In the  course

of  the fermentation the concentration  of  dissolved oxygen  in the medium  was  kept
constant  by introducing oxygen  into the aeration  gas  and  the medium  was  continu-

ously  adinsted  to  pH  6.5 by titration with  aqueous  solution  of  sodium  carbonate.

    The  cell  concentration  was  obtained  by withdrawing  50-ml  samples  and  filtering,

Vvtishing, and  drying the cells  to a con-

stant  wefght  at  450C  under  vacuum.  O
'Irhe

 concentration  of  diammonium hydro-

gen  phosphate, the limiting substrate,  was

analyzed  by the Micro-Kicldahl rpethod,
and  glucose analyses  were  made  by

Somogyi's method  on  the clear  broth
from the  filtering operatlon.  The con-

centration  of  gluconie acid  produced was

evaluated  through  the volume  of  sodium

carbonate  requlred  to maintaln  constant

PH in the fermentation broth. Glumse

oxidase  in the  cbll  was  extracted  by a
phosphate  buffer solution  of  pH  5.8 from
cells  crushed  by  a  crushing  machine  at

40C. The activity  of  the glucose oxidase

in the buffer solution  was  quite stable

for three weeks  under  low temperature
conditlons.  The  glucose oxidase  in the

btifier soltitioft was  poured  ;nto the ap-

paratus shbvvn  ih Fig, 1, whete  the cati-

  O  Reactor @  Isoth(mnal jaeket
  @  Electrode for meassuring  oonoentration  tif'

     dissolved oxygen

  @  Magneticstirrer

  @  Analyzer  for measuring  conoentratien  of

     dissolved exYgeh  
'

  @  Oxygen cy1inder  @  Nitregen cy1inder
Fig. 1. Schematie diagram of  experimeiital  ap-

  paratus fot !rieaSuting acti"ity  of gluObse (siitidAse,
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centration  of  dissolved oxygen  was  l･nerease(l by  aeration  and  the  surfade  was  covered

tb prevent  surface  aeration.  The activity  of  the  oxidase  was  evaltiated  by measuring

the rate  of  decrease of  dissolved oxygen  concentration  through  a  gold  cathode  and

a  silver dnode with  a  tefion membrane  (Beckman's model  777).

                         Results and  Discugsion

1. Growth  rate  Assuming  Monod's  model  for the growth of a  micro(rrganism

frbm the  exponential  phase  te the stationary  phase in a  batch culture,  the growth

rate  is expressed  by the following equation  (for definitions of  terms  see  below,･
"Nomenclature")

 :

          Y, -  k"Mis 
･X  ････-･-･-･･･-･････-･--･-･････-･･･-･･--･･････-･  (1)

                                                          '

    Assuming that the rate  of consumption  bf the limiting substrate  is proportiopal

to the growth rate  of  the  cells,  sirice  the limiting substrate  is consunied  to ebnstifute

the eells atid maintain  the 1ife of  the orgartism,  this rate  of  consumption  may  be

experesse(l  by Equation (2).

          dS l dc
          de 

==-k

 de 
"""'"'"1"'H""'"""''H"'"'"`'--･･-･･-;--･

 (2) 
,                                                         '

    Solving Equation (2) so  as  to  satisfy  the initial cond･itions  of  Equatiens (3)i
Equation (4) may  be obtainod.  

'

                                                         t t

         x==xo,  S=S5' 

''at
 e=O  ･･････････････;---･;･-･-i･-･-'･･--'･-･･;･ (3)

                              , .
 !.1

                                                                    
,1

                 1

         
S-th-k(X-an)  

-･-･････････････････-;･･:-･-････-･-･･･････--･･

 e) l･,
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tt
 tt 
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 /./

    By  substituting  E(luation (4) into Equatidn (1), Equatiori･.(5) may  be dleriv6d.

          gg==2
I.S
.

-ii(x,imn#.,

 ,,,

                                
t tt /t

    Solving Equation (5) se  as to satisfy  the initial 66riditlons' bf' Equtitions (3),
Eqination (6) May  be obtained.  

'
 

'

         o- flilln(K-i)-il:lln(Ki-X)+(KKI+KL)lnX 
-･･--･･･i

 (6) ,

where  ' . ･'

         illli
'

I..tt,.,
'
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   Equation (6) indicates the  relation  between the ce11  concentration  and  the culture

time  from the  begining of  the exponential  phase. The parameters Kl, K,  and  &
Were obtainod  from experimental  results  by the nonlinear  least square  niethod and

pt., Kk, and  k  were  calculated  through  Kl, K,  and  &;  the results  are  shown  in

Table 2. The  changing patterns of  cell

concentrations  estimated  by Equation (6), 
Tabi(e73;

 dYtgli:IZ,. 8lif bPyar:fitleet.e.rs.lmfo,r.beilll,562i,l 
'Ide

using  the average                     of                        these para- method.
               values

meters,  were  compared  with  the  experi-
                                            "m(11hr)  Ki (g!l) 11(-clx/dS)
mental  findings. The  results  are  shown

in fig- 2, which  indicates good  agreement  
Run

 
1
 

O･206
 

O･075
 

1.gg

betvveen the experirnental  and  calculated  Run2  O･206 O･060 2.oo

values  of  ce11  concentration  from the  Run3  e･200 O.117 2.4s

exponential  phase to the stationary  lihase. Average O.204 O.086 2.13

    
'Irhe

 relation  between the concent-

rations  of  limiting substrate  and  cells  was  estimated  by Equation (4), using  the

average  value  of  the yield constant  Yls, and  the estimated  values  were  compared  with

the  experimental  values.  The  results  are  shown  in Fig. 3, which  indicates good
agreement  between the estimated  and  experimental  values.

    It was  concluded  from the  results  shown  in Fig. 2 that  Monod's  Equation (1)
is applieable  for obtaining  the growth rate  of  Aspergillus niger  from the  exponen-

tial phase to the stationary  phase.
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 O.8
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          Oelt rnass ptvduoed, x-k  [gtl)

Fig. 3. Relatien betweeii oell  mass  produoed  and

   concentration  of 1imiting subetrate. The  solid

   1ine indicates the  estimated  values  and  the

   symbo1  o  indicates experimental  values.

   The  reactions  in the ce11 for forming
     .equatlons:

    O 3 6  9 t2 S5 I8 2t
             ntme [hrl

Fig, 2. Comparisons  of  calclilated  gromh  ratewith

  experimental  grewth  rate  for Aspergr'llus niger.

2. The  rate  of  gluconic acid  production

gluconic acid  are  expressed  by the following

    P-D-glucose+glucose oxidase-FAD

               =  6-D-gluconolactone+glueose

    e-bgluconolactone+H20  =  gluconlc acid

oxidase-FADH2

---t-------i-}-----e----

･--･･-
 (8)

･--･･-･
 (9)
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glucose oxidase-FADH2+02

H,o, :talaSe. H,O+-51D,

=  glucose oxidase-FAD+H202  "･･'""(10)

 ---------di---------i--------i----------------l----t--(11)

    B-D-glucose+-};=o, il"coSe 
oxidase.

    It was  reported  by  Moyere) and  by

Hsieh et  al.e) that the accumulation  of

6-b-gluconolactone was  negligible.  ･ There-

fore, the oxidization  of  B-D-glucose to  6-D-

gluconolactone, represented  by Equation

(8), is considered  to  be the  controlling

reaction  in gluconic acid  production by

glucose oxidase  in Aspergillus niger.

    The relation  between the oonsump-

tion of  glucose and  the production of

gluconic acid  is shown  in Fig. 4. It was

found from the results  shown  in Fig. 4
thqt the rate  of  gluconic acid  production

was  proportional to  the rate  of  glucose

consurpption,  as in Equation (13):.

          dP                   dG
              =-b

          de                   de

    Solving Equatien (13) so  as  to

Equation (15) may  be (ibtained.

          P=O,  G==Go  
･at

 e=tO'

          P-b(a-G)
   . .t

The  experimental  values  of'b  are  shown
                   '
in Table 3. The  rate,of  gluconic acid

production may  be estimated  from the

rate  of  glucose consumptlon  throvgh
Equation (15).
    The changing  pattern of  activity  of

glucose oxidase  throughout  this fermen-
tation  course  is shown  in Fig. 5. The

activity  of  glucose 
'oxidase

 reached  a

maximum  in the  early  stages  of  the

    De  La  Fuente et  al.`' aiid Okada et

the  substrate  through  the  cell  membrane

gluconicacid ････--･---････-･-････-(12)

:>gSO.2Lv'88eqpovO.1

£

8:-a5852

    O  O.t O.2

    Mo[es efduoose  consumed,  G.-G Cmolesll)

Fig. 4. Moles of  gluconic acid  produoe(1 vs.  moles

  of  glucose consumed  per unit  velume  of  medium.

  The  solid  line indicates the  calculate  values  and

  symbols  of  o, e,  ts, and  A  indicate experi-

  mental  data for runs  1, 2,3and  4, respectively.

..""...".".....""."･.."".-･--･--･-･--･-･･-･-(13)

        satisfy  the initial copditions  of  Equatlons (14),

            m.m".".".............".",.･...･･.･･･(14)

.--......"...,..･."."."･･････-･････-･-･･･････････････(15)

               Table 3. Values of  the  productivity constant.  b,
                  of  gluconic acid.

t w
Run  4Run

 5Run
 6Run

 7Average

O.8osO.88O.81O.90O.85

exponential  phase.

    al.'i) have reported

    is often  a  controHingthat

 the transport of

step  in the rate  pro-
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cesses  of  fermentationS such  as  glucose
fermentation. It is generally considered

that  a  large molecule  such  as  glucose 
'is

trtinsported  by some  carriers  such  as

permeas'e (active transpoit), and  there-

farg, that the consupiption  rate  of sub-

strete  by cell converges  to a  definite vafue

with  higher concentration  of  the  substrate.

  / Fig. 6 shows  experimental  etiklence

foti the  abotie  mentioned  mechanism,  i. e.

saturation  kinetibs, for glucose conSuMp-
tioh in this fermentation. The  congumP-

tion rates  of glucose' were  obtain6d  by
  ;the

 following method:  (1) Exponethtially
gr6wing cells  in the  culture  brotih were

transfered into phospha.te buffet solution

(pH 6:'5) to stop  the gtowih; (2) 20
ml  of  the ce11 suspension  thus obtained

was  added  to 380 ml  of glucose phos-

phate buffer Solution of  pH  6.5, in which

dissolved oxygen  was  maintained  at  a

constant  concentration  by aeration  and

agitation;  and  (3) the rate  of  consump-

tion of  glucose by the cells  was  obtained

by measuring  the initial rate  of  glucose
consumption.  The rates of glucose oxidi-

zation  by glucose oxidase  were  ebtained

by a  simi1ar  method,  except  that enzyme

solution  was  used  instead of  ce11 suspen-

sion.

    fig. 7 shows  the Lineweaver-Burk

plot of  glucose oxidization  by glucose
oxldase.  Table 4 gives the  apparent

saturation  constant,  KG,  for glucose con-

sumption  by  the cells  and  the Michaells-

Menten constant,  Km,  for glucose oxidi-
zation  by glucose oxidase.  Fig. 8 shows

the infiuence-of pH  on  the rates  of

glucose consumption  by the cells  and

glueose oxidization  by  gluoose oxidase.

ff glueose oxidizatioh  by glucose oxidaSe

 gr.le=.'g'

ig
 .9 Sle
 .ti.v.6

 
e.

 

 8
 -=
 oo

 bo
 .g
 -  

-scmo

Fig. 5.

  
   0 5             IO i5 20
           t}me thr) '

  Rate of  gluoese exidlzation  by  gl
oxidase  in the  course  of  ferTrientation.uedse

  --a5 O  Q5

            "  x io-'

Fig. 6. Double reciprocal  plot

   consumptian  by ce11s.

       t.o

for rate  of glucose

f,o
'

'o

vl'O.5

'-50
-toetT50 too

Fig. 7. Itinevveaver-Burk plot for rate  of gluoose

   oxidization  by glueose exidase.

Table  4. The  values  ef  the  saturatfon  constant,

  
Kl

 
and

 t#e Michaelis comstant,  K;".

Kb  (molll)
K;,t.<mgi14) ...

5.9×1ors

l･Ox.lo-i
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were  the  controlling  step  in this culture,

the value  of  Km  weuld  be equal  to the $O･9   
t･o

                                      8  ･
value  of KG  and  the optimum  pH  for "g

 

                                      v  th

Table4and  Fig. 8, the values  of KG  tFg 
'g?'

and  Km  and  the optimum  pH  for glucose /tg im a6gt:.

tihaii that  of  glueose oxidization  by glu. 
5'O

 pH  
6･O

 
?LO

dw  oitidase,  as  sho"vn  in Egs. 6 and  7. Fig. 8. Effect of  PH on  glueose  oxidization  by
                                        glucose  oxidase  and  glucose  (}crrpumption  byIe is considered  from above  results that
                                        Aspergillus niger.
the transport  of glucose through  the cell  

'

membrane  is the  controlling  step  in this fermentation.

    Tlie active  transport of  glucose in the ce11  membrane  is expressed  by the fdllow-
itig equation:
 /

          Ge+E  =  Q-E  
-m>

 Gi+E  
"'"''-''''"""'''"'""''m''"'(16)

M, above  equation  G. and  Gi indicate the  glucose oubslde  and  inside the cell, respec-

tiSely, and  E  indieates the permease  in the cell  membrane.

    The rate  of glucose consumption  by the cells  is expressed  by  the following equ-

ation:

            dG  VG
          

-dg
 

:=KG+G'X

 
'''"''""''"'"'"'"'""''"m'"'･･･-･･･････-(17)

    Dividing Eqtiation (17) by Equation (5), Equation (18) may  be obtained:

            dG  VGIIkk+Sb'iit(x-xb)l

          
N

 d`C 
=pt.(KG+G)Islim

 jli (x-,,,)l 
'HH""'""""'''"'"""(i8)

                                                                 '

    Solving Equation (18) so  as to satisfy the initial condition  of Equation (19),
Equatiop (20) may  be obtained.

         G=Go,  at x=:u)  
･"･"!---･･-･･･････-･････---････-･-･-･--･(19)

                                                             '

          
-
 
""vKG

 ln GG, 
-
 
"v'
 (G-Gb) 

'

                               Sb- t (x-xo)
               ==  (x-afp) -  YkKkln                                               ･･--････-･･-･･･････-(20)

                                    &

   
'Ihe

 parameters in Equation (20) were  obtained  by the  nonlinear  1east square

                                                       NII-Electronic  
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method  and  the results  are  shown  in

Table 5. In the present fermenttitien,

the value  of  KG  is very  Iow and  the

first term  of  the  left side  of  Equation

(20) is negligible  compared  with  the

other  terms. Equation (20) may,  tl]ere-

fore, be simplified  to Equation (21):

'
 G=  Gb-  V  (x-x,)+ 

VLKk
 
Yk

                 ptm Pnt

    The changing  patterns of  glucose

concentration  predicted by Equation (21)
were  compared  with  the experimental

patterns. The results  of  this comparison

are  shown  in Fig. 9, which  indicates

good  agreement  between calculated  and

experimenta1  values.  USing the values

of  glucose concentration  estimated  by

Equation (21), the gluconic acid  concent-

rations  estimated  by Equation (15) were

also compared  with  the experimenta1

values.  Those comparisons,  too, indicate

good agreement  between estimated  and

experimental  values,  as  shown  in Fig. 9.

Table 5.The  values  ef  the  parameters  of  Eq. (20).

MKeVbtbmk(mollt)(g!l)(mol!l･hr)

(lfhr)

5.9× 10-s

8.0xle"z
4.5× 10-2

8.5× 10-1

2.0× 10-i

2.i3

lnSo-1u(x-
 a)

 O.=>Sesego'g･-L-=Ms8mo=O

g･-ts.Img

&
･･･････-･-･--･･･(21)

           Conclusions
                                                  Glucose Gluconic acid

    Monod's Equation may  be aPIilied R.nllRun2Run4RunlRunelRun4
to  the growth  rate  of  Aspergillus niger  

i
 

-

                                      Calculatedfrom the exponential  phase  to the station-  value  
-----

 
----"-

 [/uYc,illaS.e'asTphr:pillt?o.Oaficoto"S:hMePILOtne gff 
Exei'e.entai

 o  D A  e -  L

gluconic acid  in gluconic acid  fermen-

tation using  Aspergillus niger.  It may  be considered  that  the transport of  glucose
in the  cell  membrane  is the  controthng  step  in this fermentation, and  that  the  trans-

port is an  active  transport. It was  found that Equation (20) for glucose concent-

ration,  derived by taking into account  the active  transport of glucose, was  valid  as

shown  in Fig. 9, the values  of  gluconic acid  concentration  predicted by Equations (15)
and  (20) agree  well  with  the experimental  values,  as  also  shown  in Fig. 9.

    O  5  6 9 t2 i5  l8 2t
             Time [hr]

Fig. 9. Comparisons between･calculated and  ex-

   perimental  values  of  conoentrations  of  glueose

   and  gluconic  acid  throughout  the  fermentation.
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                     Nomenclature

moles  of  gluconic acid  produced  per mole  of  glucose consumed,

concentration  of  glucose, mole/l

concentration  of  glucose at e==O, mole/l

saturation  constant  for fermentation, molell

Michaelis constant  for the oxidization  of  glucose, mole/l

Monod's  constant,  gll

concentration  of  gluconic acid, molell

concentration  of limiting substrate,  gll
concentration  of  limiting substrate  at e==O, g!l
maximum  rate  of  glucose consumption  by cells,  mole/g･hr

yield of  growth  per mass  of  limiting substrate,  -dcldS

concentration  of  cells,  g  dry weight/l

concentration  of  cells  at  e==O, g  dry weight/l

fermentation time  from beginning of  exponential  phase, hr
maximurn  specific  growth  rate,  hr-i

-dllfdG
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