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   The  cell  density disuibution of  Stteaharon!yces cerevisiae  IFO  2347 in an  immobilized
cell  layer was  analyzed  during ethanol  fermcntation with  forced substrate  supply.  The
cells  were  immobillzed in a  rnixed  gel composed  of  x-carrageenan,  locust bean  gum  and
celite  (2 : O.5 :40  wt/vol  %) with  an  initial cell  concentration  of  4 × 10Scells/mlgel,

   When  a medium  containing  200 gll of  glucose was  forced through  the immobilized
cell  layer <thickness== 14 mm)  with  a  retcntion  time of  1 .5 h, the yeagt cells  grew  hornoge-
neously,  reaching  2 × 1Og cellslml  gel in the  first 24 h. After 24 h, the cells  continued  te

grow,  and  a  cell  density gradient was  formed in the vertical  direction of  the gel laycr.
Finally, a  stcady  state  was  attained  at  250 h of  operation,  with  l.7 x  1OiO cellslml  at  the
surface  and  4 × 10e cells/ml  at  the  bottom  ef  thc  gel layer. At the steady  state,  glucose
supplied  was  almost  completely  consumed,  and  96 glt of  cthanol  was  produced.

   The  cellular  distribution in the  gcl layer was  analyzed  by model  equations  taking  in
account  the  inhibitory  and  toxic effects  of  ethanol  on  the  growth  of  yeast cclls.

  In the  previous work,i}  we  proposed
a  novel  system  in which  yeast cells  were

immobilized  in a  gel layer with  forced sub-
strate  supply.  With  this system,  it was

possible to eliminate  the  diflUsional de-

pendency  of  the  substrate  supply  that  exists

in a  normal  immobilized cell  reactor,  and  as

a  result,  although  a  vertical  gradient of

cellular  distribution was  formed, a  high  cell

density was  maintained  in the gel layer with
an  average  value  of  ca.  8 × 109cellslml gel.
Ethanol productivity was  raised  4-fold com-

pared with  the  normal  immobilized cell

system.

  The  aim  of  this work  is to  analyze  the

vertical  gradient of  cellular  distribution in
the  immobilized  cell  layer with  forced
substrate  supply.

         Materials  and  Methods

 Microorganism  Slaccharonp¢ es ccrevisi'ae lF0  2347
was  used.

 Medium  composition  S. cerevisiae  was  precul-
tured  in a  cemplex  medium  composed  of  1O g of  glucose,
5g  of  peptone, 3g  of  yeast extract,  and  3g  ef rnalt

er  tract in ll of  tap  water.  For continuous  ethanol

fermentation, the foIlowing medium  was  used2}  (gll of
tap  water):  glucose, 2oo; yeast extract,  3.0; NH4Cl,
2.5; KsHP04,  5.5; MgS04'7HEO,  O.25; NaCI,  !.O;
CaC12, O.Ol; and  citric  acid,  3.0.

 Immobilization  of  cells  Yeast cells  precultured
by  shaking  culture  at  28eC  for 18 h were  immobilizcd in

a  mixture  of  K-carrageenan,  locust bean  gum  and  celite

(2:O.5:40wttvol %) as  describcd in the previous
paper.i}

 Biereactor  The  immobilized cell  preparation
(26mm6, 14mm  thickness)  was  sandwiched  between
two  stainless  steel  nets  (26 mme,  1 mm  meshes)  in the
cylindrical  glass reactor  (26mmdi, 1oomm  length;
Fig. 1). The  reactor  was  set  in a  chamber  with
controlled  temperature  (28eC), N2  gas charged  into the
reactor  to give  a  pressure of  O,2 kglcm2, and  the  feeding
of  rnedium  was  started.  Fresh medium  was  supplied

continuously  to the  top  of  the  reactor  vin  a  peristaltic
pump,  and  the  culture  liquid and  C02  evolvecl  were

discharged ftom thc  bottom  of  the  reactor  due to  the  N2

pressure. Subsequently, thc  pressure in thc  rcactor  was

manually  controlled  to keep a  steady  flow of  liquid
through  the iinmobilized cell  layer.

 Continuous  fermentation  A  series  of  contin-

uous  fermentationsi} was  carried  out  at  a  constant

retention  time  of  1,5 h, with  a  glucose concentration  in
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Fi. 1. Immobilized  cell  system  with  forced substrate

   supply,

the  feed med{um  of2oo  gil and  a  gel thickness  of  14 mm.

 Analyses  The  distTibution ot' the  immobilized

cells  was  measured  as  fo11ows: after  a  continuous

fermentation, the  immobilized cell  layer was  cllt  into

ho:izontal slices  of  O.5--4 mm  in thickness,  and  each

slice  was  crushed  in physiolegical  saline  and  melted  at

40ea, The  total cell  number  in each  suspension  was

counted  under  the  microscope,  and  the  cell  viability  was

measured  by the  Fink-Ktihles method.S)  aoncentra-

tions  of  g]ucese and  ethanol  were  measured  by methods

described elsewhere.i}

        Results and  Discussion

  Yeast  cell  growth  in the  gel layer
To  examine  the  cell  density gradient in the
immobilized  gel layer, eight  runs  of  continu-

ous  ethanol  fermentation were  carricd  out  at

a  retention  time  of  1.5 h (sec Table 1). Plots
of  cell  density distribution in the gel layer,
estimated  graphically from the  data in Table
1, against  the  operation  period are  depicted
in Fig. 2.

  The  residual  glucose concentration  in the

eMuent  gradually decreased to a!most  zero

after  200h  of  operation,  whereas  ethanol

production  rose  over  the  same  period,
attaining  a  stab!e  ethanol  yield from glucose,
Ybis, of  O.48g  ethanollg  glucose (Table l

and  Fig. 2a).

  Yeast cells  in the  gel layer grew almost

homogeneougly in the  layer over  the  first
24 h of  operation  (Run 1), reaching  2×  10g

cellsfml  gel from  the  initial concentration  of

4 × leScells/ml (Fig. 2b), After 24h, cell

growth  continued  but a  cell  density gradient
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Fig.2. Concentrations ef  glucose and  ethanol  dis-

   charged  in the  eMuent  (a) and  cell  density digtri-

   bution in the  gel layer (b) against  operation  time

   (data from  Table  1).

   e, Residual  glucose; A,  Ethanol produced.
   ", Initial cell  concentration.  Viable cell concen-
   tration in the gel layer at  the foIlowing depth:

   y,1mm;  o, 2mm;  Z,6mm;  A, 13 mm.

was  formed in the  vertical  dlrection. Finally,
a  steady  state  was  established  at  about  250 h,
with  1.7× 10iOcells!ml in the  surface  zone

and  4xlOecellsXml  in the bottom zone.

The  average  cell  density of  the gel layer was
about  8 × 10e cells/ml  gel, which  was  2-4-fold
higher than  that  in a  normar  immobilized
cell  system,4)  and  the cell cencentration  in the
eMuent  was  about  1xl05cells/ml  at  the

steady  state  (Runs 5-8 in Table 1) which  is
appreciably  lower compared  to that  in the

normal  system.4>

  It was  interesting that  the  cellular  distri-
bution in the  gel was  maintained  without

significant  leakage of  cells  from  the  bottom
of  thc  gel layer in spite  of  the  continuous

supply  of  substrate  into the  ge]. Therefbre,
kinetic analysis  was  conducted  to examine

why  this  cell  density gradient was  maintained.

  Estimation  of  ethanol  and  glucose  in
the  gel layer  Befbre analysis  of  cell

density gradient, the  prefile Df  ethanol  and

glucose concentrations  in the  gel layer was

estimated  on  the  basis of  the cell  density
observed  in Table 1.

  Ethanol  production rate  is expressed  by

Eq. I.

     dLdC'7==QpCt (1)



The Society for Bioscience and Bioengineering, Japan

NII-Electronic Library Service

The  Society  forBioscience  andBioengineering,  Japan

Vol. 62,19B4] Growth  aha[acteristios of  lmmobilized Yeast aells

   Table  1. Cell density disnibution in the  gel layer and  concentrations  of  residual

      glucose and  ethanol  produced  in the  eMuent  as  a  function of  operation  period

      in continuous  ethanol  production with  forcecl substrate  supply.
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RunOperation period
  (h)

   Gel
  depth
   (mm)

   O- 1. 38
 1. 38- 3. 12
3. 12-- 7. 11
7. 11-13. 80

   O- 1. 12
 1. 12-- 2. 6B
Z  68- 7. 33
7. 33-13. 65

   O- 1. 12
 1. 12-  2. 94
2. 94- 7. Bl
7. Bl-13. 54

   O- 1.53
 1. 53-- 3. 42
3. 42-  8. 26
8. 26-13. 28

   O- l.20
 1. 20- 3. 68
3, 68- 5. 17
5. 17- 8. 87
8. 87-13. 96

   o- o. so
O. 50-  3. 13
3. 13- 6. 71
6. 71-10. 81
10. 81-14. 84

   O- 1. 10
 1. 10- 4. 84
4. 84- 7. 07
7. 07- 9. 6t+
9. 64-13. ss

   O- O. 60
O. 6e- 1. 45
 1. 45-  3. 01
3. 01-  7. 66
7. 66-13. 91

  
"el

 ensity

( 1 OB cellsiml  gel)

TotalViable

  Residual Ethanol
- glucose produced
    (gtl} (gll)

1

2

3

4

5

6

7

8

24

ng

72

138

212

2eo

3S2

552

 2L62L6

 20. 4
 18. 767.

 554.
 249.
 229.
 378.

 363.
 Sso.
 4

 39. 07B.
 O63.
 75L9Nl.

 1180t41e6.

 s43.
 534.
 917a1469L3ee.

 463.3lg816612266.7ss.et7014111995.

 255.
 0

20. 921.0

 18.6
 16.965.052.247.028.

 374.
 958.
 345.432.

 375.
 060.
 847.441.

 2l701227L935.

 127.
 517313278.

 960.
 340.017815599.

 853.6Sl.616413e10476.

 240.6

139.3

134. 3

96.8

53. 1

14.6

LO

L7

1.0

28. 9

32.3

51.3

73. 1

8B.9

96.0

95.6

97.6

In each  run,  thc initial cell  concentration  in the gel
200 gil ofglucose  medium  was  supplied  with a

   was  3-u+× 10S ccllstml  gel, and
retention  time  of  1,5 h.

  where  Cb : ethanolconcentration,gll

        Qp:specific rate  of  ethanol  pre-
             duction, h-i
        Cr : viablecell-concentrationinthe

             gel layer, g/t
        t :time,h

Ifit is assumed  that  thc  liquid passes through
the  gel layer with  plug  fiow at  a  constant

velocity,  U; thc  retention  time  of  the  liquid
in the  i-th small  slice  of  the gel, Ati, whlch  is
equivalent  to  the  time liquid takes to pass
through  the i-th gel slice, is defined as

          ASi
     

At,=u=t,-t,-,
 (2)

  where  ASi: thickness  of  i-th small  slice  of

              the gel layer, mm

          U  : linear velocity  of  the  liquid in

              the  gel layer, mmlh
Therefore, by assuming  that  the  cell  density
in the i-th slice,  Csi, is constant,  ethanol

concentration  at  the  end  of  the i-th slice  in
the gel layeT, Cpi, is given by the fo11owing
equation,  which  is based on  Eqs. 1 and  2.
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･
 Cpi -r /I," QpCx idt

      +./ilSQ,C.2dt+･-･+111i,QpCridt
                                   (3)
  For the specific  rate  of  ethanol  production,
Qp, the  foIlowing experimental  equations,

have been  obtained  in the  ethanol  fermen-
tation  by this organism.s)

     Q,==O.6 (O(C,<30) (4)
and

    Qp-o.s4-o.oosqp (3o(cp(loo) (s)
Hence, by substituting  Eqs. 4 and  5 into
Eq. 3, the  values  of  qi can  be calculated.

 On  the  other  hand, glucose concentration

at  the  end  of  the i-th slice  in the  gel layer,
Csi, is given by  Eq. 6 because the  ethanol

yield from glucose, Y)i,, was  constant  at

O.48g ethanollg  glucose (see Table  1).

h..-J.28=vo

or8:eL-ocosPtu

 2xloiO

Z IoiO

2(e6vu

     9
 2x10
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   150

Q' ioo-an
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    o'

a)

b)

                O 5 10 15

                    Depth {im}
Fig. 3. Typical distribution of  total and  viable  cells

   (a) and  prefile of  ethanol  and  glucose (b) in the
   gel layer at  steady  state  Qf  the continuous  ethanol

   fermentation with  forced substrate  supply.  The

   histogram shows  the total 6.ell number  of  unit  gel
   ･volume in a  gel slice  and  the  shaded  portien
   indicates the viable  cell nurnber  (data frDm  Run  6

   in Table 1).

   e, Ethanol conccntration  at  thc  end  of  each  gel
   slice,  calculated  frorn Eq. 3; o, Glucose concen-
      .
   tratton  corresponding  to ethanol  produced,
   calculatcd  from  Eq. 6,

                     [J. Ferment. Technol.                                     ,

      c,,=c..--gp,i. (6)

 where  Cto: glucose concentration  in the feed
       medium,  gft

   As an  example  of  the estimation  of  C)i and

 Csi, Run  6 in Table  l was  adopted  (see
 Fig. 3), By  using  the  viabre  cell  concen-

 tration  in each  slice  (109 cells=25  g dry cell),
 the  ethanol  concentration  at  the end  of  each

slice  was  calculated  from Eq. 3. With these

values,  and  the  assumption  that  Cso==200  glt
and  Y)xs==O.48, glucose concentration  was

estimated  from Eq. 6, Thc  caiculated  values

ofethanol  and  glucose at  the  end  ofthe  bottom
slice  (l5 mm  depth in Fig. 3b) were  95.6 g/l
and  O.8gfl, almost  the  same  as  the experi-

mental  values  observed  (Table 1). This
suggested  that  this method  is valid  for
estimating  the profile of  ethanol  and  glucose
concentrations  in the  gel layer.
  Estimation of  cell  distribution  in the

gel layer  The  results  in Fig. 3b suggested

that  there  might  be enough  glucose running
through  the  gel layer to support  cell  growth.
We  therefore  examined  why  the  cell  density
gradient was  formed in the gel layer despite
the suMcient  glucose supply.

  If the  cellular  growth  rate  is a  function of
the concentrations  ofglucose,  ethanol  and  cell

density in the  gel layer, it can  be expressed  as

fo11ows :

      dC.
      dt 

:-"tq

 (7)

     pr=:="rof(a)g(a)h(Cp)  (8)
  where  pr : real  specific  growth rate,  h-i

         psro: maximum  value  ofp,,  h-i

  First, Monod's equation  was  assumed  for

.f(Cs) in Eq. 8. The  glucose concentration  in
this  process (Fig. 3b) is suMciently  high
compared  with  the value  of  the saturation

constant,  Ks, of  the Monod  equation,  which

has been estimated  at, fbr example,  O,22 g/t.")

  Second,  for the  effect  of  Cs on  the  growth
in the ethanol  fermentatien, a  critical  bio-
logical space  was  considered  since  it was

observed  that  the  growth rate  decreased as

cell  concentration  approachcd  the maximum

value,  qm, in the  contSnuous  fermentation
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with  cell  recycling.7}  In fact, this was  also

observed  in our  previous work5)  on  repeated

batch culture  of  S, cerevisiae  for ethanol

production. Therefore, g(C.) in Eq. 8 can

be expressed  by Eq. 9,

     g(cx)=(1-8'.)  (g)

  Finally, for the  inhibitory efibct  of  Cp on

the  growth, the  following empirical  e-

quatione,S} was  adopted.

     h(q,)=-e-ktcp 
'
 (!O)

where  ki: inhibition coeMcient  for growth,
          tfg

By substituting  Eqs. 9 and  10 into Eq. 8, with
the  condition  that  C,>KL,  the  real  specific

growth  rate  can  be expressed  as

     ttr= ptro(1 nv ((]I",.)eLiiCP (11)

  On  the other  hand,  for the  aeath rate  of

yeast cells  due to ethanol,  the  following
equation  has been proposed,e)
       dC.
      

-'-d-t---kdQ                                  (l2)
     kd==kdoektCp (l3)
  where  kd : specific  death rate,  hLi

        kdo : kd at  Cp =-:=O,  hTi

        k2 : empiricalcoeMcientfordeath,

             l/g

  As  the  cell  density in each  gel layer remain-

ed  unchanged  at  the  steady  state  (Fig. 2b) and

thc  leakage of  viable  cells  from  the gel layer
was  negligible,  as  indicated by the  low  con-

centration  of  viable  cells  in the eMuent,  it
was  considered  that  the rates  of  growth (Eq,
11) and  death of  the  cells  (Eq. 13) had  to  be

balanced, i.e., pr=kd.  Therefbre, from Eqs.
11 and  13, one  obtains  that
                              '

     ptro(1-eC.'.)e-htCp=kdoektCp (14)

Equation 14 can  be rearranged  in logarithmic
form, as  follows:

    ln (1 -ca. .)  ==  ln ( :d, 
e,

 ) +  (ki+k2) Cp

                                  (l5)
This predicts a  linear relationship  between
ln(1-ala.)  and  Cp, through  which  cellular

growth in the gel layer might  be analyzed.
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  Data  analysis  To  examine  Eq. 15,
the data of  four runs  at  steady  state  (Runs 5-8
in Table l) were  uscd.  For  the calculation

ef  ln(1-CslCspt) in Eq. I5, l.8× 10io
cellsfml  gel (==350 mg  dry cell/ml  gel) was

adopted  as  Cxm, since  the  viable  cell  con-

centration  at  the,surface  zone  of  the gel were

about  1.75× leiOcellsfml gel <see Table  1);
and  the average  value  of  viable  cell  density
in each  gel slice  was  used  as  q  in each  slice

of  the  gel layer (see Fig. 3a). On  the  other

hand, the values  of  Cp corresponding  to these

values  of  Cs were  obtained  at  the middle

point ofeach  slice  (see Fig. 3b). Thc  results

analyzed  by  Eq, 15 are  shewn  in Fig. 4.

  The  figure shows  a  linear relationship

between  ln(1-CrlC..)  and  Cp, indicating

that  lower Cx weuld  be caused  by higher Cp.
From  this linear correlation,  (ki+k2) and

ln(kdolpro) in Eq. 15 were  estimated  as  O.028

and  -2.7,  respectively.  This value  of

(ki+ka) was  comparable  to those  obtained

for ethanol  production by yeast cells.s,e}

However,  further kinetic experiments  will  be

required  to characterize  the  individual con-

stant.

  It can  be concluded  that  the yeast cells

grew in the  gel layer with  forced substrate

supply  to reach  l.7 ×  10iO cells/ml  gel at  the

surface  zone  and  4 × 1Og cellslml  at  the bottom
zone,  but  that  the  cells  could  not  reach  the

maximum  Ievei in the  middle  part of  the

gel, in spite  of  the  presence of  enough  glucose,
due  to the toxic efft]ct  of  ethanol  on  the cell

 T:.X
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Fig. 4. Relationship between in (1-(l,l(;,m) and  Cp

   based on  Eq. 15 (data from  Runs  5-8 in Table  1).
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growth. The  cell  density gradient in the gel
layer could  be analyzed  by mathematical

model  based on  the  inhibitory and  perish
efllects of  ethanol  on  the  growth  ef  yeast cells.
In other  words,  the  presence of  the cell  density

gradient in the gel layer appears  to be directly
caused  by the  concentration  of  ethanol  pro-
duced in the  gel. In addition,  it is indicated
by this analysis  that  the cell  density in
a  normal  immobilized celi  system,  even  in the
surface  zone  of  the  gel beads, might  be limited
to around  3-5 × 10ecellslml gel by  the  ca.

90 gfl ofethanel  produced,4) since  the  ethanol

produced  in the  gel beads would  stagnate

around  the  gel beads.

             Nomenclattire

Cp ; ethanol  conccntration,  g/t
Cs : residual  glucese concentration,  gft
Cso : glucose concentration  in the  feed

      medium,  g/t
C: :viable  cell concentration  in the gel

      layer, cells/ml  gel or  mgtml  gel
Cxm : maximum  value  of  Cr, cellslml  gel or

      mgXml  gel
ki : inhibition coeMcient  forgrowth, t/g
kz : empirical  coeMcient  fordeath, tfg
kd : specific  death  rate,  h-i

kdo : kd at  Cp==O, h-i
Ks : saturation  constant,  g/t
par : rcal  specific  growth  rate,  h-i

paro : maximum  value  Qfpr,  h-i
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