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   The  conversien  ef  sorbitol  to sorbose  by  Acetebacter subonydens  was  performed  under

ox)rgcn-enrichcd  atmosphere  in shaken  flasks and  the effect  of  oxygen  partia1 pressure
upon  the ccll  growth  and  the  oxidizing  activity  was  investigated.

   By  use  of  oxygen-enriched  air  the conversion  was  greatly acceletated,  mainly  because

of  extcnsion  of  the  oxygen  transfer eapability,  up  to an  atmespheric  concentration  Df

oxygcn  of  40%,  At higher concentrations  of  axygen,  growth  inhibition due te oxygcn

was  observed  and  the  fermentation was  reduced.  However,  when  cultures  grown  in

40%  oxygen-enriched  atmosphere  were  used  as  inoculum, growth  inhibition was  not

observed  even  in BO%  oxygen-entiched  atmesphere  and  thc fermentation was  markedly

accelcrated.  This is because the cells  grown  in the enriched  atmosphere  aclapted  to thc

conditiens,  acquiring  higher resistance  to oxygcn  damage  and  enhanced  oxidizing

activity.  [IIhus, the  advantages  of  enriching  the gas phase ofshaken  flasks with  onygen

was  demonstrated in thc  oxidation  of sorbitol  to sorbose  by  Acetobacter sttboaydbns.

  In a  typical aerobic  fermentation oxygen  is
usually  recognized  as  a  substrate.  To  in-
crease  the  productivity of  aerobic  fermenta-
tions  oxygen  must  be supplied  at  a  rate  that

meets  the needs  of  the micreorganism.  The
importance of  oxygen  supply  in aerobic  fer-
mentations  has been well  documented in
        .

many  reviews.i-4}

  Our  previous report5)  showed  that  the  oxy-

gen  transfer  capability  ef  shaken  flasks is

proportional to aeration  coethcient  K, i.e. the

overall  volumetric  oxygen  transfer  coeMcient

involving both diffusibility through  the cotton

plug and  across  the gas-Iiquid interface (1IKi
+11K2)"' divided by the  medium  volume  M,
when  the  driving force (Pd-Pt) is constant.

    n==K(Pa'P;)

          K=(l/K,+1/K,)-i･1/V}

where  n  is the  total oxygen  transfer rate  per

*
 Studies on  Aerobie Fermentatien (II)
 A  part of  this work  was'  pmsented at  thc Annual

 Meeting  of  the  Society of  Fermentation  Technology
 of  Japan in Osaka, Nov.  15, 1969; see  Abstracts,

 p. 25.

unit  volume  of  culture  fluid (mole 021ml･hr),
K  is the  aeratien  coethcient  (mole 02fml･hr),
Pa and  Pt are  the  oxygen  partial pressures in
the  atmosphere  and  culture  fluid (atm), Vt
is the  volume  of  culturc  fiuid (ml), Ki is the
volumetric  oxygen  transfer  coeffieient  throu-

gh the  cotton  plug (mole 02/atm'hr), and  K2

is the volumetric  oxygen  transfer coeMcient

across  the gas-liquid interface (mole 021atm'
hr).

  Aeration eMciency  in shaken  flask cultures
was  compared  with difftrent types of  equip-

ment  undcr  various  operating  conditions.  In
the conversion  of  sorbitol  to sorbose  by Acete-

bacter subou,tlans  ATCC  621, the  values  of  K
under  usual  conditions  were  1ess than  2.0AJ2.5
×  10-4 mole  Ozlml･atm･hr, except  under  ex-

tremely  aerobic  conditions.  Thus, the  theo-

retical  maximum  oxygen  transfer  rate  in air

was  less than  4.0.v5.0× 10T5 mole  021ml'hr,
since  oxygen  partial pressure in air  is about  O.2
atm.  On  the other  hand, the  oxidizing  acti-

vity  ef  the  culture  broth was  approximately

7× 10"5mole 02fml-hr. Evidently the  oxy-

gen demand  exceeded  the  oxygen  supply  and
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the  fermentation exhibited  oxygen  deficiency.
To  obtain  the maximum  productlvity oxygen

transfer  rates  should  be increased. As  shown

in our  previeus report,  improvement  ofequip-

ment  perforrnance is a  particularly good
means  of  achieving  this, However, the

above  equation  indicates that  use  of  a  large
driving force, i.e. enriching  the  gas phase with
oxygen,  will  also  be  an  effbctive  means  of  im-

proving oxygen  transfer. Frem  this conside-

ration,  the  conversion  ofsorbitol  to sorbose  was

carried  out  in oxygen  enriched  atmosphere.

  Wells et al.e-7)  showed  that  the  oxidation  of

sorbitol  to sorbose  by Acetobaeter subeJv,dcmce

was  markedly  accelerated  when  the air  pres-
sure  in a  rotary  drum  fermentor was  raised  to

2 atm.  Damodaran  and  SubramanianS) also
reported  the  use  of  oxygen  instead of  air for
accelerating  the  above  conversion,  but de-
tai]ed data were  not  included. Recently,

Flickinger and  Perlman9} reported  that the

conversien  ofg}ycerol  to dihydroxyacetone by

Gtuconobacter melanagenus  increascd when  the

dissolved oxygen  partial pressure was  controll-

ed  at  O.05 atm  by use  of  oxygen-enriched  aera-

tion. In contrast,  the  oxidation  ofsorbitol  to

sorbese  by  Acetobacter metanogenum  was  fbund to
be reduced  in environments  in which  the

atmospheric  concentration  of  oxygen  is 50%

or  above.ie,ii)  Numerous  studies  have  also

revealed  that  high oxygen  partial pressure in-
hibits or  delays the  

'growth
 of  many  aerobic

bacteria.i2,i3> Consequcnt}y, the effect  of

high oxygen  partial pressure on  Acetobacter has

not  yet been  adequately  explorcd.

  The  present paper  shows  the eflbct  of  high
oxygen  partia} pressure on  the growth  and  the

oxidizing  activity  of  Acetobacter suboAo,dons

ATCC  621 and  the  advantages  of  enriching

the  gas phase of  shaken  flasks with  oxygen  in
the  cenversion  of  sorbitol  to sorbose  by  this

organism.

Materials  and  Methods

  Microorganistn and  cultivation  method

Acetobacter smboayclans ATaC  621 was  grown  in a  5%

serbitol  solution  containing  2%  corn  steep  liquor
and  O.3%  CaC03,  and  was  transferred  tg  the

fermentation medium  containing  20%  sorbitol,  2%

corn  steep  liquor and  O.3%  CaC03.  After  several

transfers in the  fermentation mcdiurn,  which  increased

the oxidizing  capacity  of  this strain,  the culture  btoth

was  used  as  inoculum. Usually the  inoculum  was

prepared  over  several  months  by the above  consecutive

transfers. Unless otherwise  noted,  loo-ml portions ef

the medium  in cotton-plugged  5oo-ml  Sakaguchi flasks
were  inoculated with  10 ml  of  inoculum  and  incubated

at  300C  for 48  hr under  air  on  a  reciprocating  shaker  at

140 strokestmin  with  an  B.5-cm  stroke.  These aerobic
conditions  were  equivalent  to  K==1.32× 10-4mole

021ml･atm.hr. The  fennentations undcr  oxygen-en-

riched  aeration  were  carried  out  with thc  apparatus

shown  in Fig. 1.

  Apparatus  fbr fermentation  in oxygen-enriched

atmosphere  The  apparatus  for ferrncntation at

diffl:rent oxygen  partial pressures is shown  diagram-

matically  in Fig. 1. Sakaguchi  fiasks with  two  side

holcs for oxygen  electrodes  were  ¢ mployed.  The  top

was  closed  with  a  rubber  stapper  fitted with  gas inlet

and  outlct tubcs. The oxygen-enriched  gas was  pre-

pared  in large rescrvoir  and  circulated  by a  diaphragm

pump.  During  the fermentation the  total pressure was

held at  1 atm  and  the oxygen  partial pressure in the

circulating  gas  was  kept constant.  The  circulating  gas
was  passed  thTough  water  in flask (A) shaking  under

thc  same  conditions  as  the  main  ferrnentation fiask <B).
The  moist  gas then passed into the free space  of  the  fer-
mcntatlon  fiask (B). Outlet gas from  the  ferrnentatien

flask was  returned  to thc reservoir  through  KOH

solution  to remove  aOz. The reservoir  was  large

enough  that the  oxygen  partial pressure in it was  not

decreased appreciably  by oxygen  consumption  during

fermentation. The fermentations were  carried  out  at

300C in 50 ml  of  medium  {n fiask B  on  a  reciprocating

shaker  operating  at  140 strokesfmin.

  Analytical  methods  The  oxygen  partial pres-
sures  in the cultures  and  in the  gas phase were  continu-

ously  measured  with  a  membrane-type  oxygen  electrode

(Bcckman 777 oxygen  analyzer).  Aeration coeMcient

Fig. 1. Apparatus for shaken  flask cultures  in oxygen-

   enriched  atmesphere.
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Fig. 2. (a) Apparatus  for measunng  oxidizing  acti-

   vity;  (b) Plet of oxygen  consumption.

and  oxygen  transfer rate  were  determined  by  thc
`Csteady

 state  gas analytical  method"  described in eur

previous report.5)  Serbose was  deterrnined in a

Technicon  Autoanalyzer according  to  the methed  of

Hoffrnan.i4) Thesorbitol oxidizing  activity  ofcells,  i.e.,

the  oxygen  consumption  rate  of  cells,  was  estimated

form  the decrease in the  dissolved oxygen  level in 20%
sorbitol  solution  in a  completely  closed  vesscl,  measured

continuQusly  with  a  mcmbrane  oxygen  electrodc  (Fig.
2-a). The elcctrodc  was  fitted tightly into the rgaction
vessel  through a  rubber  ring  mounted  in the stopper  of

the  vessel,  so  that  leakage of  air  did not  occur.  The

reactiDn  vessel  was  almest cempletely  filled with  the
air-saturated  substrate  solution,  which  was  stirred  mag-

netically  with  a  teflon-coated  stirring  bar. The  meter

of  the oxygen  analyzer  was  set  at  fu11-scale deHection
against  100%  air  saturation.  A  bacteTia! cell  suspen-

sion  was  iajected into the reaction  vessel  with  a  syringe

through  a very  small  hole in the  stopper,  fi11ing the re-

action  vessel.  Oxygen  was  consumed  at  a  constant

ratc  until the  dissDlved exygen  fe11 to  an  apparently

critical !evel, nearly  zero,  and  then  more  slewly  (Fig.
2-b), Continuous  recording  of  the  oxygen  consump-

tion showed  a  straight  1ine, and  the  oxygen  censumption

rate was  readily  determined frorn the slope  of  this

straight  line and  the  experimental  relationship  between

fu11-scale deflection of  the  recorder  and  the oxygen  con-

centration  by Winkler's method.  To  avoid  damaging
cells  by centrifuging  and  washing,  the fermentation

broth was  used  as  the  bacterial cell  suspension.
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Results and  Discussion

  Conversion  of  sorbitol  to  sorbose

under  air  The  fermentations in air  were

strongly  aflbcted  by the  aeration  coeMcient.

Figure 3 shows  typical  fermentations carried

out  under  conditions  of  high (K=2.80 × 10-4

mole  02/ml･atm･hr) and  low (K= 1.32 × 10-4
mole  02/ml･atm･hr) aeration  coerncient.

Shortly after  inoculation, the  disso!ved oxy-

      O  10 20  so  to
                Tim- {hrsl

Fig. 3. Sorbose fermentatien under  air.  ･･････ K==1.32

   ×  1O-4 mole  OzJm14atm･hr  (cotton plug, 5 g; liquid

   volume,  1ooml;  shaking  speed,  140strokeslmin),

       K=2.80  × I07`mole  Otfml･atm･hr (Toyoflon
   closure;  liquid volurne,  50 ml;  shaking  speed,  140

   strokeslmin).

gen  tevel in the  fermentation medium  dropped
rapidly,  but rernained  appreciable  because
the  cell  concentrations  werc  low  and  the oxy-

gen  demand  was  not  so  high., In this period
suMcient  oxygen  was  available,  and  the  exy-

gen  consumption  and  oxygen  demand  of  the

cultures  were  equal.  As the  cells increased
exponentially,  the  oxygen  demand  increased
rapidly,  the dissolved oxygen  level fe11 to  a

critical  level, almost  zero,  and  oxygen  was

supplied  at  the  theoretical  maximum  oxygen

transfer  rate  corresponding  to  the  aeration

coeficient.  Subsequently oxygen  demand
exceeded  the supply  rate,  and  oxygen  supply

became  limiting. The  actual  exyg.en  con-

sumption  rate  was  then  equal  to the  theoreti-

cal  maximum  oxygen  transfer  rate  corres-

ponding to the  aeration  coeMcient  for the

given operating  conditions.  Sorbose was

also  produced  linearly at  this phase, unti1

quantitative conversion  ivas attained.  The

data shown  in Tab!e 1 indicate that  sorbose

production rate  in the  steady  state  was  de-
termined  strictly  by the aeration  coeMcient.

The  specific  oxidizing  activity  of  the  cells and

the  total oxidizing  activity  of  the  cultures  are

also  shown  in the  same  table. Neither activi-
ty was  dependent  on  the aeration  coeMcient.

The  total exidizing  activity,  namely  oxygen

demand, was  greater than  the  actual  oxygen

transfer  rate  or  sorbose  prQduction rate.  In
the  oxidation  of  sorbitol  to sorbose,  one  mole

of  oxygen  corresponds  to 2 moles  of  sorbose

stoichiometrically.

  Conversien  of  sorbitol  to sorbose  in
atmospheres  enriched  with  up  to  40%
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Tablel. Cenversionof sorbitol  to serbose  in air.a

Kb
    Pl
    in OTRd
Steadystatec

SPReCellfOxidizing
 activity

specificgtotalh

1. 32i2.

 sOi3.19j

ooo 2.775.856.

 70

5. 569.

 681L

 14

1. 64L651.

 69

4. 224.274.

 25

6.927.057.

 18

a
 The  datz show  the values  in the steady  state  during the period of    i J

 maxlmum  converslon.
b
 Aeratiofi coeMcient,  10m4 mole  021ml･atm'hr.

c
 Dissolved oxygen  partial pressure, atm.
d
 Oxygen transfer ratc,  10-5 mole  02/ml･hr.

e
 Sorbose production rate,  10'5 mole  soTbosetml'hr.
f
 Dry  cell  wcight,  mgfml.

g 10-5 mole  02tmg  cell･hr.

h
 10-5 mole  Oztml'hr.
t
 See Fig. 3.
j Without plug; liquid volume,  50 ml;  shaking  speed,  140 strokesimin.

1

oxygen  The  above  results  in an  air  en-

vironment  suggested  that  the  conversion

would  be accelerated  by use  of  an  oxygen-

enriched  atmosphere  instead of  air. There-
fore, the  fermentation was  carried  out  under

diflbrent partial pressures of  oxygen  by using

the  apparatus  shown  in Fig. 1. The  course  of

the  fermentation at  an  aeration  coeMcient  of

3.i9×  10'  ̀mole  02/ml･atm･hr under  a  40%
oxygen  atmosphere  (O.4atm oxygen  partial
pressure) is shown  in Fig. 4, and  that of  the
ordinary  fermentation in an  air  environment  is
shownbydottedlinesforcomparison.  Under
a  40%  exygen  atmosphere  dissolved oxygen
levels did not  fa11 to zero  even  at  the  time  of
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Fig. -. Sorbose fermentation in a  40%  oxygen  atmos-

   phere.  40%  oxygen,  
･････-

 air;  O, sorbose

   concentration,  mgtml;  O, cell  concentration,  mgl

   ml.

maximum  production. The  cells  grew well

in suMcient  oxygen,  and  the fermentatien

proceeded  more  rapidly.  The  oxidation  was

completed  in 20hr. The  cell  yield, the
oxidizing  activity  of  the  cells and  sorbose

production rate  are  listed in Table  2. The

enhancement  by use  of  oxygen-enriched  air

was  comparable  to that  obtained  by improve-
ment  ef  equipment  performance as  described

in our  previous report.5)
  Conversion  of  sorbitol  to  sorbose  in

atmospheres  enriched  with  more  than

60%  oxygen  The  oxygen  content  of

oxygen-enriched  air was  increased further.
First, ordinary  cultures  grewing  in the cotten-

plugged shaken  flasks in an  air  environment

were  used  as  an  ineculurn. The  results  diffbr
markedly  from  those  in a  40%  oxygen-enrich-

ed  atmosphere.  As a  typical  example,  the

fermentation in an  80%  oxygen-enriched

atmosphere  is shown  by dptted lines in Fig. 5.

The  cell  growth  was  considerably  inhibited

and  sorbose  production rate  was  reduced  even

in the  presence of  abundant  oxygen.

  In contrast,  when  cultures  grown  at  a  high
level of  dissolved oxygen  were  used  as  ino-
culum,  the  fermentation was  remarkably

accelerated  even  in atmosphere  enriched  with

morethan60%oxygen.  A.subo)f7dansgrown
under  a  high  oxygen  level is considered  to
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Table 2. Conversion of  sorbitol  to sorbose  in oxygen-enriched  atmosphere.S

Expt.Inoculum
              Pl
Atmosphere  in
          steady  statebOTRcSPRd

Oxidizing activity

eelle --specMcftotalg

1234
 .alr-grown

cells

  air  O
40%  Ot  O. 12

6o%  o,  o. sl
80%  02 O. 7S

6, 69 IL  14

8.93 16.39

2. 87 6. so
2.23 4.20

1.69 4.25

1.92 5.20

O. 85 5. 05

O.51 4.78

7.I89.
 994.

 292."

5 40%Oza-grown 60%02

6 cellsh  80%02

O. 29O.
 36

9. B913.
 co17.0018.332.e22. 1!5.455.7512.

 3012.
 13

   SO%  Orgrown
7
   cellsi

80%  Ot O.43 ILee16.742.  155.9612.B2

abcdefghtThe  data show  the valucs  in thc steady  state  during the period  of  maximum  cDnversion.

Dissolved oxygen  partial pressure, atm.
Oxygen  transfer  rate,  1orS mole  021ml'hr.
Sorbose production rate,  10L5 mole  sorboselml-hr.

Dry cell  weight,  mglml,

10-5 molc  02fmg  cell･hr.

1OL5 mole  021ml broth･hr. ･
Cells grown  in expt.  2 were  uscd  as  inoculum.
Cells grown  in expt.  6 were  uscd  as  inoculum,

acquire  a  higher resistance  to oxygen  inhibi-
tion. As  an  example,  Fig. 5 shows  the fer-
mentation  in which  medium  was  inoculated
with  a  culture  grown in a  40%  oxygen  atmos-

phere and  incubated in an  80%  oxygen  atmos-

phere. Both  cell  growth and  sorbose  pro-
duction rates  were  increased remarkably  and

the fermentation was  complete  within  IS hr,
in contrast  to  22hr required  when  air  was  used.

Similar desired results  were  obtained  when  a

culture  incubated in an  80%  oxygen  atrnos-
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Sorbose fermentation in an  BO%  oxygen  atmos-

       Cultures grown  in mo%  oxygen  at-

     were  used  as  inDculum; ････i- cultures

  in air  were  used  as  inoculuin; O, sorbose

     
'
 mgiml;  e, cell  concentration,  mgl

phere was  used  as  inoculum for the  fermenta-
tion run  in an  80%  oxygen  atmosphere.  In

these  cases  the dissolved oxygen  level during
the fermentatien was  always  extremely  high,
and  the  dissolved oxygen  level even  at  the

point of  maximum  conversion  were  about

twice the air  saturation  under  notmal  atmos-

pheric conditidns.  The  oxidizing  activities,

the  cell  yield and  the  sorbose  production rate
are  summarized  in Table 2. The  data in-

dicate that  the  oxidizing  activity  is adaptively
enhanced  with  an  increase in disselved oxy-

gen level. The  fermentation was  thus  accele-

rated  by increasing both the oxidizing  activity

and  the  oxygen  supply  rate.  In all  cases,  the

quantitative conversion  of  sorbitol  could  be
attained  apparently  without  further metabo-
lism of  the  accumulated  sorbose,  and  the

metabolic  pathway  of  sorbitol  in A. suboAeydans

seemed  not  to be greatly afTbcted  by such  ex-

trernely high dissolved oxygen  partial pressure.
However,  strictly  speaking,  good correlations

between the  oxidizing  activity,  the sorbose

production rate  and  the  oxygen  transfer rate

were  not  obtained  when  the  oxygen  concent-

ration  in the  enriched  gas was  increased be-

yond  60%.  The  reason  is not  yet clear.
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  Under  norrnal  atmosphere,  the productivity
of  thc  sorbose  fermentation by Acetobacter
subeaytlans  was  directly proportional to oxygen
supply  rate.  Dissolved oxygen  partial pres-
sure  fell to zero  even  at  high aeration  coeM-

cients.  When  oxygen  transfer  in the shaken

flasks was  increased by enriching  the gas phase
with  oxygen,  the  fermentation was  greatly
accelerated  through  increases in both the

oxygen  supply  rate  and  the  cell  growth. This

phenomenon  was  observed  at  atmospheric

concentrations  of  oxygen  of  up  to O.4atm.
Above  this value,  cell growth was  inhibited,
and  although  the  specific  oxidizing  acttvity

of  the  cells  was  not  afll]cted,  sorbose  produc-
tion  was  reduced.  The  inhibitory level of

dissolved oxygen  could  not  be deterrnined

precisely since  the  disso!ved exygen  was

continually  changing.  Further, the  inhibito-

ry level was  not  abselute  because it was  de-
pendent  on  the  environment  in which  the

inoculum was  prepared. When  a  culture

well  fermented at  a  relatively  high oxygen

partial pressure, for instance, in a  40%  oxy-

gen-enriched atmosphere,  was  employed  as

inoculum, growth inhibition was  not  observed

even  in 80%  oxygen  atmosphere.  In this

case  the dissolved oxygen  level exceeded  O,4
atm,  about  twice  the  air  saturation,  during
the  fermentation. The  cells  grown  at  high
oxygen  level seemed  to  adapt  to the environ-

ment  and  acquire  high resistance  to the  oxy-

gen inhibition. It was  also interesting that

the oxidizing  activity  of  the cells  adapted  to

high oxygen  level was  higher than  that  of  cells

grown in air.  In conclusion,  the  acceleratien

of  the  conversion  of  sorbitol  to sorbose  by

Acetobacter subostydens  in oxygen-enriched

atmosphere  can  be accounted  for by the fo1-
Iowing three  factors : the  oxygen  deficiency is
relieved  by increasing oxygen  transfer  in the
shaken  flasks; oxygen-induced  growth  inhibi-

tion is overcome  by adaptation  of  the  cells;

and  oxygen  induces an  enhancement  of  the

oxidizing  enzyme  activity.  These  results  are

not  only  of  physiological interest but also

suggest  practical applications.
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