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Photoproduction of  Hydrogen  from  Glucose by a

  of  a  Photosynthetic  Bacterium and  ClostridiumCo-Culturebutyricum
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   Clostridium butyricum IFO-13949  and  a  photasynthetic bacterium, RhculoPseudomonas
sp.  RV  were  co-cultured  to produce hydregen  from  glucose with  light irradiation.

   C. bupricum converts  glucose mainly  to butyrate  with  evolution  of  hyclragcn by
hydrogenase. Butyrate was  then  converted  to hydrogen by  nitrogenasc  of  Rhedopseu-
domonas sp.  RV,  n ¢ wly  isolated for the  combination.  Agar-immobilized  corculture  of
both bacteria evolved  hydrogen  at  7.0 mol  per mol  of  glucose cDnsurned  in the light,
and  1.1 mol  in the dark. Wc  estimatc  the contributions  of  hydrogenase and  nitrogenase

to hydrogcn  production werc  16 and  Btl%, respectively.

  CZostridium bupm"cum evolves  hydrogen  from
carbohydrates  at  a  high rate.i,2)  However,
the  yield is limited because it produces organic
acids  besides hydrogen. The  fbllowing
equations  show  the  major  reactions  of

hydregen production from  glucose in C.
but7ncum.s)

    glucose
      -2  H2+2  COa+butyrate

    glucose+2  H20

      -4  H2+2  COt+2  acctate

Because photosynthetic bacteria
hydrogen  from  organic  aci

under  illumination,4-e) a  com

butyricttm and  photosynthetic
possible the  eMcient  conversion

hydrates to hydrogen.
  The  combination  is also'  

'

the viewpoint  of  energy  for
duction. The  hydrogenase of  C.
and  nitrogenase  of  photosynthetic
work  cooperatively  through  the

ofcarbohydrates.

  In this study,  a  photosynthetic
capable  of  hydrogen
butyrate was  newly  isolated for the
nation  with  C. bulyricum, An  

'

co-culture  of  the two  kinds

(1)

(2)
        produce
ds with  high yields
   bination of  C.
  bacteria makes

       of  carbo-

lnterestmg  from

 hydrogen pro-
      butyrt'cum

      bacteria

   degradation

*  On  leave from  WuXi
 WuXi,Jiangsu,  Ch{na

          bacterium

    production from
            combi-

        immobilized

     of  bacteria pro-

Institute ef  Light Industry,

duced hydrogen of  7.0mol per mol  glucose,
16%  of  which  was  mediated  by  hydrogenase.

         Materials  and  Methods

  Bacterial  strains  and  growth  conditions  A

photosynthetic bacterium isolated from  muddy  water

in the  Tsukuba  area  was  used,  The  bacteriuni was

tentatively  namcd  RhotipPsetetthmonas sp,  RV;  it was  a

rod-like  ellipsoid  without a  spiral  and  grcw  on  pro-
pionate, mannitol,  and  sorb{tol,  but not  on  thiosulfate.

Details of  the isolation method  wi11 bc reported  efse-

where.  Clestridium btttyricunz (IFO-139tt9) was  supplied

from the  Institute for F ¢ rmentation  Osaka.

 Basal mcdium  of 1 t contained  866 rng  of  KH2P04,
733 mg  of  K2HP04,  200 mg  of  MgS04･7H20,  75 mg

of  CaCl2, 20 mg  of  EDTA  (disodium salt),  1I.8 mg  of

FeS04･7H20,  2.8mg  of  HsBOs,  2,l mg  of  MnS04･4-
H20,  750 "g  of  Na!Mo04･2HaO,  2W  "g  of  ZnSO`･7-
HaO,  40 ptg of  Cu(NOs)2･3H20,  and  O.15 "g  cach  of

biotin, thiamin,  P-aminobenzoate, nicotinate,  and

nicotinamide.  All culture  media  wcre  prepared by
adding  carbon  and  nitrogen  seurees  to the basal
medium.  Culture rnedium  for RhodLlpseudemenas sp.

RV  contained  the  basal medium,  10mM  ammonium

sulfate,  50 mM  butyrate, O.1%  NaHCOs,  and  O.1%

yea$t extract  (pH 7). Culture medium  for C, butyn'-
cum  contained  the  basal medium,  50 mM  glucose,  O,2%
meat  extract,  O,4%  peptone, and  O.4%  yeast extract

(pH 7). Pre-culture medium  contained  the basal
medium,  1O mM  sodium  glutamate, 20-50 mM  glucose,
O.Ol%  rncat  extract,  O.02% peptene, O.02%  yeast
extract,  and  O.1 M  sodium  phosphate bufller (pH 8).
Co-culture medium  contained  the  basal medium,

2.5mM  sodium  glutamate, 2B.SmM  glucose, and
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O.IM  sedium  phosphatc buffer  (pH 8). Rhodo- of76cm2  and  thickness  ofO.53cm).  Cells in the gel

Pseudenvanas sp,  RV  was  cultured  anaerobically  under  were  grovvn for 4･8h using  the pre-cultuTe medh.!m

illumination of  1klux  by  tungsten  lamps  at  SOOC. with  an  lllumination of  1klux at  30"C. For the

C. btttyrfcttm was  cultured  in an  anaerobic  box (Forrna hydrogen  production experiment,  
the

 
medium

 
was

Scicntific Co.> at  320C. changed  to  the ce-culture  medium  
and

 
the

 gel was

 Hydrogen  evolution  by  Rhodopsendemonas  illuminated at  10klux, ..
sp.  RV  ftom  several  substratcs  Hydrogen Assay  methods  Nitrogenase activity

 
was

cvolution  by  Rhedopseudomonas sp.  RV  in suspension  mcasuredbytheacetylenereductionmethodasdescrib-

culture  was  examined  by  the  method  previously de- ed  previously.7) Protein was  assayed  by I,owry's

scribed.6,7)  For hydrogenpt'oduction by irnmobilized methodS)  using  bovine serum  albumin  as  standard.

cells,  a  cell  suspension  ef  4ml  (cells of  ca.  4 mg  in dry Malate, lactate, and  butyrate were  measured  by  liquid

weight)  was  mixed  w;th  agar  solution  of6ml  at  45eC  chromatography  using  a  Shimadzu LC-5A
 
Liquid

(finat agar  conccntration  was  2%  and  a gcl volume  of  Chromatograph  equipped  with  a  Zorbax  
ODS

 
column

10ml), and  poured  into a  fiat tissue  culture  flask of  of  4,6× 150mm,  Glucose and  acetate  
were

 
assayed

24 cm2  (flask volume  70 ml),  Cells were  grown  in the enzymatically  using  kits frorn Boehringer Mannheim.

gel for about  4 days under  an  illumination of  1 klux Other organic  acids,  
alcohels,

 
and

 
acetone

 
were

 
mea-

on  the medium  containing  the  basal rnedium,  ca. sured  by  gas chromatography  using  a  Shimadzu                                                                      Gas

50 mM  carbon  source,  1O rnM  ammonium  sulfate,  and  Chromatograph Ga-8A  with  a  2 m  Tenax  GC  column

O.1%  yeast extract.  For the  hydrogen  evolution  cx-  at  l80eC.

periment, the mcdium  was  changed  to rernOve  arnMOnia  Results
and  yeast extract,  i,e, the  new  medium  contained  the

basal  mediurn,  16-53 mM  carbon  source  and  10mM  Nitrpgenase  activity  The  relation-

sedium  glutamate, The  same  carben  source  was  ships  between hydrogen evolution  and  nitro-

used  both for the  cell  grewth  and  the  hydrogen  evolu-  genase. activities  of  Rhodopseutlbmenas sp.  RV
tion experiment.  Exceptions were  the  tests efglucose  and  C. butyricum are  shown  in Table  1. No
and  glutamate, in which  cases  

cells
 
were

 grown  
On

 significantactivityofnitrogenasewasobserved
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                                                         tyncum, stram  IFO- tissue  culture  flask of  200'ml (gel size'; irradiated area  moreas  sp.  RV                                                     C. bu

Table 1. Relationship between  hydrogen  evolution  and  nitrogenase  activity  of

   Rhedopsettdomenas sp.  RV  and  C. butyrt'cum,

Bacteria
E5eoCntor?n

 Nitrogensource*He  evolution  foE,ttsY.Ifi".e.
  (" rnol/hlmg  cells)

C. butyricum Glucose Glutamate

RhodZipseadoManas Malate
sp.  RV

GIutamate

Glutamatc+NH4+**

zo3.

 8o

O. 032.8nm

Hydrogen  pToduction and  ethylene  formaQon werc  measured  scparately  at

the same  time  using  the  allquots  of  the  same  culture,  Tests werc  done  at

40 h after  inoculation in Rhedopseudomen.as sp.  RV  and  7 h in C. butyricum.
 *  IO mM  each.

**  Ammonium  sulfate  was  added  to the culturc  which  contained  glutamate
  and  was  producing  hydrogen, Hydrogen  production ceased  completely

  within  2.5 h after  the  addition  of  ammonia.

nm,  not  measured.
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Table 2. Anaerobic  conversion  of  glucese by

   immobilized cells  of  C. butvriaum,

Table  3. Hydrogen  evolution  by  RhodLipseudbmenas

   sp.  RV  from  scveral  substrates.

Product mol  of  product per
mel  of  glucose censumed Substrate

Formate
AcetateLactatePropionate

Butyratc
AcetoneAlcohols*

Maximum  H2
evolution  rate

 <ptltcm21h)*

 aellcDncn.**(mgtm])

nO.

 38O.
 16nO.

 59nn

D,L-Malate

AcetatcD,L-Lactate

Butyrate

D-Glucose

L-Glutamatc

188

 42259

 57

 2. 6***
 o

1. 61.

 52.

 83.

 4O.

 6nm

17.5 mmol  of  glucose in a  750 ml  fiask was  convertcd

by  immobilized  C. bueyrieum (Agar volume  ofirocm3),

Products werc  assayed  after  glucose  was  cornplctely

consumed,

*  methanol,  ethanol,  propanol, and  butanol,
n,  trace  or  not  detectable.

13949, cenverted  glucose to organic  acids  such

as  acetate,  lactate, and  butyrate (Table 2).
Of  the acids,  butyrate was  the  major  product.

  Hydrogen  production by  photosynthetic
bacteria from  butyrate has not  been  well

investigated except  for the works  of  Stevens
et at.9} and  Sigers et al.iO) In this  study,  we

newly  isolated a  photosynthetic bacterium            '
that  produces  hydrogen  from  butyrate. The
isolated bacterium, RhodbPseudbmenas sp. RV,
evolved  hydrogen from organic  acids  but
little from  glucose (Table 3). Yields of

hydrogen  production was  examined  from
lactate, acetate,  and  butyrate with  immobi-
lized cells  (Table 4).

Light interisity was  10klux, Initial cell  concefftra-

tion was  ca.  O.5mg(dry)/ml.  Maximurn  hydrogen
evolution  rates  were  observed  between 16 and  21 h
after  the  inoculation.

 
*
 Fer the comparison  with  the hydrogen  evolution

   ratc  by  immobilized  cells,  the  rate  was  measured

   per irradiatcd arca.

 #  Cell concentration  was  measured  21 h after  the

   inoculation except  for the  case  of  hydrogen evolu-
   tion  from  glueosc, in which  it was  measured  at

   45 h.
***

 Thc value  is the average  rate  (O to 45 h) becausc
   the  rate  was  too  low to measure  its maximum.
nm,  not  measured.

  Hydrogen  production  by  a  co-culture

of  C. butyricum  and  Rhodopseudomenas

sp.  RV  C. buopricum and  RhedbPseudomonas
sp.  RV  were  cultured  in an  agar  gel to

protect the  bacteria from the  attack  ofoxygen.

They  were  pre-cultured fbr two  days because
the  photosynthetic bacterium did not  evolve

hydrogen just after  the immobilization

probably due to the  eflhcts  of  the exposure  to

Table 4.Hydrogen  evolutionby  agar-immobilized  cells  of  Riiod2ipseudemonas sp.  RV.

Substrate H2  evolution

 initia]concn,***

 (rnM)
max.  rate
("ltcm2ih)total

 amount

(mltbottle)Yield*
 (%)

  Celldensity**

(mg/g gel)

Acetate 16.3
D,L-Lactate  52.5

Butyratc 46.2

 37145205 117251604 40, 245.

 675.
 1

7. 36.
 49.

 4

Bottles had 70 ml  capacity  (irradiated area  of  24 cm2)  illuminated at  10 klux.'

 
* Yields were  calculated  according  to the following equations.

     Acetate ; C2H40s+2HzO=  4Ha+2C02
     Lactate ; CsH603+3H20=-=  6Ha+3C02

     Butyrate ; C4HsOi+6H20=10H2+4C02

 
**

 Final cell  densities were  measured  by protein concentration  using  a

   ratio  of  proteinldry wcight=:O.64.
***

 Evcry  substrate  wasconsumed  completely  at  the  end  of  the experiment  <2B5 h).
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oxygen  or  high temperature  in the  process of

immobilization. The  concentrations  ofyeast

extract,  peptone, and  meat  extract  were  set

low in the  pre-culture medium  to prevent
the fast growth  of  C. butyn'cum and  the  repres-

sien  of  nitregenase  synthesis  in RhodbPseudb-
monas  sp.  RV.  When  the  pre-culture was

finished, glucose in the  medium  was  com-

pletely consumed  and  organic  acids  were

formed  by  C. butyricum. For  the  experiment

of  hydrogen  production, the  medium  in the
bottle was  changed  to the  co-culture  medium,

which  contained  ne  carbon  source  except

for glucose. However,  the  medium  in the

gel was  not  exchanged  and  some  organic

acids  remained  in the  gel as  shown  in Table 5.

  Time  courses  of  hydrogen preduction  and

glucose consumption  by the  co-culture  are

shown  in Fig. 1. Per bottle, 958ml  (38.5
mmol)  of  hydrogen was  obtained  by the

co-culture  in 324 h. Although hydrogen  was

produced  mostly  from glucose, organic  acids

remaining  in the  gel (See Table  5) were  also

substrates  of  hydrogen  production by  Rhedo-

pseudomonas sp.  RV.  To  know  the net

T5-

i'.'g
s'
to.=

1000

500

amount  of  hydrogen  produced from  glucose,
the contribution  of  organic  acids  should  be
eliminated.  The  calculation  is as  follows.

Substrate
  (mmol)

M,O.lbV,:g?,Ol
 yicld  Hs(mmol)

Fig,

Acetate: O.51 ×  4  x

Lactate: O.22 ×  6 ×

Butyrate: O.64 ×  10 ×

O.40 ==  O.82

O.46 ==  O.61

O.75 ==  4.8

oo

   T･
   i'[l30

 {
   V･2o

 g
   th
   o10

 S   -

   e

totalHyd:ogen

(803 ml)

                        6.23

from  glucose: 38,5-6,23=32.3  [iunol

It was  found that  32.3 mmol  of  hydrogen  was

produced from  4.6mmol  of  glucose by the

co-cu!ture,  i.e. 7.0 mol  of  hydrogen  per mel
ofglucose.

  The  contribution  of  hydrogenase  to  the

production of  hydrogen  of  the  co-culture  was

examined.  C. butyn'cum and  Rhodopseutlomonas

sp. RV  were  co-immobilized  and  pre-
cultured  under  illumination in the manner

described above.  But  the  co-culture  was

kept in the  dark  after  the  exchange  of  the

medium  to the  co-culture  medium.  In the

dark  1.I mol  of  hydrogcn were  produced  per
mol  ofglucose  by a  co-culture.  , Immobilized

Table 5. Conversionofglucose and  organic  acids  to

   hydrogen  by  the  co-culture  of  C. butyricum and

   RhodtlPseudemonas sp.  RV  under  illumination.

Substratel
Product

Amount  per bottle*
    <mmol)
ipitial final**

l. Hydrogeri by  the

co-culture  of  and  C.
butyricum.
The  co-immebilized  cells  in a  gel were  pre-grown
for 2 days under  illumination and  the  medium  was

changed  to the co-culture  rncdium.  Hydrogen
evolution  was  measured  under  illumination of

10klux. Initial glucose amount  was  4.6mol per
bottle of200  ml,  Initial and  final pH  values  were

8,O and  6.95, respectively,  Protein concentration
in the  gel was  unchanged  during  the  experiment

(2.2 mglg  gel>.

                   o
100 2co 300

   Time(h)

Rhodopseudomonas sp.  RV

Substrates
 Glucose

 Acetate

 Lactate

 Butyrate
Product

 Ha

4. 6O.

 51O.
 22O.

 64

o

oooo

38. 5 (958 ml)

Of  the substrates,  organic  acids  were  produced  dur-

ing the  pre-culture.  After the  pre-culture, erganlc

acids  in the  pre-culture med{um  were  assayed  to cs-

tirnate  the  amount  in the  gel assuming  that  the  con-

ccntrations  in and  out  of  the  gel were  equal.  The

volume  of  hydrogen  converted  from  the organic  acids

were  presumed  to be  154 ml  <See "Results").
 *  A  200-rn1 bottle was  used.

 **  After the  culture  of  324  h.
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C. butyricum also  produced  1.1 mol  hydrogen

per mol  of  glucose. Therefore, of  the

hydrogen evolved  by  the  co-culture  under

illuminatien, 16%  was  produced  by hydro-
genase of  C. butyricum.

             Discussion

  We  presented here a  system  for the

hydrogen photoproduction from  glucose by
a  co-culture  of  C, butyricum and  Rhedopseudb-
monas  sp.  RV.  The  two-step hydrogen

production via butyrate showed  a  high
eMciency,  i.e., 7.0mol of  hydrogen from a

mole  of  glucose.

  This  combination  of  bacteria was  unique

because of  the  combination  of  hydrogenase
and  nitrogenase.  So  far, co-culture  of

KlebsietlaPneumoniaeandRhodbspirillumrubrttmii)
and  that  ef  &ttulemonas and  Rhodopseudomonas
copsulataia)  have been reported  for the conver-

sionefcarbohydratestohydrogen.  Hydrogen

production is mediated  by nitrogenase  in K.

Pneumoniaei3) and  photosynthetic bacteria.i4)
Clellutomonas did not  evolve  hydrogen.i2)
Hence, hydrogen was  produced  by nitrogenase

in the combinations  in the  literatures.

  The  high energy  cost  of  nitrogenase  limits
the  rate  and  the  yield in hydrogen pro-
duction.i5) However, in photosynthetic
bacteria, as  the  reaction  of  nitrogenase  is
driven by light energy,  energetically  un-

favorable reactions,  such  as  butyrate or

acetate  to hydrogen, ceuld  be performed
(C4Hs02 liq+6HaO  ltq-4C02  

gae+IOH2
 
gee

AGO=223.3  kJ, C2H402  iiq+2H20  iiq'2C02

gas+4H2  gas  AGO=:=75.2 ICr).i6) On  the other

hand, hydrogenase  catalyzes  hydrogen forma-
tion  in the  reaction  of  C. butyricum (Eqs. (1)
and  (2)) without  any  energy  supply.  There-
fore, the  combination  of  C. butyn'aum and

Rhodtipseudbmonas sp.  RV  enabled  a  degrada-
tion  of  glucose to hydrogcn with  a  rational

use  of  hydrogenase and  nitrogenase  from  the

viewpoint  ef  energy.  In this  study,  hydro-

genase of  C. bu!rficum mediated  !6%  of  the

hydrogenproductionfromglucose. Enhance-

ment  of  thc contribution  of  hydrogenase
could  be expected  if the degradation of

glucose proceeded  via  acetate.
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