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SUMMARY 

Severa l  y e a s t s  have been found to be ab le  to f e rmen t  
D - x y l u l o s e ,  a c a t a b o l i t e  o f  D - x y l o s e ,  and to produce e thano l  
t h e r e b y .  The f e r m e n t a t i o n  is  c a r r i e d  out  by s e v e r a l  spec ies  
which can u t i l i s e  D - x y l o s e  o x i d a t i v e l y  as we l l  as by s e v e r a l  
which cannot  do so. Xy lose  i t s e l f ,  and the o t h e r  a l d o p e n t o s e s ,  
are not  u t i l i s e d  a n a e r o b i c a l l y  by y e a s t s .  F e r m e n t a t i o n  o f  
D - x y l u l o s e  by D - x y l o s e  o x i d i s i n g  spec ies  i n d i c a t e s  t h a t  a 
c o n t r o l  ope ra tes  under c o n d i t i o n s  o f  low oxygen t e n s i o n  which 
p r e v e n t s  the  c a t a b o l i s m  of  D - x y l o s e  to D - x y l u l o s e .  The r e s u l t s  
are p e r t i n e n t  in  e f f o r t s  to  o b t a i n  y e a s t s  which can fe rmen t  
biomass p e n t o s e s ,  a problem o f  i n t e r e s t  in  a t t emp ts  to  o b t a i n  
a l i q u i d  f u e l  from a renewab le  r e s o u r c e .  

INTRODUCTION 

The y i e l d  o f  e thano l  in the f e r m e n t a t i o n  by y e a s t s  

o f  some s a c c h a r i f i e d  p l a n t  p o l y s a c c h a r i d e s  is  l i m i t e d  by a 

c o m p o s i t i o n a l  f a c t o r .  Yeats can fe rmen t  the component 

hexoses ,  but  not  the  pen toses .  A l t hough  many y e a s t s  can 

u t i l i s e  f i v e - c a r b o n  sugars a e r o b i c a l l y ,  none have been des-  

c r i b e d  which can do so a n a e r o b i c a l l y  ( I ~ 2 ) .  The a v a i l a b i l i t y  

o f  y e a s t s  which can fe rmen t  pen toses  would be o f  i n t e r e s t  

because the  c o n t e n t  o f  f i v e  carbon sugars in p l a n t  biomass 

can be s i g n i f i c a n t .  The pentose c o n t e n t  can app rox ima te  40% 

t h a t  o f  the c a r b o h y d r a t e  o f  some a g r i c u l t u r a l  wastes ( t aken  as 

pentosan p lus  c e l l u l o s e )  (3) and can exceed 30% t h a t  o f  some 

t r e e s  ( 3 , 4 ) .  Pentoses can be p r e s e n t  a l so  in spen t  s u l f i t e  

l i q u o r  in  amounts a p p r o x i m a t i n g  40% t h a t  o f  the  hexoses ( 5 ) .  

The most commonly o c c u r r i n g  pentose is  p r o b a b l y  D - x y l o s e .  
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Par t  o f  the  o b j e c t i v e  o f  the p r e s e n t  s tudy  was to 

d e t e r m i n e  the  e x t e n t  to which y e a s t s  a l r e a d y  possess the  b i o -  

chemica l  p rocesses  necessa ry  to fe rmen t  pen toses .  I t  was 

found t h a t  c r i t i c a l  components o f  such p rocesses  e x i s t  in  

s e v e r a l  y e a s t s  o f  d i f f e r e n t  genera and s p e c i e s ,  as shown by 

t h e i r  a b i l i t y  to f e rmen t  D - x y l u l o s e ,  a c a t a b o l i t e  o f  D - x y l o s e .  

Th is  f i n d i n g  p r o v i d e s  i n s i g h t  i n t o  f a c t o r s  c o n t r o l l i n g  pentose 

u t i l i s a t i o n  under  a n a e r o b i c  c o n d i t i o n s ,  and sugges ts  s p e c i f i c  

avenues to  o b t a i n  y e a s t s  which can f e rmen t  pen toses .  

The p r e s e n t  i n v e s t i g a t i o n  had i t s  o r i g i n  in the 

o b s e r v a t i o n  t h a t  D - x y l u i o s e  suppo r ted  growth o f  s e v e r a l  y e a s t s  

when a i r  was p r e s e n t  ( 6 ) .  Among such organisms are i n c l u d e d  

s e v e r a l  which can u t i l i z e  D - x y l o s e ,  as we l l  as s e v e r a l  which 

can u t i l i s e  n e i t h e r  t h i s  compound nor x y l i t o l ,  the  c a t a b o l i t e  

o f  D - x y l o s e  i m m e d i a t e l y  p r e c e e d i n g  D - x y l u l o s e  ( 7 ) .  Growth on 

D - x y l u l o s e  o f  y e a s t s  which do not  a s s i m i l a t e  D - x y l o s e  is  hypo- 

t h e s i z e d  (6) to depend on the  p resence  o f  an enzyme a c t i n g  

as a D - x y l u l o s e  k i n a s e ,  the  r e s u l t a n t  D - x y l u l o s e  5 -phospha te  

then e n t e r i n g  the  pentose phosphate  pathway.  Yeasts of  t h i s  

s o r t ,  Saccharomyces c e r e v i s i a e ,  Saccharomyces c a r l s b e r g e n s i s  

and Sch izosaccharomyces  pombe, are used in the  f e r m e n t a t i o n  

i n d u s t r y  to produce e t h y l  a l c o h o l .  Th is  r e l a t i o n s h i p  prompted 

i n v e s t i g a t i o n  of  the  a b i l i t y  o f  such o rgan isms ,  as we l l  as 

t h a t  o f  D - x y l o s e - o x i d i z i n g  s p e c i e s ,  to f e rmen t  D - x y l u l o s e .  

METHODS AND MATERIALS 

F e r m e n t a t i o n s  were c a r r i e d  out  in  t i g h t l y  s e a l e d ,  
sc rew-cap  v i a l s ,  2 ml c a p a c i t y ,  f i l l e d  w i t h  1 . 7 - 1 . 8  mls o f  
medium p lus  0 . 1 - 0 . 2  mls o f  i nocu lum.  A smal l  a i r  bubb le  was 
l e f t  in each v i a l .  The f i l l e d  v i a l s  were r o t a t e d  c o n t i n u o u s l y  
at  30 rpm at  30°C. Ten to f i f t e e n  v i a l s  were used f o r  each 
e x p e r i m e n t ,  a v i a l  be ing d i s c a r d e d  a f t e r  i t  was opened to 
o b t a i n  a sample f o r  a l c o h o l  a n a l y s i s .  Growth was f o l l o w e d  
t u r b i d i m e t r i c a l l y  by measur ing o p t i c a l  d e n s i t y  at  600 nm. 
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Ethyl a lcohol  was determined by gas chromatography, using 
methanol as an i n t e r n a l  s tandard,  and D-xy lu lose  was determined 
by the cys te ine -ca rbazo le  method (8) .  The growth medium was 
0.6% Yeast Ni t rogen Base (D i f co )  plus I% D-glucose or D-xy lu lose .  
Except when using Schizosaccharomyces pombe the inoculum con- 
s i s ted  of c e l l s  grown to mid- log phase a e r o b i c a l l y  in yeast  
n i t rogen  base plus I% glucose, washed twice in 0.1% KH2PO 4 and 
resuspended in t h i s  s a l t  so l u t i on  to the volume of the o r i g i n a l  
c u l t u r e .  The inoculum fo r  Schizosaccharomyces pombe was pre- 
pared i d e n t i c a l l y  except tha t  i t  was grown in I% malt e x t r a c t  
b ro th .  

D-xy lu lose  was prepared by p y r i d i n e  ep imer i sa t i on  (9) 
or by enzymic i somer i sa t i on  using a commercial p repara t ion  of 
i n s o l u b i l i s e d  glucose isomerase (Maxazyme, Gist-Brocades nv, 
D e l f t ,  Hol land) ( I 0 ) .  Final p u r i f i c a t i o n  was performed on an 
anion-exchange column in the b i s u l f i t e  form ( I I ) .  P u r i t y  was 
assayed by t h i n - l a y e r  chromatography and gas-chromatography 
coupled wi th mass-spectrometry of the a l d i t o l  acetates (12) and 
of the s i l y l a t e d  oxime (13) .  No evidence was found fo r  the 
presence of contaminat ing sugars at l eve ls  exceeding I%. 

RESULTS 

Ethyl a lcohol  was produced by Schizosaccharomyces 

pombe NCYC 132 growing on D-xy lu lose  in amounts s i m i l a r  to tha t  

when grown on glucose. In a t y p i c a l  experiment (F igure I ) ,  

the maximum amount of alcohol produced was 0.45%. The rate of 

alcohol product ion was slower on D -xy lu l ose ,  2-3 days being 

requi red fo r  a t ta inment  of the maximum, versus 36-48 hours f o r  

glucose. D-xy lu lose  was not as e f f i c i e n t  a growth subs t ra te  

as g lucose,  the f i n a l  o p t i c a l  dens i t y  being lower by about 50%, 

a f ac to r  of i n t e r e s t  where the ob jec t i ve  is the product ion of 

alcohol ra the r  than biomass. 

Conversion e f f i c i e n c y  (14) of D-xy lu lose  to ethanol 

was est imated to be at leas t  85%. Eva luat ion of conversion 

e f f i c i e n c y  necess i ta tes  knowledge of the metabol ic  pathway 

invo lved .  I t  was computed assuming tha t  s ince glucose and 

D-xy lu lose produced s i m i l a r  amounts of e thano l ,  c r i t i c a l  

aspects of t h e i r  metabol ic  pathways must be i d e n t i c a l .  The 

pathway proposed fo r  D-xy lu lose  catabol ism is i n i t i a l  phosphoryla- 

t i on  to D-xy lu lose  5-phosphate, conversion of D-xy lu lose  
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FIGURE 1 Alcohol product ion and growth of Schizosaccharomyces 
pombe on 1% D-xy lu lose or 1% D-glucose: l e f t  s ide,  D-xy lu lose ,  
r i gh t  s ide,  glucose; • ethyl  a lcoho l ,  o op t i ca l  dens i ty  at 600 nm. 

5 -phospha te  to D -g lucose  6 -phospha te  n o n - o x i d a t i v e l y  by enzymes 

of  the  pentose  s h u n t ,  f o l l o w e d  by c o n v e r s i o n  of  the  D -g lucose  

6 -phospha te  to  e thano l  v ia  the  Embden-Meyerho f -Parnas  pathway.  

On t h i s  b a s i s ,  s i x  moles o f  D - x y l u l o s e  5 -phospha te  produce f i v e  

moles o f  D -g l ucose  6 -phospha te  ( 1 5 ) ,  and each mole o f  g lucose  

6 -phospha te  leads to  two o f  CO 2 and two o f  e t h a n o l .  

The va lue  o f  85% f o r  e f f i c i e n c y  is  c o n s i d e r e d  to be 

a minimum. A l l  o f  the D - x y l u l o s e  was assumed to have been 

u t i l i s e d ,  whereas some smal l  amount cou ld  have been l e f t  in  

the medium. A l s o ,  no account  was taken  of  o t h e r  p r o d u c t s  which 

might  be produced d u r i n g  f e r m e n t a t i o n  (14 ) .  The minimum 

e f f i c i e n c y  computed f o r  Sch izosaccharomyces  pombe is  comparable  

w i t h  the va lue  o f  93-96% o b t a i n e d  in the  f e r m e n t a t i o n  o f  g lucose  

by a brewers y e a s t  ( 1 4 ) .  

A l coho l  was produced at a l ower  r a t e  by Saccharomyces 

c e r e v i s i a e  ¥GSC X2180- IB g rowing  on D - x y l u l o s e  than by 

Sch izosaccharomyces  pombe, 0 .17-0 .19% be ing a t t a i n e d  a f t e r  
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20-30 days. However, convers ion  e f f i c i e n c y  was comparable,  

85%. Growth of  Saccharomyces c e r e v i s i a e  on D - x y l u l o s e  was 

a lso  much s lower  than on g lucose ,  the o p t i c a l  d e n s i t y  a f t e r  

20-30 days on the pentose being one t h i r d  t ha t  a f t e r  2-3 days 

on the hexose. Saccharomyces c a r l s b e r g e n s i s  15 e x h i b i t e d  be- 

hav i o r  s i m i l a r  to Saccharomyces c e r e v i s i a e ,  but convers ion  

e f f i c i e n c y  was not  eva lua ted .  

A lcoho l  was produced as we l l  by yeas ts  which u t i l i s e  

D-xy lose  on ly  o x i d a t i v e l y .  A f t e r  15-20 days, the a lcoho l  con- 

c e n t r a t i o n  was 0.36% f o r  K luyveromyces l a c t i s  NRCC 202029 and 

0.28% fo r  S accharomyces amurcae NRCC 2198. When D-xy lose  was 

s u b s t i t u t e d  f o r  D - x y l u l o s e  under i d e n t i c a l  c o n d i t i o n s ,  o p t i c a l  

d e n s i t y  changes assoc ia ted  w i th  growth were i n s i g n i f i c a n t  and 

o n l y  t races  of  a l coho l  were produced,  the amount never exceeding 

I% of  t h a t  from D - x y l u l o s e .  Candida u t i l i s  NRCC 204023 produced 

a much sma l l e r  amount of e thano l  when given D - x y l u l o s e  than the 

o the r  two x y l o s e - o x i d i s i n g  yeas ts  t e s t e d ,  0.014% a f t e r  30 days. 

When D-xy lose  was s u b s t i t u t e d ,  0.002% a lcoho l  was produced. 

Convers ion e f f i c i e n c y  was not eva lua ted  f o r  the x y l o s e - o x i d i s i n g  

y e a s t s .  

DISCUSSION 

The a b i l i t y  to ferment  D - x y l u l o s e  by yeas ts  which can 

u t i l i s e  xy l ose  on ly  o x i d a t i v e l y  i n d i c a t e s  t ha t  when oxygen 

tens ion  is  low D-xy lose  ca tabo l i sm  is r e g u l a t e d  to p reven t  the 

f o rma t i on  of  D - x y l u l o s e .  Candidates f o r  such s i t e s  of  r e g u l a -  

t i o n  are the D-xy lose  t r a n s p o r t  system and the two enzymes 

i n v o l v e d  in the convers ion  of D -xy lose  to D - x y l u l o s e  by y e a s t s ;  

D-xy lose  reductase ( D - x y l o s e  ÷ x y l i t o l )  and x y l i t o l  dehydrogenase 

( x y l i t o l  -~ D - x y l u l o s e )  ( 7 ) .  The c o n t r o l s  could be exe r ted  at 

e i t h e r  the gene or the gene product  l e v e l .  The p o s s i b i l i t y  
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tha t  anoxic i n h i b i t i o n  of t r a n s p o r t  prevents fe rmenta t ion  has 

been suggested fo r  some hexoses and g lycos ides in var ious yeasts 

(16) .  A m i tochondr ia l  f a c t o r  may also be invo lved in t r a n s p o r t  

i n h i b i t i o n  (17) .  

From the v iewpoin t  of conversion of biomass pentoses 

to e thano l ,  the r e s u l t s  are of i n t e r e s t  in suggest ing s p e c i f i c  

exper imenta l  approaches to obta in yeasts which can ferment a 

pentose such as D-xy lose.  For yeasts which can ox id i se  D-xy lose ,  

one approach is to use mutagenesis to e l im ina te  or cicumvent 

the con t ro l s  prevent ing anoxic u t i l i s a t i o n .  A more general 

approach, because i t  would be app l i cab le  to yeast  which ox id i se  

pentoses as wel l  as to those which do not ,  is to use genet ic  

engineer ing techniques.  I t  may be poss ib le  to in t roduce i n to  

yeasts appropr ia te  genes from other  organisms which can ferment 

pentoses. 
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