
ENERGY & ENVIRONMENTAL SYSTEMS DIVISION, 
ARGONNE NATIONAL LABORATORY 

~ P E R A T E D  FOR UNITED STATES A DEPARTMENT OF ENERGY l l n w  A l i A  11500t 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This report was prepared as an account of work sponsored 
by the United States Government. Neither the United States 
nor the United States Department of Energy, nor any of their 
employees, n9r any of their contractors, subcoatractors, or 
their employees, makes any warranty, express or  implied, 
or  assumes any legal liability or  responsibility for the ac- 
curacy, completeness or usefulness of any information, ap- 
paratus, product or process disclosed, o r  represents that its 
use would not infringe privately- owned rights. Mention of 
commercial products, their manufacturers, or their suppli- 
e r s  in this publication does not imply or  connote approval or 
disapproval of the product by Argonne National Laboratory 
or  the U. S. Department of Energy. 



ARGONNE NATIONAL LABORATORY 
9700  S o u t h  C a s s  Avenue 

Argonne ,  I l l i n o i s  60439  

FUSARIUM SPECIES : 

THEIR POTENTIAL FOR TRANSFORMING 

BIOMASS TO ETHANOL 

A n t o n i o s  A .  A n t o n u p o u l o s  

E n e r g y  and M i n e r a l  R e s o u r c e s  S e c t i o n .  
E n e r g y  and E n v i r o n m e n t a l  S y s t e m s  D i v i s i o n  

F e b r u a r y  1 9 7 9  

NOTICE * 
Thb Rpon war prepared ar an account of work 
sponsored by the United Stater Govemmmt. Neither the 
United Slates nor the United Stater Department of 

Energy, nor any o r  their employees, nor any of  their 
contractors, subcontracton, or thcir employees, maker 
any warranty, expren or implied, or assumes any legal 
liabilily or responsibility for the accuracy, completenerr 
"3 urlulnnc.r "r Lduztmprtiuxx, apparatus, pruduct ur 
p r o a u  disclored, or reprevnu that its urc would not 
infringe privately owned tights. 

8 

i 
' 

i 
1 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



TABLE O F  CONTENTS 

i 

. . 

. . P a g e  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ABSTRACT 1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION 2 

. . . . . . . . . . . . .  HYDROLYSIS O F  CELLULOSE BY FUSARIUM S P E C I E S  4 

PECTIC SUBSTANCES AND PECTOLYTIC A C Z I V I T I E S  O F  F U S A R I A  . . . . . . . .  8 

. . . . . . . . . . . . . .  . DEGRADATION OF L I G N I N  BY FUSARIUM S P E C I E S  10 

. . . . . . . . . . . . . . . . .  PRODUCTION O F  ETHANOL BY FUSARIUM S P E C I E S  12 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.7 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES 18' 



LIST OF FIGURES 

No. - Title Page 

. .  1 Characteristic reproductive structures o,fFusariumoxysporum. 3 

2 Main constituents of plant cell walls and middle Iimellae . . . .  5 

3 Conifer lignin, a complex polymer of methoxylated phenyl- 
propanoid units . . . . . . . . . . . . . . . . . . . . . . . . .  1 1  

. .  4 From glucose to ethyl alcohol . . . . . . . . . . . . . . .  ; 13 



FUSARIUM SPECIES: THEIR POTENTIAL FOR 
TRANSFORMING BIOMASS TO ETHANOL 

Antondos A .  Antonopoulos 
Energy and Environment a 1  Systems D i v i s i o n  

Argonne N a t i o n a l  L a b o r a t o r y  
Argonne, I l l i n o i s  60439 

. ABSTRACT 

The p u r p o s e  o f  t h i s  s t u d y  was t o  r e v i e w  e x i s t i n g  
l i t e r a t u r e  and p r e s e n t  some c o n s i d e r a t i o n s  p e r t a i n i n g  t o  t h e  
u s e  o f  Fusarium i n  degrad ing  and fe rment ing  c e r t a i n  biomass '  
c o n s t i t u e n t s  t o  e t h a n o l .  

Energy s t o r e d  i n  t h e  carbon bonds of biomass can  b e  
e x t r a c t e d  i n  a  form u s a b l e  a s  f u e l  hy s e v e r a l  f u n g a l  s p e c i e s .  
Members of t h e  genus Fusarium ( t u b e r c u l a r i a c e o u s  deuteromy- 
c e t e s )  h a v e  d e m o n s t r a t e d  t h e i r  a b i l i t y  t o  d e p o l y m e r i z e  
m a c r o m o l e c u l a r  c a r b o h y d r a t e s  and l i g n i w a n d  t o  f e r m e n t  
monosaccharides t o  ethan.01. Research h a s  focused on decom- 
p o s i t  i o n  of c e l . l u l o s e ,  h e m i c e l l u l o s e ,  p e c t i c  s u b s t a n c e s  and 
l i g n i n  by s e v e r a l  formae s p e c i a l e s  o f  Fusarium oxysporum, a s  
w e l l  a s  on e t h y l  a l c o h o l  p roduc t ion  by fe rment ing  hexoses  
and p e n t o s e s .  I n  t h i s  c o n t e x t ,  t h e  e x c e p t i o n a l  c a p a b i l i t i e s  
of Fusarium s p e c i e s  have been emphasized by s t u d e n t s  o f  
f u n g a l  b i o c h e m i s t r y .  Unl ike  y e a s t s  and o t h e r  f u n g i ,  F u s a r i a  
can ferment both  pen toses  and hexoses  ( y e a s t  can ferment 
on ly  h e x o s e s ) ,  and a r e  a b l e  t o  s a c c h a r i f y  t h e  c e l l  w a l l  and 
middle  l a m e l l a  c o n s t i t u e n t s  and ferment  t h e  r e l e a s e d  s u g a r  
u n i t s .  

E x i s t i n g  rcocarch  d a t a  s v p p n r t  w e l l  t h e  i d e a  of u t i -  
l i z i n g  s e l e c t e d  Fusarium s t r a i n s  t o  decompose and c o n v e r t  
biomass t o  e t h y l  a l c o h o l .  S i n c e  e t h a n o l  b lends  and performs 
e f f e c t i v e l y  w i t h  g a s o l i n e  ( a s  g a s o h o l ) ,  i t s  y i e l d  through 
t h e  Fusarium f e r m e n t a t i v e  a c t i o n  shou ld  be e x p l o i t e d .  There  
a r e  c e r t a i n  b i o l o g i c a l ,  t e c h n o l o g i c a l ,  and economic l i m i t a -  
t i o n s  t h a t  cons t r a i n  t h e  a p p l i c a t i o n  of  biomass convers ion  
t o  e t h a n o l  by FusariGm s t r a i n s  today  on a  l a r g e  s c a l e .  These 
o b s t a c l e s ,  . however, could  be overcome through a d d i t i o n a l  
r e s e a r c h  and development . 
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INTRODUCTION 

It i s  w e l l  documented t h a t  Fusarium s p e c i e s  a r e  p o t e n t i a l  polysac-  

c h a r i d e  decomposers and s imple  s u g a r  f e r m e n t e r s  t h a t  u l t i m a t e l y  produce . - 
e t h a n o l .  S i n c e  e t h a n o l  i s  t h e  second major  c o n s t i t u e n t  of gasohol  and by 

i t s e l f  a  p o w e r f u l  f u e l ,  s e l e c t e d  F u s a r i u m  members c a n  b e  employed  i n  

a l l e v i a t i n g  t h e  f u e l  s h o r t a g e  problem. I t  i s  t h e r e f o r e  t h e  purpose  of  t h i s  
5 

s t u d y  t o  rev iew e x i s t i n g  r e s e a r c h  p e r t a i n i n g  t o  p l a n t  biomass (phytomass) 

d e g r a d a t i o n  and e t h a n o l  product  ion  through t h e  s a c c h a r i f y i n g  and fermant.i.ng 

a c t i o n  of  Fusarium s p e c i e s .  

The genus  Fusarium i n c l u d e s  i n d i v i d u a l s  o f  imper fec t  ( a s e x u a l )  

s t a g e s  of c e r t a i n  ascomycetous ( p e r f e c t  - s e x u a i )  genera. Figure  1 d e p i c t o  

c h a r a c t e r i s t i c  s t r u c t u r e s  o f  F u s a r i u m  s p e c i . e s .  F u s a r i u m  members a r e  

organisms of a  wide s u h s t r a t e  r ange ,  cosmopol i t an ,  mos t ly  s a p r o p h y t i c ,  a n d . .  

i n  some c a s e s ,  dangerous  p l a n t  pathopens .  They a r e  armed w i t h  a  v e r s a t i l e  

s e r i e s  of  enzymes t h a t  e n a b l e  them t o  overcome a d v e r s e  e c o l o g i c a l  condi-  

t i o n s .  These enzymes a r e  mos t ly  r e s p o n s i b l e  f o r  t h e  Fusarium phytopatho- 

g e n i c i t y ,  c o m p e t i t i v e  s a p r o p h y t i c  a b i l i t y  and s u r v i v a b i l i t y .  Fusarium 

s p e c i e s ,  a ided  by the i r .power f111  enzyme mechanicm, u t i l i z e  as ~ l l e i r  carbon 

s o u r c e  p l a n t  m a t e r i a l  decomposed t o  a s s i m i l a t i v e  u n i t s .  I t  h a s  b e e n  

demons t ra ted  t h a t  Fusarium members can b reak  down c e l l u l o s e ,  l ~ e m i c e l l u -  

l o s e s ,  p e c t i n s ,  and s i m i l a r  p o , l y s a c c h a r i r l ~ s ,  a s  well ac l i g n i n  and iiiaay 

more p l a n t  c o n s t i t u e n t s .  T h i s  i n v e s t i g a t i o n  i s  conf ined  t o  t h e  decomposi- 

t i o n  o f  such p l a n t  compounds found i n  t h e  c e l l  w a l l s  and midd le  l a m e l l a e .  

E x t e n s i v e  s t u d i e s  have r e v e a l e d  t h a t  t h e  d r y  m a t e r i a l  of p l a n t  

c e l l  halls i s  made p r imar . i ly  of  s p e c i a l  p r ~ l y s a r r h a r i d e ~  and l i g n i n .  I t  I I ~ S  

been c a l c u l a t e d  t h a t  t h e  w a l l s  of cambial  and s o f t  t i s s u e  c e l l s  g e n e r a l l y  

c o n s i s t  of  20-35% a - c e l l u l o s e ,  10-20% p e c t i c  s u b s t a n c e s ,  35-50% h e m i r ~ l l u -  

l o s e s ,  3-10% p r o t e i n s ,  and 2-7% l i p i d s  ( d r y  w a l l  m a t e r i a l )  ( 2 9 ) .  On t h e  

o t h e r .  hand ,  e s t i m a t e s  of  t h e  d r y  c o n s t i t u e n t s  o f  t h e  woody c e l l  w a l l s  i n  

both  hardwoods and sof twoods  have i n d i c a t e d  an average  of 43-45% c e l l u l o s e  

c o n t e n t ,  1-4X p e c t i c  s u b s t a n c e s ;  h e m i c e l l u l o s e s  averaged 40% i n  hardwoods 

and 30% i n  sof twoods  ( 2 9 ) .  . L i g n i n ,  amounting t o  30% i n  softwoods and 20% 

i n  h a r d w o o d s ,  i s  l o c a l i z e d  m o s t l y  ( 6 0 - 9 0 % )  i n  t h e  m i d d l e  l a m e l l a  and 

pr imary w a l l  ( 2 9 ) .  Co t ton  c o n t a i n s  about 90% a - c e l l u l o s e ,  5% n o n c e l l u l o s i c  

p o l y s a c c h a r i d e s ,  and no l i g n i n .  



Fig.  1.  Charac te r i s t i c  reproductive s t ruc tu re$  s f  Fusarium omyepotmu: 
. (a)  a spore - macroconidial - mass as  seen under t h e  micro- 
scope (approx. ~ 4 5 0 )  ; (b) microconidia, t i n y  uni- and bi-  
c e l l u l a r  spores (approx. ~ 1 , 0 0 0 ) ;  ( c )  macroconidia, t h e  
t y p i c a l  elongated, crescent-shaped, m u l t i c e l l u l a r  spores 
of t h e  fungus (approx. X1,OOO); and ( d l  chlamydospores, 
t h e  t h i c k  walled, spore-like vegeta t ive  s t r u c t u r e s  t h a t  
resist adverse condit ions and a id  t h e  fungus t o  survive 
(approx. X1,OOO). 



HYDROLYSIS OF CELLULOSE BY FUSARIUM SPECIES 

Cellulose is a macromolecular polysaccharide made of 6-1,4-linked 

D-glucose units (Fig. 21, with a degree of polymerization ranging generally 

between 8000 and 10,000 for wood cellulose and up to 15,000 for cellulose 

from unopened cotton balls (29). Native cellulose is made up of partly 

crystalline microfibrils which are aggregates of glucose anhydride chains 

arranged in a strictly (crystalline micelles) or less (paracrystalline and 

amorphous) parallel fashion (29). The cellulosic microfibrils are embedded 

in a noncellulosic polysaccharide matrix. Precise infnrmatinn is l.acking on 

the existence of  linkages between re1 1111 ~ P P  and 1 ignin, or between hcmi- 

celluloses in the cell walls and the surrounding middle lamellae (23). 

Fungi, bccnuoc of: their hyphal characteristic a td  canLinuous release 

of cellulases, are outstanding cellulolytic organisms. Many fungi represent- 

ing imperfect stages of Ascomycetes as well as a plethora of Rasidimnyc~t~s 

are the main cellulose decomposers in natural environments. 

Cellulose hydrolysis to its glucose units is made possible by the 

cellulase enzymes. These cellulases seem to be extracellular products of 

cellulolytic organisms, and are generally considered to be induced only in 

the presence of cellulose and particularly of soluble cellobiose or similar 

compounds having B-glycosidic linkages (25). Reese and nthcrs (331, and 

Mau~lels and Reesc (251, in order to explain the attack and hydrolysis of 

native cellulose by certain microorganisms alone, suggested the C1 - C, 
cellulase system depicted in the following scheme: 

cellulose - reactive 
t 

+ cellobiose 

t 
+ glucose 

t cellulose 

x 

I 
hydrolysis 

6-glucos idase 

hydrolysis 

The C,-cellulase, a B-1,4-glucanase, can hydrolyze modified celluloses 

(soluble cellulosic derivatives, acid- or alkali-treated celluloses, ground 

celluloses, etc.), while C1-cellulase initially attacks native crystalline 

cellulose by pushing apart the glucose chains and making the linkages 

accessible to the hydrolytic act ion of C,-cellulase (29). The resulting 

cellobiose is hydrolyzed by B-glucosidase to glucose. 
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F i g .  2 .  Main c o n s t i t u e n t s  of p l a n t  c e l l  w a l l s  and midd le  l a m e l l a e .  
( a )  C e l l u l o s e  ( a  l i n e a r  pglymer of 6 -1 ,4 - l inked  D-glucose 
u n i t s ) ;  ( b )  h y d r o l y s i s  of a  p e c t i c  compound by p e c t i n  
m e t h y l e s t e r a s e  (PME) t o  y i e l d  p e c t i c  a c i d  and methanol ;  
( c )  h y d r o l y s i s  of  a  p e c t i c  s u b s t a n c e  by p o l y g a l a c t u r o n a s e  
(PG); and ( d l  x y l a n  ( a  h e m i c e l l u l o s e  made of  a  c h a i n  o f  
x y l o s e  u n i t s  bonded by 6 -1 ,4 - l inkages  and of  s ide-branched 
a r a b i n o s e s ) .  



Husain and Dimond ( 1 7 ,  181,  i n  s t u d y i n g  t h e  phy topa thogen ic  behav io r  

of  Fusar ium oxysporum f .  s p .  l y c o p e r s i c i  from tomato p l a n t s ,  found t h a t  t h e  

fungus  showed c e l l u l a s e  a c t i v i t y  on wood c e l l u l o s e ,  p a p e r ,  c o t t o n  l i n t e r s ,  

carboxymethyl c e l l u l o s e ,  and on l i v i n g  tomato t i s s u e s .  I t  was obvious  

t h a t  c e l l u l a s e  a c t i v i t y  r e l e a s e d  n u t r i e n t s  f o r  t h e  F. o .  f .  s p .  l y c o p e r s i c i .  - - 
Davis  and o t h e r s  ( 8 )  r e p o r t e d  t h a t  F. o .  f .  s p .  l y c o p e r s i c i  y i e l d s  d e t e c t -  -- 
a b l e  amounts of  6 - g l u c o s i d a s e  w i t h i n  t h e  i n f e c t e d  p l a n t  t i s s u e  and i s  

a b l e  t o  h y d r o l y z e  c e l l o b i o s e .  

White and o t h e r s  (381,  a s s a y i n g  t h e  c e l l u l o l y t i c  p n t ~ n t i a l  of  s e v e r a l  

f u n g i  i s o l a t e d  from f a b r i c s  and r e l a t e d  i t e m s  s x p o ~ e d  i n  t h e  t r o p i c s ,  noted 

a t h a t  Fusarium oxysporum F l a  C-8 e x h i b i t e d  c o n s i d e r a b l e  a b i l i t y  t o  decompose 

c o t t o n  c e l l u l o s e ,  a l t h o u g h  i t  was s u r p a s s e d  by Chaetomium spp . ,  Myrothecium 

v e r r u c a r i a ,  Tr ichoderma v i r i d e ,  and T h i e l a v i a  sepedonium. C e l l u l a s e  forma- - 
t i o n  was d e t e c t e d  by Deese and Stahmann ( 9 1 ,  when Fusarium oxysporum, f .  

cubefise a t t a c k e d  s t em t i s s u e s  of  bo th  r e s i s t a n t  and s u s c e p t i b l e  banana 

p l a n t s .  The damping-off Fusarium monil  i fo rme  was found t o  s e c r e t e  c e l l u -  

l a s e ;  and t h u s  was a b l e  t o  d i s i n t e g r a t e  hardened and mature  p l a n t  t i s s u e s  

(35). 

The work n f  t h e  aforementioned a u t h u ~ s  v e r i f i e g  t h e  t a c t  t h a t  

Fusar ium s p e c i e s  u t i l i z e  c e l l u l o s e  a s  a  ca rbon  s o u r c e . b y  means of c e l l u l a s e s  

r e l e a s e d  from t h e  f u n g a l  c e l l s .  However, a s  Cochrane (.7) ~ m p h a s i x e s ;  two 

s e r i o u s  l i m i t a t i o n s  c h a r a r t ~ ~ i , z e  t h a  r e p o r t e d  c = s u l ~ s  from c e l l u l a s e  

s t u d i e s :  f i r s t ,  t h e  n a t i v e  c e l l ~ ~ l n s ~  is t o  a c c r t a i n  t x t e ~ ~ L  r e s i s e a n t  t6 

m i c r o b i a l  decompos i t ion ,  and t h a t  i s  t h e  r e a s o n  most of  t h e  i n v e s t i j i a t o r o  

have exper imented w i t h  r rod i f i ed  c e l l u l o s e s ;  and second ,  t h e  s t u d i e s  have 

u t i l i z e d  c r u d e  and contaminated c e l l u l a s e  p r e p a r a t i o n s .  

I n  t h e  . c a s e  of  t h e  c e l l u l o l y t i c  a c t i v i t i e s  of Fusarium s p e c i e s ,  - . - . .. , . ,. , . . . -- 
q u a n t i t a t i v e  d a t a  a r e  p r e s e n t l y  inadequa te  t o  s ~ t p p n r t  g e n e r a l  thcor ic .s  

p e r t a i n i n g  t o  t h e  p o t e n t i a l i t y  of t h e s e  f u n g i  a s  c e l l u l o s e  decomposers and 

g l u c o s e  p roducers .  Fur thermore ,  we do n o t  have a  c l e a r  p i c t u r e  of t h e  

C1-C, - c e l l u l a s e  sys tem i n  t h e  Fusarium members, and most i m p o r t a n t l y ,  

wrb rlo not know o f  p;lrt icrll nr F ~ ~ s a r  i11m s t r a i n s  t h a t  c a n  r(? lc -asc  r c l n t  ivcaly - .-- 

h i g h  a m o u n t s  o f  C l - c e l l u l a s e  which  i n  t u r n  c a n  e a s i l y  a t t a c k  n a t i v e  

c e l l u l o s e .  I n  s p i t e  of  t h i s  l a c k  of i n f o r m a t i o n ,  t h e r e  i s  r e a s o n  t o  b e l i e v e  



. that 'Fusarium s tra ins  able  t o .  readi ly  attack. nat ive  ce l . lu lo se  do e x i s t ,  

and new s t ra ins  can be developed. Therefore, invest igat ions  should be , . 

i n i t i a t e d  with the purpose of s e l e c t i n g  and developing potent ia l  ce l lu -  

l o l y t i c  Fusarium stra ins .  t o  be employed for ethanol production. 
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PECTIC SUBSTANCES AND PECTOLYTIC ACTIVITIES OF FUSARIA 

P e c t i c  s u b s t a n c e s  a r e '  t h e  p r i n c i p a l  c o n s t i t u e n t s  of t h e  middle  

l a m e l l a e  t h a t  cement t o g e t h e r  p l a n t  c e l l s .  They a r e  composed of  D-galac- 

t u r o n i c  r e s i d u e s  l i n k e d  t o g e t h e r  through 1 , 4 - a - g l y c o s i d i c  bonds ,  and have 

t h e i r  ca rboxy l  . g r o u p s  e i t h e r  e s t e r i f i e d  w i t h  methanol  ( p e c t i c )  o r  no t  

e s t e r i f ' i e d  ( p e c t i c  a c i d s )  ( F i g .  2 ) .  Sugars  such a s  a r a b i n o s e ,  g a l a c t o s e ,  

x y l o s e ,  and rhamnose a r e  v a r i o u s l y  bonded t o  p e c t i n .  

Fusarium species seem t n  he p o t e n t i a l  p e c t o l y t i c  microbes .  I t  h a s  

been r e p o r t e d  t h a t  Fusa r i i~m oxysporum f .  s p .  l_)lcopersici  ( 1 0 ,  26,  27 ,  32,  - 
' 3 6 ) ,  -- F.  0 .  f .  s p .  cubense ( 9 ,  3 0 ) ,  - F. - o .  f .  s p .  p i s i  ( 3 1 ) ,  - F. s o l a n i  f .  s p .  

c u c u r b i t a e  (141,  ' F .  - - s. f .  s p .  p h a s e o l i  ( 2 ,  311,  and s e v e r a l  o t h e r  formae 

s p e c i a l e s  c o n s t i t u t i v e l y  o r  i n d u c t i v e l y  form p e c t o l y t i c  enzyme6 such a s  

p r o t o p e c t i n a s e ,  p e c t i n  m e t h y l e s t e r a s e s ,  p o l y g a l a c t u r o n a s e s ,  and po lyga lac -  

t u r o n a t e  t r a n s e l i m i n a s e  t h a t  d i s s o l v e  t h e  midd le  l a m e l l a e  and d i s i n t e g r a t e  

t h e  p l a n t  t i s s u e s .  I t  i s  worth ment ioning t h a t  p e c t i n  m e t h y l e s t e r a s e s  

h y d r o l y z e  p e c t i n  t o  p e c t i c  a c i d  and methano l .  



FFCOWOSITION OF HEMICELLULOSES BY FIJSARIA 

Hemice l lu loses  c o n s t i t u t e  t h e  main component of bhe amorphous m a t r i x  

i n  which t h e  c e l l u l o s i c  m i c r o f i b r i l s  a r e  embedded, t h e  o t h e r  components 

b e i n g  p e c t i c  s u b s t a n c e s  and l i g n i n .  The h e m i c e l l u l o s e s  form a  he te rogeneous  

group of p o l y s a c c h a r i d e s  t h a t  i n c l u d e s  x y l a n s ,  mannans, glucomannans, 

g a l a c t a n s ,  and a r a b a n s ,  a s  w e l l  a s  g a l a c t u r o n i c  a c i d ,  l i n k e d  i n s i d e  i n  a  

l i n e a r  o r  branched f a s h i o n  wi th  some monomers o r  polymers of  o t h e r  s u g a r s  

( F i g .  2 ) .  

M i c r o b i a l  h e m i c e l l u l a s e s  can  1degrad.e h e m i c e l l u l o s e s ,  e . g . ,  x y l a n a s e  

h y d r o l y z e s  x y l a n s  and y i e l d s  x y l o s e .  Simpson ( 3 4 ) ,  i n  s u r v e y i n g  t h e  enzy- 

m a t i c  a c t i o n  o f  112 funga l  i s o l a t e s  on a  pen tosan  ( o f  u n s p e c i f i e d  composi- 

t i o n ) ,  found t h a t  f i l t r a t e s  from c u l t u r e s  of Fusarium s t r a i n s  were t h e  most 

e f f i c i e n t  pen tosan  h y d r o l y z e r s .  I n f o r m a t i o n  p e r t r a i n i n g  t o  Fusarium spp.  

h e m i c e l l u l o l y t i c  a c t i v i t i e s  i s  i n s u f f i c i e n t ,  and a d d i t i o n a l  r e s e a r c h  i's 

needed.  



DEGRADATION OF LIGNIN BY FUSARIUM SPECIES 

L i g n i n  i s  a n o t h e r  impor tan t  component o f  mature  p l a n t  c e , l l s ,  p a r t i c -  

u l a r l y  t h o s e  o f  woody t i s s u e .  I t  is  a  complex th ree -d imens iona l  polymer 

composed of  d e r i v a t i v e s  of  phenyl propane u n i t s  which a r e  methoxyla ted and 

form s y r i n g y l  and g u a i a c y l  u n i t s  ( F i g .  3 ) .  L i e n i n  i s  g e n e r a l l y  d e p o s i t e d  

between and around t h e  c e l l u l o s e  m i c r o f i b r i l s ,  and h e a v i l y  l i g n i f i e s  t h e  

midd le  l a m e l l a .  
I 

There  i s  v e r y  1 i t t J . e  i n f o r m a t i o n  on l i g n i n  d e g r a d a t i o n ;  most of what 

is  known comes frnm c t u d i e ~  on l i p n i n  c l e ~ u n ~ ~ u s i c i o n  by Has, rli,omycefao which 

c a u s e  wood decay .  It i s  b e l i e v e d  t h a t  t h e  main e f f e c t  of f u n g i  upon l i g n i n  

i s  t h e  removal o f  methoxyl groups ,  t h u s  modifying t h e  l i g n i n  and expos ing  

t h e  a d j a c e n t  c e l l u l o s e  m i c r o f i b r i l s  t o  c e l l u l a s e  a c t i o n  (19 ,  22) .  

There  a r e  a  few , r e p n r t s  r o n c e r n i n g  b i s d t g c a d a ~ i u a  of l i g n i n  by 

Fusar ium s p e c i e s .  Ledingham and Adams . (20)  i n v e s t i g a t e d  t h e  decomposi t ion 

of  c a l c i u m  l i g n o s u l f o n a t e  by 13 d i f f e r e n t  s p e c i e s  of Fusarium and found 

t h a t  t h e s e  f u n g i  were a b l e  t o  degrade up t o  13% o f  t h e  l i g n i n  con ta ined  i n  

t h e  medium. F i s c h e r  h i . )  r e p o r t e d  t h a t  Fusarium l a c t i s ,  - F .  n i v a l e ,  and 

other u n i d e f i t i I i e d  Fusarium s p e c i e s  were t h e  most e f f e c t i v e  f u n g i  ( i n c l u d e d  

i n  t h e i r  i n v e s t i g a t i o n )  i n  d e s t r o y i n g  phenol l i g n i n  ( l i n n i n  e x t r a c t e d  from 

wood w i t h  pheno l ) .  

I n  s i m i l a r  s t u d i e s ,  Waksman and Hutchings  (37)  n o t e d  t h a t  s o i l - b o r n e  

Fusar ium s p e c i e s  d e c r e a s e d  t h e  p o s s i b l y  r e c o v e r a b l e  l i g n i n  i n  t h e  medium 

a s  much a s  25%. As Ki rk  (19)  ment ions ,  ~ u l ~ a s  (13)  showed t h a t  pure  cu l -  

t u r e s  of s o i l - b o r n e  Fusar ium spp. were a b l e  t o  decompose t h e  l i g n i n  con- 

t a i n e d  i n  wheat s t r a w  u p  t o  20%. I t  appears  from t h e  aforement ioned d a t a  

t h a t  Fusarium s p e c i e s  can  degrade l i ~ n i n  and expnse c e l l u l o o c  m i c r o f i b i i l s  

t o  c e l l u l a s e  a t t a c k .  These  encourapi  np, i n d i c a t  iurw need f u c t l l e r  i nves t i -  

g a t i o n ,  p a r t i c u l a r l y  from a  f u e l  p r o d u c t i o n  p o i n t  of  view. 



Fig. 3 .  Conifer lignin, a complex polymer of  
methoxylated phenylpropanoid units. 



PRODUCTION OF ETHANOL BY FUSARIUM SPECIES 

The a b i l i t y  of Fusarium s p e c i e s  t o  ferment s u g a r s  t o  e t h a n o l  h a s  

been n o t e d  by many i n v e s t i g a t o r s  e v e r  s i n c e  f e r m e n t a t i o n  was pu t  under 

s c i e n t i f i c  o b s e r v a t i o n .  The r e c e n t  f u e l  s h o r t a g e  may b e  a  sound r e a s o n  f o r  

c o n s i d e r i n g  t h e  e thano l -p roduc ing  a b i l i t y  of F u s a r i a .  It i s  i m p e r a t i v e  

t o  ment ion h e r e  a  summary of  t h e  b i o c h e m i s t r y  o f  f e r m e n t a t i o n  by F u s a r i a .  

Wilkinson and Rose ( 4 0 )  have d e f i n e d  f e r m e n t a t i o n  a s  t h e  a n a e r o b i c  

e n e r g y - y i e l d i n g  p r n c q s s  i n  which o r g a n i c  s u b s t a n c e s  acL as bvth r h e  e l e c -  ' 

t r o n  dnnnrs 2nd t h e  ~ l e s t r o n  acceptors ,  w h i l e  a u a e r u b l c  respirt i t inn i s  f h p  

p r o c e s s  d u r i n g  which i n o r g a n i c  s u b s t a n c e s  a r e  t h e  e l e c t r o n '  a c c e p t o r s .  ( I n  

a e r o b i c  r e s p i r a t i o n ,  oxygen a c t s  a s  t h e  f i n a l '  e l e c t r o n  a c c e p t o r . )  The main 

s u b s t r a t e s  of a l c o h o l i c  fermeneat . ion a r e  var ior ls  hcxoses  and p e n t o s e s ,  b u t  

g l u c o s e  f e r m e n t a t i o n  i s  t h e  most s t u d i e d .  S e v e r a l  ghysicochemical  and 

b i o l o g i c a l  methods a r e  u t i l i z e d  i n  s p l i t t i n g  p o l y s a c c h a r i d e s  t o  u n i t s  

a v a i l a b l e  f o r  f e rment  a t  i o n .  

Fusarium s p e c i e s ,  l i k e  many o t h e r  f u n g i ,  p o s s e s s  t h e  c h a r a c t e r i s t i c  

of r e l e a s i n g  p o l y s a c c h a r i . d e - s p l i t t i n g  enzymes and have t h e  a h i l i t y  of  

a s s i m i l a t  i l l g  Ll~e  d e r i v e d  monomers t o r  t h e i r  energy and ca rbon  requ i rements .  

Fur the rmore ,  t h e s e  f u n g i  seem t o  be equipped w i t h  a  h i g h l y  e f f i c i e n t  sugar-  

t r a n s p o r t  meclianism t h a t  ~ n a h l r - s  them t o  g l y c o l y z e  and r e a d i l y  Ierment 

t!14 s i111~1u  u u g u r ~  . 
Var ious  m e t a b o l i c  pathways of  c a r b o h y d r a t e s  i n  microorganisms have 

been d i s c o v e r e d ,  and p y r u v i c  a c i d  a p p e a r s  t o  be t h e  key i n t e r m e d i a t e .  

P a r t i c u l a r l y  i n  f u n ~ i ,  t h r e e  g l y c o l y t i c  pathways a r e  known: ( a )  t h e  hexose  

d i p h o s p h a t e  pathway, known a s  t h e  Embden-Meyerhof-Parnas (EMP) pathway ( F i g .  

4 ) ;  ( b )  t h e  hexose  monophosphate (HMP) pathway; and ( c )  t h e  Entner-Doudoroff 

(ED) pathway ( 5 ) .  All  t h r e e  pathways u l t i m n t ~ l y  y i e l d  p y r u v i c  a c i d  which 

may s e r v e  a s  t h e  t e r m i n a l  e l e c t r o n  a c c e p t o r  ( f e r m e n t a t i o n ) ,  o r  may be 

o x i d i z e d  v i a  t h e  c i t r i c  a c i d  c y c l e  ( a e r o b i c ) .  I n  t h e  f u n g i ,  t h e  EMP 

mechanism i s  t h e  major g l y c o l y t i c  pathway and c o n s e q u e n t l y  t h e  ps . incipa1 

f e r m e n t a t i v e  p roducer  of  e t h a n o l ,  g l y c e r o l ,  l a c t i c  a c i d ,  e t c .  

E thano l  i s  formed by ( a )  t h e  a c t i v a t i o n  of  pyruv ic  a c i d  by t h e  

coenzyme t h i a m i n e  d i p h o s p h a t e  (TPP) ; ( b )  d e c a r b o x y l a t  ion  by t h e  pyruva te  
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d e c a r b o x y l a s e  t o  form a c e t a l d e h y d e ;  and ( c )  r e d u c t i o n  of  a c e t a l d e h y d e  by 

t h e  a l c o h o l  dehydrogenase ,  f i n a l l y  t o  form e t h y l  a l c o h o l  ( F i g .  4 ) .  

S t r o n g  e v i d e n c e  r e s u l  t ' ing from s t u d i e s  of ca rbon  b a l a n c e ,  enzymatic 

a n a l y s e s ,  and i s o t o p e  d i s t r i b u t i o n  i n d i c a t e s  t h a t  t h e  EMF' mechanism func- . 
. . 

t i o n s  a n a e r o b i c a l l y  i n  t h e  Fusarium spp .  t o  produce e t h a n o l  ( 6 ,  1 5 ) .  Yeast  

and F u s a r i a  have  ce r t a i ' n  c h a r a c t e r i s t i c s  i n  common i n  r e g a r d  t o  t h e  way 

t h e y  ferment  s u g a r s  t o  e t h a n o l .  I t  h a s  been shown t h a t  t h e s e  f u n g i  produce . . 

, a l c o h o l  and c a r b o n  d i o x i d e  from hexoses  i n  t h e  same r a t i o  a s  t h a t  o b t a i n e d  

from y e a s t  ( 4 ,  2 8 ) ,  a l though  t h e  c a r b o h y d r a t ~  metabol ism t o  a l c o h o l  i i i  

F u s a r i a  occu,rs  somehow s lower  th$n Lhat i n  yeas t  ( 2 8 ) .  Wirth  and Nurd (41)  

were a b l e  t o  i s o l a t e  p y r u v i c  a c i d  ( t h e  p r e c u r s o r  o f  e t h a n o l  v i a  a c e t a l d e -  

hyde)  from f o u r  d i f f e r e n t  Frisnriilm s p e c i e s  m e t u b o l i z i ~ e ,  v a s i v u s  h ~ x n f i ~ s  and 

p e n t o s e s ,  and t h u s  p r e s e n t e d  t h e  o n l y  p r o o f  o f  F u s a r i u m  c a r b o h y d r a t e  

metabol ism and e t h a n o l  p r o d u c t i o n  v i a  t h e  EMP pathway. 

Birkinshaw and o t h e r s  ( 4 )  have found t h a t  a l l  23 s p e c i e s  of Fusarium 

i n v e s t i g a t e d  g i v e  a p p r e c i a b l e  amounts o f  e t h a n o l ,  and sugges ted  t h a t  i t  i s  

p o s s i b l e  t o  s e p a r a t e  a  few s p e c i e s  which have a  r a t h e r  unusua l  f e r m e n t a t i v e  

p o t e n t i a l .  The same a u t h o r s  r ecorded  t h a t  wi th  F .  avenaceum, of  4.683 - 
gm.  of g l u c o s e  ca rbon  m e t a b o l i z e d ,  2 .453 gm. appeared a s  " v o l a t i l e  n e u t r a l  

compounds," which means a  y i e l d  o f  52.4% e t h a n o l ;  t h i s  i s  i n  c o n t r a s t  t o  t h e  

maximum y i e l d  , o f  6 0 %  e t h a n o l  o b t a i n e d  w i t h  s p e r . i ~ a  o f  Saccha . romyces .  - 
Rollis i 1 r e p o r t e d  t h a t  Fusarium oxysporum can s u r v i v e  under 

e s s e n t i a l l y  a n a e r o b i c  c o n d i t i o n s  up t o  13 weeks, w h i l e  F.  e u m a r t i i  d e c l i n e d  - 
a f t e r  t h e  t h i r d  week. 

Anderson and h i s  coworkers ( 1 1 ,  exper iment ing  w i t h  'Fusar ium 9- 

9pOrum m e t a b o l i z i n g  g l u c o s e ,  found t h a t  i n  20 days  t h e  p e r c e n t a g e  o f  t h e  

o r i g i n a l  ca rbon  i n  t h e  farm of  e t h a n o l  was 49 .21 ,  which i n c r e a s e d  t o  51.89% 

a t  t h e  end nf 4 6  days.  .From t h e n  on ,  i~ was noced t h a t  t h e  amount of 

e t h a n o l  d e c r e a s e d  t o  47.88% a t  t h e  end of  t h e  exper iment ,  and t h e . a u t h o r s  

concluded t h a t  - F. oxy.sporum u t i l i z e s  e t h y l  aJ.cohol o n l y  s l i g h t l y .  



Lockwood a n d -  o t h e r s  (24)  'examined 29 s t r a i n s  of  Fusarium fo r .  meta- 

b o l i c  p r o d u c t s .  I n  s t u d y i n g  submerged c u l t u r e s  of  Fusar ium- oxysporum i n  a  

15% g l u c o s e  n u t r i e n t  s o l u t i o n ,  they  o b t a i n e d  t h e  f o l l o w i n g  d a t a  a t  t h e  end 

of t h e  1 4 t h  day of  e x p e r i m e n t a t i o n  ( a l l  v a l u e s  i n  grams) :  

I n i t i a l  g l u c o s e  
F i n a l  g l u c o s e  
Alcohol  ( c a l c u l a t e d  a s  g l u c o s e  = c .  a s  g . )  
U n i d e n t i f i e d  compounds ( c .  a s  g . )  
Carbon d i o x i d e  ' ( i n  N ~ O H ) ( C .  a s  g . )  
V o l a t i l e  o r g a n i c  compounds ( i n  H2s04)(c .  a s  g . )  
Mycelium ( c .  a s  g. ) 

T o t a l  carbon accounted f o r  ( c .  a s  g . )  
Carbon no t  'accounted f o r  ( c .  a s  g . )  

It i s  obv ious  from t h e  above d a t a  t h a t  t h e  e t h a n o l  y i e l d  was s u b s t a n t i a l .  

Many i n v e s t i g a t o r s  h a v e  s t u d i e d  t h e  f e r m e n t a t i v e  a b i l i t i e s  o f  

Fusarium oxysporum f .  s p .  lini ( t h e  c a u s e  of  f l a x  w i l t ) .  . Anderson and 

o t h e r s  ( 1 1 ,  i n  comparing t h e  f e r m e n t a t i v e  c o n v e r s i o n , o f  g l u c o s e  t o  e t h a n o l .  

by - F. oxysporum ( i n  t h i s  c a s e  a n o t h e r  forma s p e c i a l i s )  and - F. (oxysporum f .  

s p . )  .- l i n i ,  found t h a t ,  a t  t h e  maximum p o i n t  o f  e t h a n o l  p r o d u c t i o n ,  - -  F. l i n i  

conver ted  52.75% p f  t h e  o r i g i n a l  ca rbon  i n t o  a l c o h o l .  They a l s o  no ted  t h a t  ., 

a t  t h e  end o f  t h e  exper iment  t h e  o r i g i n a l  ca rbon  i n  t h e  form of  e t h a n o l  was 

on ly  2 9 . 5 1 % ~  and concluded t h a t  - F. l i n i  u t i l i z e s  e t h y l  a l c o h o l  a s  a  carbon 

s o u r c e .  E thano l  o x i d a t i o n  i n  - -  F. l i n i  r e v e a l s  t h e  c a p a c i t y  of  t h i s  fungus 

t o  o x i d i z e  pr imary and secondary a l c o h o l s  ( 7 ) .  

Cochrane ( 6 ) ,  u s i n g  resting c c l l s  of - F. 1 i n i .  ' m e t a b o l i z i n g  g l u c o s e ,  

was a b l e  t o  conf i rm e a r l i e r  c l a ims  t h a t  g l u c o s e  i s  c o n v e r t e d ,  a s  i n  y e a s t ,  - , 

t o  two moles of  e t h y l  a l c o h o l  and two of carbon d i o x i d e .  He f o u n d ' a l d o l a s e  

(one of t h e  enzymes which i s .  c h a r a c t e r i s t i c  o f  t h e  EMF' pathway),  t r i o s e  

phosphate  dehydrogenase ,  and e t h a n o l  dehydrogenase i n  e x t r a c t s  o f  ~ u i a r i u m  

l i n i .  Cochrane concluded t h a t  g l u c o s e  f e r m e n t a t i o n  by - -  F. l i n i  f o l l o w s ' t h e  
. . 

EMP pathway. 

P e n t o s e  f e r m e n t a t i o n  by Fusarium s p e c i e s  h a s  been c o n s i d e r e d  a s  t h e  

model mechanism p o s s i b l y  o c c u r r i n g  i n  s e v e r a l  o t h e r  s p e c i e $  . of  f u n g i .  

R e s t i n g  c e l l s  of  F. l i n i  have been no ted  t o  ferment x y l o s e  i n  t h i s  sequence: '  - -  



x y l o s e  + t r i o s e  phospha te  + a c e t y l  phospha te ;  t r i o s e  phosphate  - e t h a n o l  + 

carbon  d i o x i d e ;  a c e t y l  phosphate  --+ a c e t a t e  ( 6 ,  1 2 ) .  White and Willaman (39)  

and L e t c h e r  and Willaman (21)  have observed t h a t  w h i l e  f e r m e n t a t i o n  of 

hexoses  w i t h  F. l i n i  y i e l d s  equa l  amounts of  carbon i n  e t h a n o l  and carbon - - 
d i o x i d e  a s  do t h e  y e a s t s ,  w i t h  pen toses  (which y e a s t s  cannot  f e rment )  t h e  

r a t i o  is  n e a r l y  1:l. L ike  y e a s t ,  - F.  - l i n i  c a ~ i  d i r e c t l y  and i n d i r e c t l y  

f e r m e n t . t h e  d i s a c c h a r i d e s  m a l t o s e  and g a l a c t o s e  ( 2 8 ) .  

Through ca rbon  b a l a n c e  methodology,  White and w i l l a h a n  (39)  have 

t a b u l a t e d  t h e i r  r e s u l t s  f r n m  t h e  f e r m e n t a t i o n .  of a r a b i n o s e  Ly - F. - l i n i  

a s  a p e r c e n t a g e  carhnn di.9 t r i b u t  i o n  t h a t  f o l l o w s :  

- 
Age of 
c111 r .11 . r~  ' Carbon Lead precl= T o t a l  . 

( d a y s )  . Mycelium Dioxide  . Alcohol p i t a t e  Sugar Carbon 

L c t c h c r  and Willall~all (21)  have r e p o r t e d  t h a t  no t  a l l  i s o l a t e s  of 

a  s p e c i e s  a r e  e q u a l l y  e f f i c i e n . t  i n  y i e l d i n g  e t h a n o l .  E i g h t  i s o l a t e s  

of  F.  . - l i n i  produced v a r y i n g  q u a n t i t i e s  of e t h a n o l  on t h e  same i i~ediua~. 

They a l s o  Iuund t r a c e s  of  a c e t a l d e h y d e  i n  t h e i r  c u l t u r e  media,  i n d i c a t i n g  

t h a t  a c e t a l d e h y d e  p o s s i b l y  o r i g i n a t e d  from t h e  a l c o h o l i c  f ,ermenta t ion.  



CONCLUSIONS 

This review of literature reveals the ability of Fus'arium species 

. to both degrade phytomass and yield ethanol via fermentation. It is worth 

emphasizing that many authors have pointed out both the quantitative .and 

qualitative s'imilarities in fermentative activities of Fusaria and yeasts. 

They have also noted the superiority of Fusaria over yeasts in degrading 

cellulose, lignin, and other plant constituents, as well a s .  in fermenting 

pentoses. Furthermore, Fusaria can compete successfully with most of the 

microorganisms in degrading and fermenting phytomass simultaneously. 

Members of the genus Fusarium are associated with vigorous ethanol forma- 
. . . . 

tion even under aerobic conditions and that is why  irki ins haw ( 3 )  called 

them "the alcohoi formers par excellence. I' 

It is obvious that further research is needed to elucidate certain 

biochemical, genet icy and ecological matters concerning Fusarium strains. 

before considering them for lignocellulose decomposition and ethanol 

product ion. Efforts should be concentrated' on the isolation, selection; 

and development of Fusarium strains having the ability to economically 

degrade and ferment phytomass to ethanol. Furthermore, consideration 

shou1.d also be given to. the economic, technological, environmental, and 

sociopolitical issues relevant to this technology. 
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