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seE WAEAZL & Qe Aoz 4#A A9
AR (FZ Saccharomyces %)7} D-xylosed] ©]
74AQ1 D-xyluloseE F7]H0.2 0|88 5+ 4l
= AFelth? Dxylose= xylose isomerase®l <]
& D-xyluloseZ A&E < 7] W& xylose
isomerase®t ARXE °] &3t 20A dwg @
EEAo] /ME=E 2 1t} B4, Pachysolen 49
°lu Candida £ &3t 2F9 AR} &
718 =& P78 02 DxyloseE Ne-&2 A H
A8 4= Jdvh= Aol o] ¥l & Fusarium sp.
®1} Mucor sp.”% D-xyloseS ol&t-&2 23
BA7le Aeg dEA gl a3 g9
Alggo] &g, 24 2, 3-butanediol, acetone,
isopropanol, butanols ¢ &% ¥3-& D-xylo-
seZHEH AL F Uk AH, TFHAM A
AR E AEAAN 9 @538 Tases g2, D-
xylosexw ZAY Y FAEA dojxr] o
o, 4% g 9FS FA e w3,
o] &5 A ¥t T vAE biomass(SCP) ] A
e B3le) B8 AEE FHE + 399 (Fig.
1.
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l Acid — XYLOSE+
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Fig. 1. Comparison of ethanol production from grain and lignocellulosic residues,

2o A biomassE cellucoseWrE o}t B
hemicelluloseE &3t ATt ©|E hemicellu-
loseE #elF ez ddgz FEAZ 5 o4,
24 biomass®] & WA BE& HAF olods
71t & 4 Atk Hemicellulose®] T4 %2 D-xy-
loseolt}, HZ7A D-Xyloseol &=+ 77
B9} FFuAle Aibol A&5 = xylitol ©f A
A A8 furfural o A4 98524 AFE-Ho
gtou} A71o) 71&3% 24 o) AR 9
et BHF 7HAZA 7L wolA L JYTt?

A ez 38 FAH vgEA
A% rad) o) Bidga vk dAe e
THE YL A{u AAVtAZEE 538
g g8 Ax=H dov, BE 8§
HEe R, @Y, A dae o) Ayt
g2 Y8 g 8 = e Fa% 9
B FHdoY 9 #EAYPAA dojXe 2
B EA38 = g3 Eot.

Enol A& pentosesthAt 2} D-xylose'd &ojl
¥ &}, hemicellulose’d ©53}E (53] D-xy-
lose) 9] ©|8&4, pentoset Al ¥ & EL} Aol
93 D-xyloseZ%-E og-g AAko) @3l 7)

=3t

L2

[I. Hemicellulose 2] ©o]-&4

1. Hemicellulose2| =9} =A

Hemicellulose© glucose, galactose, mannose,
xylose, arabinose, unonic acids% 2] &3 o],
T4 A3 8ol uwtel D-glactan, D-mannan, D-Xylan,
L-arabinan5 0.2 B {F 3o} 22}, o]E2 HE
TL3 glycans® ESA 3t Zo] opel, ket
FE& Rt heteroglycansz EAgct, £3)
WA = Ehemicelluloses®) T2+ Fig. 2 9 2t}
HEH Y MEH(GH
lamella) 2ol £X 5o o™, cellulose$} lig-
min°ll Z¥ o] gt

Hemicellulosed] v} ¢ A5, 2379
e, AS A, As 87, A 24, A,
FEU T o} o g3 7] &), hemi-
cellulose ] HH AN FZAUE AvjE ojHy}p v
7} FREA EA3FE hemicellulose?] & ¥
= D-xyloseZ Ao &4 24 L-arabinoseE %+
Rolth 2 A Z A o] 59| 4HZo] 91oIA hemi-
cellulose®] %2 Table 17 2t}

Hemicellulose® F=
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—4) —B8-D-Xylp- (1—4) -8-D-Xylp— (1—4) —f-D-Xylp— (1—=+4) ~8-D-Xylp- (1

3 3
a—L— Araf a—L—Araf
L — Arabino — D —xylan (wheat flour) (n
—4) ~A-D-Xylp- (1-4) -B-D-Xylp~ (1—+4) ~8 -D~Xylp - (1—+4) - -D-Xylp— (1—
3 2
a~L~-Araf a—D~-GlepA
L - Arabino —D - Glucurono— D —xylan (grass) (II)
Acetyl
3
—4) —f—-D-Xylp- (1—+4) -g-D~Xylp— (1—+4) -f-D—-Xylp- (1—~4) ~f-D-Xylp - (1—~
2 2
a—D-GlcpA a—D-GlcpA

D - Glucurono — D —xylan (wood) ()
Fig. 2. Structure of some commonly occurring hemicelluloses ! Araf = arabinofuranose,
Xylp=Xylopyranoside, Glcp A =glucopyranosyluronide,

Table 1, Biomass constituents®,

Type of material  Hemicelluose Cellulose  Lignins
% % %
Monocotyledons
Stems 25~50 25~40  10~30
Leaves 80~85 15~20 -
Fibers 5~20 80~95 -
Woods
Hardwood
. 25~40 40~55  18~25
(angiosperms)
Softwaod B~ 45~50  25~3
(gymnosperms)
Papers
Newspaper 25~40 40~55 18~30
Wastepaper 10~20 60~70 5~10
Waste fibers 20~30 60~80 2~10

i A Eolu} degdgel oI E xylanol
hemicellulosed] 713 & WMEE AAF Y, A&

Aol wre} Fol7h Ak, YukA o FAF xy-

lan##(11~25%) A5 (3~8%)9 A4H
o =t Fd FAAEL] AuiHQ @435 D-
xyloseo]t, &4 A E 9] xylanFFL 17~31
%ot} FH FAE9 hemicellulosed 43
E9] §Fv= Table 29 2™

2. Hemicellulose2| 723l

Hemicelluloset cellulose®tE= @2 ¥l 3 4
1 F2E 7IAY, o] 2 BEAFZ = Z8A o
Ae] g 803 3t l R A g F A%
Acetyl?] & 7HrElol 93] |4 o|gHH, ojuf
AAUE acetic acid= hemicellulosed] #3HE
3%

UutH 0 2 hemicellulose BF3HE 2 Fo 4t
of &g A A spiafo)] o3 Ly g Id
T Atk F5& gkl 93 hardwood residues
o 7S T4 Ad¥tH o g Fig 33 @2
w71} 2 (Quercus falcota) & 3 9ol E& &4t
sbpra TR os 80%c]lde] D-xylose”}
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Table 2. Hemicellulose neutral carbohydrate content of agricultural residues'

Plant residues

% of total sugars

Mannose &

Xylose Arabinose Glucose Galactose

Corn residues

Cobs 65. 1 9.6 25.3 -

Leaves 59 9.4 29.1 2.5

Stalks 70.5 9.0 14.5 59

Husks 53.5 12.3 32.6 L6

Pith 71.5 9.8 15.7 3

Fibers 63.8 6.6 26.8 2.8
Wheat straw 57.9 9.1 28.1 5
Soybean

Stalks and leaves 59.9 6.6 6.1 27.4

Hulls 26.6 12.7 21. 39.7
Sunflower 6

Stalks 60. 6 2.2 32.5 4.6

Pith 10.7 11.8 63.2 14
Flax straw 64. 6 12.8 1.2 214
Sweet clover hays 49. 3 21.9 8.6 9.9
Peanut hulls 46.3 5 46.6 2.1
Sugar cane bagasse 59.5 14.5 26 -

HySo, WATER LIQUID
Biomass WASH WATER
—l STEAM
L SPENT
RESIDUE
SHREDDER ROTARY FILTER
HYDROLYSIS REACTOR
LIME
STEAM
7% PENTOSE SOLUTION CaSo,
STORAGE TANK EVAPORATOR FILTER NEUTRALIZER

(TRIPLE-EFFECT)

Fig. 3. Simplified flow diagram —pentose production from hardwood residue ",
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FE yon, S5 FA4EY F¢oE 08N
12% 9 w& 4 7hE3(100°C, 30) 9l he-
micellulose €532 2] 90% o]’do] FET®
7} 7399 heJA cellulose’d gL K} 7
A 2 TA 28 D-glucose® 3 ¢
&L v v

2 MR 8 BH L D-xylose} D-glu-
cose2HEl Ak furfural®} hydroxymethy-
lfurfurale] WA= = Holt} o] AEL Yut
Aoz nAEd 548 Jehdg®

Folv T FAEMIANA RAAEE AR
= biomasst Table 3¢} 2T A&l A i 74
Fallol 93 hemicellulose’d ©43E& 343
I, o]E B (FZ D-xylose) & det&2 AFA
Fle 4& dA AR ALH biomass® &
"ol A a3 dos d9E 5 Utk

Table 3. Some potential agricultural and
agro-industrial cellulosic residues',

By-products

Crop Rice straw,wheat straw,mai- '

ze stalk, castor stem, tapioca
stem, banama stem, coconut st-
em, cotton stick, corn cobs,
bamboo dust
Agro-industrial
Rice-milling industry ~ Rice husk,rice bran
Sugar industry Bagasse, molasses, pressmud
Cotton ginning industry ~ Cotton linters,cotton seed hull,
cotton gin waste
Jute sticks, jute mill waste
Sawdust

Coconut husk, shell and pith

Jute industry
Sawmill industry
Coconut industry

. D-xylose2] tjx}

o)A Eo o3 ofeE kel UoIA D-xylo-
sex= D-glucose 1 d g7 o] &2 &t} D-xy-

lose®} D-glucoset Al o] &-5l& A 3H83 A
A27} gz7] wEolt}d. D-xylose™ pentose
phosphate pathway(PPP) & ¥ 3to) tiAtE ), Al
ZIYE 4% Dxylosex 0|43 v+8 =& @
YA18 W8-S AAX D-xylulose® AZE} D-
Xylulose® <148t W88 Z3 D-xylulose-5-
phosphate2 X & AUl PPPE &+ EMPZZ9}
43 A45 312, °] D-xylulose-5-phospha-
te phosphoketolases] 28] glyceraldehyde-3-

* phosphateZ ¥3|5lo] EMPZA2E £3) dg2

2 Agdd.

AANY | AET A o] AWEL pentose A
o x7] dAAA M2 e B2(Fig 98 ¥
8l D-xylulose-5-phosphate2 A EE Ao 2
42 A don 22 Dxylose2] ¥ D-xylulose-
5-phosphate 2] <¢14+3} wH-g-o] D-xyloseth Ao
AAA ArEQd &£x Alg GAV P}

Bacteria Yeasts and
Xylose NADPH Fungi
Xylose NADP &(ylose
Isomerase X;rlitol
Xylulose } NAD
<:NADH
Xylulose

Fig 4. Yeasts and bacteria generally
employ different pathways for
D-xylose assimilation,

1. Mzof AIA L] D-xyloseCh AL}
&

B2 AdEol @297 duUAYeR D-xy-
loseE o] &3t} diF-E-9 Mol A D-xylose
ZRE D-xyluloseZ9] o]4s} ¥&o] D-xylose
WAL A @A A dojdet, 18, Enteroba-
cter sp. W} Corynebacterium sp.2] Al#E& D-
xylose thALS] A ©AlA Y45l eS &
3o} D-xyloseE xylitol2 @3t} 22 D-Xylose
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o #Yol Y83 NADPHE NADPHOI&A 5-
phosphogluconate o3t 6-
phosphogluconate®] 4t3lell o}3fe] A At} 2
o2 Ao M= pentosed] FFHAQ QA
3t Wrgo] A A7 drt 9 ZA D-ribosex D-

Xylito ]
ylo’ \
1

dehydrogenase ©]

ribose-5-phosphate2 3 <14tstsl, thA] D-
ribulose-5-phosphate2 o] 43l € ) Ala2 ¥
WA o 2 pentosetAHE E 3 Key intermediate
Q1 D-xylulose-5-phosphateE THET). Pentosesth
Abe) z7] @A & Fig. 59 #o.®

2
D-Xylose ————+ D-Xylulose —— D-Xylulose-5-phosphate]

I

1 2
L-Arabinose —— L-Ribulose ——s L-Ribulose-5-phosphate

|

L-Arabitol

fs

L-Xylutose ——— L-Xylulose-5-phosphate

Fig. 5. D—Xylose and L-arabinose metabolism by bacteria*®,
1, pentose isomerase. 2. pentulokinase.
3. pentitol dehydrogenase .and 4. epimerases

ne

Ao 2 Aol AojA D-xylosed &5+
TEA el o3 dojdrh FTY B9l
AF AR 53 DxyloseF S+ proton (H*) <)
3 BA7E Ak ol 7)ot FEHY FA A
2

[“C] D-xylose®] %32 tetrachlorosalicylamide
(TCS), 24-dinitrophenol (DNP), carbenylcyanide
m-chloropheylhydrazine® #°] H' gradient®
958+ uncoupling agentsoll 234 A & 5 A
7t NaFt} arsenate®} #o] A|X o] ATPE =&
A7 A PEPEAS Wallste Ed o3
Al D-xylose &= A 3¢ et o] AHd L D-
xylose®47} chemiosmic mechanismol <3 ¢
o]'d& ¢Jm 3t} Staphylococcus xylosustt S.
saprophyticus®] 7] D-xylose &%+ PEP-
phosphostransferase Al 9  #AIRle]  Uofrird,
Lactobacillus casei®] Q1014+ 7148 &) 3 PEP-
phosphotransferaseZl ol 2J3] &t}

) F 9] D-xylose 5 ¥l & Eo]F o]},

Salmonella typhimurium® A-$= EolAjo] ¥
t}, =, L-anabinosedl Al AS-¥ A oA D-xy-
loseZt A A=, 1 ghge] Bk dojut
t}, D-Xylose?] &<+ xylitol® L-arabinoseol
9|8 74 A= A4, D-arabinose, D-Iyxose, L-lyxo-

seohz ZASA gk

20 JAML| D-xylose CHALR}

aAny FFole FHY-Atsnbg2 Fske] D-
xyloseE t)ALSITH?Y 29l Lo D-xylosew
NADPH,-dependent aldoreductase®l <3 xyli-
tol2 3¢, xylitol> NAD-depenpent D-xy-
lulose reductase®ll €] 3 D-xylulose & HZ¢}®
%3}, D-xylulose¥ D-xylulose-5-phosphate @ <!
28hE|o), PPPZA 29 EMPA 22 %39 Pyru-
vate2 ZEH ) D-Xylose@ o] 8 7= 271
NADPH,= HI ¥ @438 tiitd] oz A
THe Ao ofAZ . NADPH»= PPP7 2ol
A1 glucose-6-phosphate2] D-ribulose-5-phosphate
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L-Arabinose
NADPH*H*D NADPH*H*
1
NADP* NADP*
L-Arabitol NADP*
NADPH H* NAD"
L-Xylulose NADH, H*
D-
ATP

ADP>

D-Xylulose-5-Phosphate

D-Xylose

2

Xyl

Xyl

D-Glucose-6-Phosphate

itol

ulose D-Ribose-5-Phosphate

3

D-Ribose-5-Phosphate

4

D-Glyceraldehyde-3-Phosphate + D-Fructose-6-Phosphate

/

Embden-Meyerhof Pathway

Fig. 6. D-Xylose and L-arabinose metabolism by yeasts 1 aldoreductase; 2. D-xylulose
reductase; 3. D-xylulose kinase; 4. transaldolase and transketolase; and

5. D-xylose isomerase

29] J3}o) ol &) A € (Fig.6). D-Fructose-
6-phosphate= D-glucose-6-phosphate®} 414;3]
HYL o]F7] wWFo| D-xylosed] 4+s}-3gut
€& TTHoE O A W o ZRE NA-
DPH.& ¥H3A €v}® =3, SX & L-arabi-
noseE AHee PPPA 29 Key intermediate$)
D-xylulose-5-phosphate & A &2} 71},

EX2 9 Dxylose F4€ FA 4 £ 5534
Futol o] & Yoldt], S, cerevisiae= D-xylose &
ol 8% + gAY, A B4l 9JF D-xyloseE
F5 3k ® Dxylose &% D-glucose &9
FA S} B3, D-glucose EA 3ol A D-xy-
losett L-arabinose®] &7t 3713 zZA
2o @714 2144 ©f m27] fEelt}. D-G-
lucose7t §1& Alole o= ZAAME T
7t gojdk®

AR 23 Dxylose &<+ Rhodotorulasl A

Bol AF=o] glor, FF3 utd o F
F7b dojda® 3714 Z 3o A D-xylose
F9E 2mM9 Km#tg 7FAHA 100094 2
SRR A E oA, A 2HAM=
471 Fadn ol 3714 AR D-xylose
Fde 4 FHE0] BFAYE JYEREG®

Alcorn %3’ R. glutinis®] D-xylose &40l
Holx 2% 79 carrier’t ¥ IO
B2 Km#tS 2+ carriers 5438 A48 Ao
Re AR A 7o} el o3 o
A7} A E o). Hexoses7} D-xylose&F 45 3 A
o g Aa}etAyt, X2 Kmak
Bt} 2 5ol48 Jehdr

BE D-xylose$} D-galactose= 5L SutH7 4
93 F4H AL D-fructose F5E UGE 4
Aol 23] o]t} D-xylose= D-glucosamine
BAAARoz AfseH, ol ol

€ 7= carriere

=

P = -

TE
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Bl Td WA A&E HEALY

R. glutinisel 93 @3H{Y polyols? FFE
H*9] o]Fo] oaf FHEct H* uf7] &ulof
Y4AQ HAdE ALA doley NEY F
2ol oz M, pH oJ&EAo] W§ Foh¥
Hoften 5 D-xylosed] MEW F=7} 959
pHell o8 ®ists s, 1 gidje] ZF9= dojd
i g ol /1YL carrier 3138 o]
o] % pHell 93] 7tgH oz Wstg s 9§t
D-xylose 59} H' S| A %A @A A F55H =
D-xylose $H¥-x3 dtihe] H*71 AM8-€r)

3. D-XyloseZ5H
phosphatez22} X3t

D-xylulose-5-

D-Xylosex= AMXEWolA % D-xyluloseZ 7
g5 AstAth Mde dHFo 2 jsome-
raseE ¢4 3t Dxylulose® HEAFIAT, &
Ty ZFole 20l F9-Akaute-S 53}
D-xylulose2 A ZA] 71t} 220

A9 0ol A D-xyloseZHE D-xylulose 2 9|
A&7 o] Dxylose ALY 717 F8§ A
ojth, R AEI $7]HOE D-xyloseE
ol &3t Ao R deiA e, BAA A7
2o 2 D-xyloseE ©]&3td A{3e ARE
A YA gr}® utdel] D-xyluloseE 3713
o2 thrkste s Al AEE BY
(Table 4)3 JRE 9 AW7} 57|30 & Dxy-
loseE °l&3tthe AL D-xylulose2 9] 49l-

A3l Fo] Abio Q] ZAHS wo U:} o] %
dol 3713 dlAlel #gde A& Ve
D-Xylose isomenase & AH-8-3h= A4S 373

e 7|8 oE D-xylosed
Hepe] HEFEE P3G W

7t olMEHE

D-Xylose isomerase= 719 3 ¢l o] 4 3}w+2-(D-
xylose=D-xylulose %=+ D-glucose=D-fructose)
€ Fc? YR de A A D-xylose isomera-

ol gt Thra

Table 4. Ethanol fermention by yeasts®.

Ethanol produced %, wt /vol)

Strain
D-Glucose®  D-Xylu-  D-Xy-
lose lose®
C.didensii 20213 1.23 0.41 tr
C.utilis 9256 2.85 0.39 tr
R.toruoides 26194 0 0 0
R. glutinis var. 0 0 0
salivaria 34295
S.carlshergensis 2.93 1.39 0
26602
S.cerevisiae 24360 2.85 1.08 0
S.diastaticus 28338 2.89 0.69 tr
S.fibdigera 32693 0.15 0 tr
T.candida 20214 0.3 0.23 ir
T.melibiosaceum 0.78 0 0
28580
S.cerevisige| yeast 2.89 1.0 0
cake)
S.cerevisiae (RD) 2.96 0.77 0

set & 16% 2] D-xyloseZ D-xylulose2 A
A® o] % 2x9 F7h borate®] H7tel
o} 3 713} ® 0.2M 9] Borax &2 8ol A 1M 9]
D-xylose= W 80%7A D-xylulose® A 3Hd
o.® D-Xylose isomerased} & pHY L=
ol we} 2ol 7} 9l o), 50~90°C 2} pH 6.0~9.5
9] ¥ 9ol 9t} [somerased E4ole HE Co?',
Mg'", Mn** ¢} 27} %ol 20| 7€

Klebsiella pneumoniae®] D-xylose isomerase
9} D-xylulokinase &= D-xyloseol 218l # =€}
Staphylococcus®] 7 9ol &
A& A& 3= xylitolol €3 D-xylose thAI7}
LRz

K. pneumoniae® 7, aldosest ©]4 3}oll
o), pentitols& 2+3HY P%°ﬂ-4?fﬂ Z}z} o8-8k
pentuloses® F #H th(Fig, 7).V D-Xvluloses= D-
xylose, D-arabitol, D-lyxose, xylitol®] AE-o]m,

D-xylose isomerase
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D-Ribose e D-Ribose-5-P
D- Arabinose lsomerase 4 Isomerase
Kinase )
D-Ribulose D-Ribulose-5-P
- Dehydrogenase
Ribitol t
Isomerase .
D-Xylose— 3-Epimerase
Isomerase
D-Lyxose )
D-Xylulose Kinase D-Xvlul =
= Aylulos - ulose-5-
. Dehydrogenase Yy
D- Arabitol
Xylitol Dehydrogenase 4-Epimerase
i Isomerase . Kinase
L-Arabinose L-Ribulos e—————— + 1 -Ribulose-5-P
Isomerase
L-Xylose
3-Epimerase
Isomerase
L-Lyxose )
L-Xylulose Kinase P
~ u - P =
. Dehydrogenase y, L-Xylulose-5
L-Arabitol

Fig. 7. Conversion of pentoses and pentitols to D-xylulose-5-phosphate ‘.

t}2 pentosest} pentitols= D-E+= L-ribuloset}
L-xyluloseZ H#HAc} ©]E pentuloses= kina-
sedll &) Q143 H T, isomeraseS} epimerasedl]
2] & D-xylulose-5-phosphate2 <& §hc}.

D-Xylose isomerasex Candida utilis® ¢} R.
glutinis? = EAF}. C. utilis® D-xylose
isomenaset™ D-xyloseE &3k wlAolA A
S8 9 gt o] 549 4 pHE 65 33
25 70°ColH, 27F ¥o]&]] Mn*!, Co?*, Mg
*Z 233t} R. glutinis®) 73$-9] D-xylose ™
AHE $13] D-xylose isomenase®] f %7} & 3
L3}

Lh BHRl-AHsIEES

D-Xylose2] xylitol2] 3L aldose reductaseZ
233 alditol:NADP l-oxidoreductaseol] 2]3}4
Zudt? AAE B4 Fg 71Fd U8
#9& YEP A2 (Table 5), 53] D-glycero ¥l
A9 2 A G0 OHZE Ze Foll 3 BAdo)

7v4 o2 ARy F3gold Ao D-xylose
#94& Fvjste A4 NADPHO tid So)4
< Zegw

Xylitol®] D-xyluloseoll 2] 23} xylitol:NAD
2-oxidoreductasedl] ]3] ZujHt}? o] uHlL o
7t A o] 31, NADHS] At3lel o} 8] D-xylulose, D-
fructose, D-ribuloseE X33 22 etulose’}
/3 €1} (Table 6).47"

D-Xylose® ©4 Y7 iAoz o8

AE ARY FFolE D-xylulosed H.4ts}ut
€ FWd F de 54 B4L JEHAY (Ta-

ble 7).20

Suzuki $*®< Pichia quercuume®lA]l -4
FZ 99 93] D-xyloseZHE xylonic acid9} xy-
litolo] FA]ol At he AHL-S 3G D-
Xylose dehydrogenase &74-2 NADPo| ¢o]&3
0], D-xylose reductase ¥4 NADPHoI
J=FHo|Att o]E FEAE NADS NADP9 )
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Table 5, Substrate specificity of NADPH-polyol dehydrogenase from yeasts and

mycelial fungi

Substrates

Relative activity (%)

Candida Candida Melampsora Penicillum

albicans utilis lini chrysogenum
D-Xylose 100 100 100 100
L-Xylose 5 0 - 0
D-Arabinose 13 0 - 0
L-Arabinose 76 216 118 25
D-Ribose 71 69 77 25
D-Lyxose 11 0 - -
D-Glucose 36 27 14 -
D-Galactose 69 81 12 -
D-Mannose 5 0 10 -
D-Fructose 2 - -
2 D-Xylose = 100%

Table 6. Substrate specificity of NAD-poylol dehydrogenase

Substrates Relative activity (%)*

Candida C Candida Candida Pullularia

albicans* utilis®® ulilis*® pullulans®’
Xylitol 100 100 100 100
L-Arabito! 5 9.2 1 0
D-Arabitol 2 - 7 0
D-Ribitol 50 0 23 0
D-Mannitol 4 7.4 23 0
Sorbitol 72 44. 4 87 0
Frvthritol - - 1 0

2 Xylitol=100%

A& T3 BAe] Mk

gnka oz A& xylitol A4S 93 xylose
reductase*” 9} pentitols HAFS 93 NAD S| &4
pentitol dehydnogenase® =% Az vk

Ch clitsitts

D-Xylulokinase = D-xyluloseolt 4] D-xylulose-5-
phosphate 2 9] 12F3puk-8-& Zm3ic), o] &4

£ Mitsuhashi 50 23] X3S & lactobacilli
o A gr& Mt} Wilson $4-2 Aerobacter aero-
genesol| A 2709 22 ¥ D-xylulokinase”} D-xy-
losett D-arabitolo] 93] f=2& HAA ¢
HAE AR Kmak# 713 S|4 & 2=t D-
Arabitoll 4 fr =¥ D-xylulokinasets ¥ %+ 54,
0002] subunit® TAE dimer24 Km#te 0.8
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Table 7. Specific activities of xylose

reductase and xylitol dehydrogen-
ase in mycelial fungi and yeasts?,

Organisms Specific activities®
Xylose Xylitol
reductase | dehydrogenase

Mycelial Fungi 0.32

Aspergillus funigatus 0.23 0.084
Aspergillus ochraceus 0.33 0.065
Aspergillus oryzae 0.65 1.41
Aspergillus niger 1.01 0.1
Byssochlemys fulva 1.71 0.081
Gliocladium roseum 2.89 0.198
Myrothecium verrucaria 0.40 0.256
Neurospora crassa 2.32 0.079
Penicillium chrysogenum 2.33 0.217
Penicillium citrinum 2.34 0.261
Penicillium expansum 2 0.136

Yeasts

Rhodotorula glutinis 1.02 0.071
Torul opsis utilis 1.39 0.112

2 Micromoles substrates reduced or oxidized per mg protein

mM, Vmax¥ 150pzmol/min/mg protein ©] A Th™

gx4) o)A D-xylulokinase?] A& B2
H 27} Dxylulose® #7148 = ¥rjyo=
o] &% F e T i APH R IAHL
1t} w2}l A, D-xylulokinase= constitutive en-
zyme2L2A A X ol ZAFAY & AT
7180 o3 uh9- &3] FrHe AAYS &
Al et

V. %4 23 D-xylose 25 ¥
of -8 A Ak

19813 Schneider E5¢] & X9 Pachysolen
tannophilus7t £713 ZZA8}d] DxyloseE 34
ez AL F Qvhes Rt Y& ol F,
Ao % e At T A7t LI
AP et H27HA diE BEE FA
ARE o] &3l D-xyloseZ2HE &2 AH
A& A7 2#E Table 89l ¥t - g oF3hed
Hgtr,

Table 8. Summary of D-xylose direct fermentation to ethanol (100% D-xylose utilization)

Initiall  Maximum  Maximum % of
. . D-xylose  ethanol ethanol theoretical  Fermentation
Microorganisms . . . Reference
concn. conan, yield ethanol yield time
/1) (g/1) coefficient
(g/g)

Aureobasidium pullulans 20 4.2 0.21 41 72h Y|
Candida sp. XE217 XF 50 21.0 0.42 82 60h 55
Candida shehatae CSIR-Y492 90 26.2 0.27 57 40h 56
Candida tropicalis ATCC1369 75 8.3 0.11 22 144h 5
Clavispora sp. 83—-877-1 20 5.9 0.29 57 80h 58
Kluyveromyces marxianus SUB-80-S - 20 5.6 0.28 55 48h 59
Kluyveromyces cellobiavorus KY5199 100 30.0 0.31 61 * 60
Pachysolen tannophilus 100 13.0 0.22 4 106h 61
Pachysolen tannophilus NRRL Y-2460 50 15.0 0.30 60 130h 62
Pichia stipitis NRRL Y-7124 75 30.0 0.25 49 120h 63

Theoretical yeild was assumed to be 0,51 g of ethanol per g of D-xylose
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Fig. 8. Ethanol production by Candide tropi-
cals ATCC 1369 under aerobic conditions®
Cells were grown in 33m| yeast nitrogen base
(Difco) plus 7.5% D-xylose (YNX-7.5%)at
28°C with shaking at 200rpm;initial cell growth
was rapid and preceded the appearance of
ethanol,

After 1d(A), some cultures were switched
to anaerobic conditions by replacing cotton
plugs with rubber stoppers and flushing with
nitrogen (C]—[]). After 3d (B), other cul-
tures were supplemented with additional
xylose ()~ (), Control cultures (A — A)were
maintained under original conditions. Brack-
ets show standard deviations obtained in
triplicate flasks.
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Table 9. Effect of the r ate of oxygen supply on the kinetic paramets of Candida
shehatae CSIR-Y 492, The maximum values are given®,

KINETIC CULTIVATION CONDITIONS
PARAMETER Oxygen-limited Semi-aerobic Aerobic
ymax, h™! 0.25 0.31 0.38
qp, h™' 0.28 0.26 0.1
Qp, g(¢h)! 1.31 2.24 2.35
Yp/s 0.29 0.2 0.11
Yx/s 0.1 0.27 0.33

P. tannophilus™ C. trophicalis®}= 28 ¢
A 7] 213 A D-xyloseZH-E o &g 7
acetic acidE A3t} (Fig. 9). ©1= phosphoke-

tolase’d 27} P. tannophilus®] =A% oJufdt
th B7171 e Ao 2 7HA FEATRE
g 27457} e Aie FA3%0.

— 250 ‘\W 500
EE: A A /O j
5 20F o {400 EE
J 4
Q 150k 4300 .
= q
3 0 =
< 7
2100+ 4200 S
@) S 5
Q >
S so0t 4100
z
<
i
& )
| g 0

0 2 4 6 8 0 12 14 6 18

TIME (DAY S)

Fig. 9. Comparison of Pachysolen tannophilus NRRL Y-2460 and
Candida tropicalis ATCC 1369 for ethanol production under
anaerobi ¢ conditions, Cells of both organisms were grown

in 33ml of YNX-7.5% with agitation at 150rpm for 3d har-

vested by centrifugation and inoculated to 33ml of the same

medium in a 50ml serum vial. Vials were sealed with thick
butyl rubber bungs (Belco) and sparged with N,.Inoculum

per vial: P. tannophilus =0.17mg dry weight (open symbols),

C. tropicalis =0.07mg dry weight (closed symbols )’
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Fig. 10. Pathways for the formation of products of the
mixed acid and 2. 3butanediol fermentations 7.
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Fig. 12. Pathways for the formation of acetone, butanol,
butyoc acid and isopropanol from pyruvate™.
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fermentation of aspen hydrolysate™,
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