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Gene1·al Introduction 

Cellulose is one of the most famous polymer in the world because it 

has intimately been connected with the history of man. Furthermore, 

cellulose is the most abundant biopolymer on earth. It is estimated that m 

least 1 o9 tons [Coughlan , 1985j or I 0 ll tons [Hess, 1928] of cellulo e are 

prod uced and dest royed annually. Therefore, it is worthwhile to clari fy 

the cellul ose degradation in the global carbon cycle in which 

microorgani sms play an importan t role. 

In catalyzing the digestion of crystalline cellu lose, celluloly ti c fungi 

such as Aspergillus sp., Penicillium. sp., Schizophyllwn sp .. Trichoderma 

sp. Phanerochaete ch rysosporiwn and Humicola, possess their indi vidual 

and excell ent cellulase systems. Trichoderrna reesei in particular has been 

exploi ted for cellulase production. It is we ll characterized that 

Trich oderma cellulase is a complex mixture of three main types of 

enzymes with different specifi city in hydrolyzing glycosidic bonds. The 

three main cellulase enzymes are: endo-cellul ase (1 ,4-~-D-g l u ca n-4-

glucanohydrolase, en do- l ,4- [:1 -glucanase, EG), exo-cellul ase ( l ,4-f) -D­

glucan-cell obiohydrolase, CBH) and ~ - g l ucosidase CB-D-glucosido­

glucohydrolase, ce llobiase). The predominant enzyme component is an 

exo-cellulase (C BH l) which amounts to 60% of the secreted cellulase 

protein [For example, Goyal et al. , l 99l[. 

The enzymatic hydrolysis of cellulose, particul arly hydrogen­

bonded and ordered crystalline cellulose, i s a very complex process. A s 

the cellulose is inso luble, the cellulases must diffuse and fit themselves to 

the st ructural feature of the substrate. The mechanism of the enzymatic 

degradati on of crystalline cel lulose has been investi gated by many 

researchers. Historically, Reese et al. [1950] assumed the ex istence of Cl 

and Cx componen ts and supposed that the Cl component acts on cellulose 

to shorten linear po ly-anhydrog lucose chains, and then Cx component 



degrades them to soluble small molecules and finally the small molecules 

are degraded to glucose by f)-glucosidase . The hydrogen bondase and 

swelling factor were a lso considered as one of the C 1-cellul ase reactions 

[Marsh et al., 1953 ; Reese & Gi lli ga n, 1954; King & Lee, 1967]. The 

find ings that cellobiohydrolases acted synergistical ly with Cx enzymes led 

to the fo rmul ati on of the endo/exo cooperation to degrade the c rystalline 

cel lulose !Wood & McCrae. 19721. Thus, the current consens us on the 

cellulolys is by enzy mes is as fo ll ows: endo- 1 ,4-B-glucanase (EGs) initially 

attack the amo rphous reg ion of cellulose mi c rofibril to geoerate multipl e 

sites for auack by CBHs, and con tinue to act synergistica ll y with exo-, and 

endo-type enzy mes to split pol ysaccharides, and then soluble oli gomers 

are hyd ro lyzed to glucose by EGs and cell obiase !Goyal et a l. . !991]. 

Furrhermore. Chanzy et al. I l 9841 and Enari et al. 11 9871 suggested that 

CB H l and CB H II had a mode of ac tion of endo-type as well as exo-type. 

A number of in vestiga tors regarded the crystallinity, the surface 

accessibility a nd the particle size of cellulosic substrates as the major 

factors affec tin g enzy me hydro lys is !Walker & Wil son, 19911 . The 

relati onship between the fine struc tural features and the digestibility in 

cell ul os ic materi a ls sho uld be clarified, not only for achievin g effective 

glucose production, but also for better uoderstanding of the reaction 

mechanism. It has not been co mpletely clarifi ed yet how the cellul ase 

degrade the cellul ose c rys tallite. Cow lin g aod Kirk 11976] first po inted out 

the imponance of foll ow in g eight substrate's characteristics associated 

with the substrate's ·'accessibilit·y to extracellu la r enzymes": ( l ) moisture 

content, (2) size of enzyme in relation to capi ll ary diameters, (3) the 

degree of c rys tallinity, (4) the unit dimensions, (5) conformatioo and 

steric ri gidity of the anhydroglucose units, (6) the deg ree of 

polymerization , (7) the presence of associated substances and (8) the type 

of substituent grou ps on the cellulose. The physical contact between 
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enzyme and a cell ulose chain is usually res tricted, because of the structure 

of cellulose crys tall i te . Fu rthe rmo re, in the plant cell wall s cellulose is 

e ncrus ted by li gnin and hemicell ulose and the microfibrils in 

commercia l! y avai I able cellulosic materi als a re re-crys ta llized and/o r 

aggregated [A ki shima et a l. . 1992 [. Thus. the co ntac t o f cellul ase to a 

cellul ose chain see ms 10 become more difficult. To improve the 

access ibility of substra te. the effective pretreatments have been 

inv es ti gated by ma ny researc hers. It was reasonable that Cowling and 

Kirk (1976 [ a nd Sinitsy n et a l. [1 99 1] considered tha t the millin g and 

chemi cal treatment ca used the inc rease in the specifi c surface a rea 

accessibl e to pro re in molecul es and decreased the c rystallinity index. 

These discussions are so me exampl es of the trends to cons ider the 

importa nce of the conditi ons of surface a rea o n the cellul ose c rys tallite to 

degrade with enzy me. Woodcock et a!. [19951 inves ti gated the dockin g of 

congo red to the surface of cellulose crystallite using mo lec ul a r 

mecha ni cs, whi ch showed a new way of investi gation on the surface 

structure of c rys ta lline cellulose. Concerning the exo-exo synergy of CBH 

I and CBH U. it is now co nsidered tha t a CBH actin g processivel y along 

the ce llulose surface and pee lin g off single su1f ace chains co uld induce 

di sorder o n the nex t layer o f the cha ins on the cellul ose c rys tal, a nd 

process ive e nzy me can uncove r new chain ends prev ious ly hidden under 

the surface and these caused the cellulose chain o n the crystallite to 

beco me short a nd more susceptible to the e nzyme I Divne e t a l., 1994; 

Samejima, I 995; T ee ri. 1997[ . 

Mo re recentl y, thro ugh a combination of bi ochemi cal and 

molecul ar biological approaches Lhe amino acid sequences of cell u.l ases 

from diffe ren t species hav e been reported and the relationship between the 

structure of the enzymes a nd the function was clarified [Henrissat er al, 

1989; Gilkes et a l. . 1991 : Henri ssat, 1992; Henri ssat & Bairoch. 1993 [. 
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Compari son of the deduced amino acid sequences of cellulases from 

different series revealed a common structural organization of enzymes 

with two di stinct domains I Knowles et al.. 1987; Teeti et al. , 1987 1. the 

larger domain. ··core". and the smaller domain. " tail" , namely the catalytic 

domain and the cellu lose binding domain (CBD) , respectively LBhikhabai 

& Petterson, 1984; Schumuck et al.. 1986; Abuja et a l. . 1988a. I 988b; 

Tilbeurgh et a l. . I 986: Tom meet al.. I 988: tahlberg et al. , 19911. and 

these domains are connected with flexible '' hinge'' [Knowles e t al. , 19871. 

Several investigatOrs have determined the three-dimensional structures of 

CBH I. CB H II from T. reesei rJ ohansson er a l. , 1989: Kra uli s e t a l. , 1989; 

Rouvinen et al. , 1990: Divne et a l. . 1994]. On the basis of the studies of 

the st ructu re of the enzymes. it is estimated that the catalytic domain of 

CB H are like a doughnut o r a c left, throu gh which a cellulose chain is 

drawn being chopped into cellobiose unit as it goes, and tbe CBD has one 

nat face. which contributes to the binding onto cellul ose and contains at 

least two tyrosine residues and a glutamine residue being essential for 

tight binding of the CBD to cellulose I Linder et al., 1995]. From thi s view 

point. Converse [1993] suggested that a free cel lulose chain end, "waving 

in the breeze" . ought to be very reactive and the adsorption regio n on 

enzyme acts like a plough to loosen the cellu lose chain fro m the fiber, so 

that the co ncentrat ion of cellulose chain ends available a t the surface of 

cellul ose c rystallite is importa nt. The actions of man y enzy mes, which are 

contained in a crude cellulase, a re considered to be different owing to the 

design of active-s ite tunnel s [Tee ri , 1997 J. 

Chanzy et a l. f 1985] suggested that CBH I from T. reesei could 

affect some disaggregation of cellulose into microfibrils from obse rv a tion 

by TEM of the residua l cellulose. From the observation of th e adsorption 

of ceiiulases to cellulose, it is il lustrated that the CBD could prevent 

nocculation of the cellulose crystallite suspension. Henrissat [1994] 
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suggested that the CBD could promote dispersion of comple · cellulosic 

substrates and release embedded substances such as hemicellulose. 

These previous investigations tend to be focu ed on the function of 

cellulases to degrade c rystalline cellul ose. T he a uthor thinks that it must 

be eq ua ll y important to investigate the structural feat ure of crys talline 

cellulose hydro lyzed with cellul ase to completely explai n the enzy matic 

hydrolysis of cellulose crys tallite, because not only the s urface structure 

of cellulose c rys ta llite but the three-dimensio nal structure, which is not 

completel y cl arified yet, s ho uld have an important relatio n to the 

enzymatic at tack. In recen t years. fortunately, the develo pment of the 

instrume nt s has accelerated the study on the s tructure of cell ul ose 

crystallites. T herefore, the aim of thi s thes is was to examin e how the 

charac te ri sti cs of the crystalline ce llul ose, s uch as aggregati on of ce llulose 

microfibri l and e ncrustation with li gnin , iniluenced the enzymati c 

susceptibility. An othe r aim o f thi s thesi s was to be that the morphological 

changes of ce llulosic substrates caused by mild hyd rolysis with e nzyme 

might give an informati o n abou t the s upe rmolecular s tructure of cellulose 

crystallite. 

Thi s study is composed of seven chapte rs. In C ha pte r I, the 

enzyma ti c susceptibility was co mpared in the xy lem differentiatin g zone in 

tracheid of gy mnosperm and in the wood fibers of a ngios pe rm. In the 

xy lem diffe re nti a tin g zone the depositing stages of cellulose, 

hemicellulose, and lignin have been clarified by Fujita e t a l. [1 979; 19871 

and Takabe et a!. 1198la; 1983; 1984; 1986a j. Ln the diffe re nti atin g 

tracheid and wood fiber , the intact cellul ose mi crofibril s are completely 

accessible to enzyme before li gnifi cation, o n the othe r ha nd , afte r 

li gnification the access ibilit y of the cel lulose mi crofibri ls in the tracheid 

are different fro m those in the wood fiber. Ln Chapter 2, the a uthor 

examined the changes of enzy matically hydrolyzed bundle of tracheids of 
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autohydrolyzed and ozone-treated softwood and discussed the influence of 

delignificat ion in the cell wal l and the aggregation of cellulose 

microfibrils o n enzymatic a ttack. In Chapters 3, 4 and 5, the enzymatic 

susceptibi liti e in the va ri ou cellulose samples were compared . ln Chapter 

3, the features of the enz matically hydrolyzed Avice! , cotto n linter pulp 

and Halocynthia cellulose were compared under various conditi ons. In 

Chapte r 4. rhe enzymatic susceptibilities of cellulose microfibril of the 

alga l-bacterial type were compared with those of the cotton-ramie type. In 

Chapter 5, the enzymatic s usceptibility of the microcrystalline cellulose in 

Cladophora sp. , the alga l-bacteri al type, was compared with that of 

Halocynrhia sp. In C hapters 6 and 7. the structures of cellulose 

microfibrils were spec ul a ted from the observations of the e nzy matic 

hydrolysis residues. The supe rmolecular structure of the algal - bac te ri al 

type ce llulose ' as referred to in C ha pte r 6, a nd tha t of Ha/ocynrhia 

cellulose, the cotlon- ramie type, in Chapter 7. 
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Chapter I. Featu res of cell walls in xylem developing zone 

of gym nosper m and angiosperm after enzymatic hyd1·ol ys is . 

I. Introdu ct ion 

For enhanci ng the susceptibility of lignified cell wall s to cell ulol ytic 

enzyme. pretreatments such as steaming, mechani ca l nullin g, X-ray 

irradiation , deli gnification with white- rot fungi , cookin g with organic 

solvents, and so forth, have been studied because intact wood meal is 

hardly degraded by the enzyme [Sudo et al. , 1976; Shimizu et al. , 1983: 

Hayashi et al. , 1989] . The enzymatic susceptibility of steamed wood chips 

is different amon g wood species [Shimiz u et al. , 1983], and it is related 

closely to the residual li gnin co ntent after autohydrolysis and successi ve 

extract ions fFujii et al.. 1985 1. It has been assu med that the enzymatic 

susceptibi liti es of polysaccharides in cell wall s depend on the li gnin 

encrustin g structu re. Guaiacy l li gnin fo rms in more rigid networks and 

masks polysaccharides more tightly than syrin gy l li gnin does [Fujii et a l. , 

1985; Teras hima et al. , 1986; Fujii et al. , 1987; Terashima et al. , 1988a] . 

Tree xy lem ce ll s differentiate and mature after the o ri gination f rom 

the fusiform initial s in the cambium. In the tracheids of gy mnosperm and 

the wood fiber in angiosperm, occupying a large part of xy lem ti ss ue, the 

whole differentiating process can be visualized by tracing the successive 

differentiating cell s being lined up in a radial fi le fro m cambium to 

matu re as following ; primary wall (P) depos ition, S 1 layer deposi tion. S2 

layer thickening, S3 laye r deposition and warty layer (W) depos ition 

[Fujita et al. , 1979; Araki et a l. , 1982 : A raki et al. , 1983; Fuji ta et al. , 

1987]. It is more complicated in the differentiation process of angiosperm 

than in gymnosperm because in the differentiating zone enormo us 

ex panding of vessel elements and remarkable elongation of wood fibers 

affect the arrangement and differentiation of other cells. However the 
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maturing process can be followed approximately m the xylem 

differentiative zone of angiosperm. 

Cellulose microfibrils aJe deposited first, and then hemicellulose is 

added mainly in interm.icrofibrillar spaces [Takabe et a l. , 1981a]. 

Deposition of ligniu follows that of polysaccharides with time [Terashima 

et al. , l988a]. The most inner parts of developing cell walls are free of 

lignin as indicated by ultraviolet (UV) microscopy [Takabe et al., 1981b] 

and hydrofluoric acid (HF) lignin skeleton method [Takabe et al. , l986b]. 

The focus of this chapter was on the changes of the enzymatic 

susceptibility of ce ll walls during their formation in some wood species. 

The masking effect of lignin on cel lulose microfibrils was discussed in 

relationship to the differences among cell types and cell wall layers. 

2. Materials and Methods 

(1) Samples 

The stems of the following species grown in the experimental 

nursery of the Forestry and Forest Products Research Institute were cut 

into sample blocks containing differentiating xylem in early June, ; 

Shirakamba (Betula platyphylla Sukachev var. japonica Hara, 3 years-old), 

Buna (Fagus crenata Blume, 8 years-o ld), Sugi (Cryptomeria japonica D. 

Don, 6 years-old), and Akamatsu (Pinus densiflora Sieb. and Zucc., 6 

years-old). These blocks were immediately fixed with 2.5% 

glutaraldehyde and embedded in epoxy resin through a graded series of 

ethanol and propylene-oxide. 

(2) Microscopic observation 

Transverse sections of 2.5 , 1.0, and 0.1 f.lill thickness were cut 

serially from the epoxy embedded blocks using an ultramicrotome (LKB 



IV 2 128). The sections of 2.5 ~lm in thick stained with 1% sa:flanin so l. 

were observed with the outline of the differentiating zone by a 

conventional light microscope and with the cell wall st ructure a polariz ing 

light mic roscope. 

T he sections of 1.0 rm in thick were observed w1der an ultraviolet 

(UV) mic roscope with a micro-spectrop hotomete r (Carl Zeiss MPM-03) , 

whi ch was contro ll ed by a desk top co mputer. I! is well know n tha t li gnin 

absorbs s pecificall y the UV ray of about 280 nm wa e length a nd the 

li gn in di s tributio n ca n be exa mined witho ut any s ta ining proced ures . UV 

microphotogra phs we re taken at 280 nm with a ba nd width of 5 nm to 

visualize the di ffe rence betwee n guaiacy l and sy ri.n gy l lignin . UV 

a bsorp tion spec tra were meas ured io a range f rom 260 to 290 nm by 1 nm 

steps. Meas urin g s pot diamete r was 0 .5 nm, and the ba nd wid th at each 

measurin g wavelength was S nm. The meas ure ments were re peated at least 

30 times a t every s te p usin g the program "La mbda-sca n." 

(3) Enzymatic hydrolysis of ultra thin sections 

Acco rdin g to the method re po rted in a prev io us pa per !Fujii e t a l. , 

19871, uln·a- tbin sectio ns (0. 1 p.m thi ckness) were treated with sodium 

methy late (CH30Na) so lu tion fo r 20 to 30 mi n to remove the embeddin g 

resin . First set of the secti o ns was s hadowed by Pt-Pd to observ e the 

depositi on of cell wall layers using a tra nsmission e lectron mi c rosco pe 

(TEM ; JEM-2000EX, JEOL). Second set was immersed in a n 0.5% 

enzyme solution in 0. 1 M acetate buffe r, pH 5 (a comme rcial cellulase 

prepa rati o n, "Me icelase," Meiji Seika Co. LTD., de rived from 

Trichoderma vi ride pers . ex F r.,) w itho ut stirrin g a t 40-45 °C for 1-4 h. 

When ligni f ied wood f ibers ofshirakambaand buna were treated with the 

enzyme fo r mo re tha n 2 h. the S2 layers we re eroded signifi ca ntly. 

Therefore, the enzymati c hydro lysis was ped .ormed within 1 h fo r the 
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stud of the effect of lignin-encrusting structures on enzymati c 

susceptibilities. The second set was rinsed with distilled water and 

shadowed by Pt-Pd . On the remaining two sets of the sections, one was 

treated with 55% hyd rofluoric acid (HF) at room temperature for more 

than 8 h to learn the ul tra-st ructu ral distribution of lignin and the other 

with 5% KOH at room temperature fo r I h to lea rn that of hemicellulose 

according to the method described in a previous paper [Fujii et al.. 198 11 . 

3. Re sults 

(1) Tracheid walls of 5ugi and Aka mats u 

The tracheid wall s in the xy lem developing zones, both of 5ngi and 

Akamatsu, had the same behavior, so that the focus was put on the 

behavior of Akamats u thereafter . 

Fig. l - l a shows the differentiating zo ne of Akamatsu xy lem. In the 

deposition stage of the 51 layers, the compound middle lamellae (CML) 

were li gnified mostly and they were not affected by the enzyme. 5t layers 

were susceptible to the enzyme at this stage. In the early s tage of 52 layer 

deposi tion the outer pa rts of 5 L layers were li gnified, and the 51 and 52 

laye rs in this stage were degraded complete ly by the enzyme except for 

the li gn ifi ed parts of the 5 J layer (Fig. J- 1 b). In the stage of 53 layer 

deposition most parts of 52 layers were s usceptible to enzymatic attack 

and o nl y a na rrow part o f S2 res is ted (Fig . l - I e upper trachei d). As 

lignifica tion progressed in the 52 layer, the insusceptible part of 52 layer 

became wider graduall y from the outer pa rt (Fi g. 1- 1 c ri ght-hand 

tracheid). The seconda ry wall layer quickly became insusceptible to the 

enzy me when wa rts were formed as shown in Fig. 1-1 c (left hand side and 

lower tracheids) , a lthough the layer were not li gnifi ed co mpletely (Fig. 1-

2). 



Figure 1-1. UV photograph (a) and electron micrographs of ultrathin 
cross-sections (b, c) treated with cellulase for 1 h of a developing zone 
of Akamatsu . 
Note : a: S2. S3 and W mean the tracheid in the stage of S2, S3 and 
warty-layer deposition stage, respectively . b: tracheids in early stage of 
the S2 layer deposition . c: upper and right-side tracheids are in the S3 
layer deposition stage, and the lower and left side ones are in the warty­
layer deposition stage. 
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During the S2 formation, UV absorption was firstly detected at the 

outer portion of the S 1 layer at the early stage of S2 layer deposition , and 

graduall y spread toward the lumen side. Unli gnified parts of secondary 

walls were transparent in UV photographs and were bounded by 

cytop lasm (Fig. 1- 1 a). Before the formation of warty layers, UV 

absorbance of secondary wall s in the tracheids was less than those of 

mature tracheids (Fig. 1-2) . T he inner pa rt s of these secondary walls were 

degraded by the enzy me. After the warty layer formation, UV absorbance 

of seconda ry wall s a t 280 nm increased gradua ll y and reached abo ut 0.4 

when tracheids matured. 

QJ 
u 

1.0 

~ 0.5 
.0 
~ 
0 
UJ 
.0 
,q; 

__ o_o____ / o 0 0------- / 
llQJ~[g]\ 
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~ Q -:;:::::::;- . • 

--<~-==--. -----/ 11 ~0 
·- =~· --------/ 
o- ~ ------- c --c 

50 ~----~----~----~--~----~----~----~ 
2-------------------------------------------

53-----------------------------­
w-----------------------

Mature-

Developing stage 

Figure 1-2. UV absorbances at 280 nm of developing secondary walls of Akamatsu 

tracheids. 

Legend: S]., S3 and Ware similar to those in Fig. 1- 1. 

Notes: Samples were trat:heids in two mdial fi les. The measuri ng positions were CC regions 

or CML ant! two different pai1 of secondary walls as illustrated within the rigurc. 
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(2) Shirakamba 

1) Wood fiber wal ls 

The CML in the fibers were also degraded by tbe enzyme 

remarkably in the stage just before the deposition of S 1 layers, whereas 

the triangles of CML, which were the only portions li gnified at this stage, 

remained intact (Fig. 1-3a. the upper arrowhead). In the early stage of S1 

layer deposition stage, the CML and cell corner (CC) were li gnified and 

remained a lmost intact after the enzymatic hydrolysis (Fig. !-3a, the 

lower two arrowheads). The S 1 laye r, at leas t the inner-most pa rt. was 

susceptible to the enzyme durin g the S1 layer depos ition stage, (Fig. l-3a. 

the lower two a rrowheads). The S 1 layer became resistant against the 

enzymatic attack in the S2 layer depositi on stage. 

The S2 layers in the wood fibers in the early stage of S2 layer 

deposition were almost eroded , and the outer parts of the S2 laye rs in the 

CC regions became res istant to enzymatic attack (Fig. l -3 b arrowheads). 

Insusceptible area of the S2 layers increased as the lignification of the cell 

wall s progressed (Fig. l-3c). 



Figure J -3. Electro n mi crographs of ultrathin cross -section s of deve loping xy le m 
e le me nt s of Shirakam b a. af t e r t h e tr ea tm e n t wit h ce llul ase for I h . 
Note :a: fibers (F) from the SJ layer deposition stage (upper ones) and the beginning 
of S2 layer depositi on (lower ones). (ArTow-heads: CC insusceptible to enzymati c 
attack.) b: fibers in the earl y stage of S2 layer depositi on. (Arrow-.heads: 
insusceptible S2 layer porti ons at CC regions). c: fibers in the late stage of S2 layer 
deposi ti on and a vessel (V) in the early stage of S 3 layer depo iti on. 
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The S2 layer in the middle stage of the S2 layer deposition wa 
disintegrated by a 5% KOH treatment (Fig. l -4a). Fig. l-4b shows the lignin 
skeleton of the same area of Fig. l-4a. Note that the cellulose microfibril and 
the bemicellulo e of the S2 layer in cell wall s of mature fiber were degraded by 
treating wi th enzyme more than I h. 

Figure 1-4. Electron micrographs of ultrathin cross-sections of Shi rakamba 
treated with 5% KOH (a) and treated with 55% hydrofluoric acid (HF) (b). 
Note: The fibers in a and bare in the middle stage of S2 layer deposition . 
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2) Vessel wall s 

Fig. 1-5 shows UV spectra of vessel secondary wall s durin g 

secondary wall formations. The UV absorption of vessel secondary walls 

in the ea rl y stage of S3 Ia er deposition are show n in Fig . 1-5-B . The 

vesse l spectrum in thi s s tage showed less UV absorpti on tJ1an that of 

mature vessel elements (Fi g. 1-5-F). These spectra had absorptio n maxima 

at about 280 nm despite the different developing stages. UV absorbance 

increased wi th the develo pments of the secondary walls (Fig. 1-5-B, C, D, 

and E). 

Secondary wall s of vessel we re not a ttacked with the e nzyme except 

for the innermost part. Secondary wall s just formed but not li gnified yet 

were hydro lyzed by the enzy me (Fig. l -3c) . 
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Figure 1-5 UV absorption spectra of vessel seco ndary walls of Shirakamba 
in vari ous developing stages; A : in early S2 layer deposition stage; B-D : in 

stages of S_-S3 layer deposition ; E : io mature stage. 



-
(3 ) Buna 

Cell wall s of wood fibers and vessels of Buna in the de eloping 

stages showed sim.ilar behavior to those of Shirakamba with the enzyme 

and the KOH treatments. The cel l wall of upper vessel in Fig. l-6a was in 

the course of lignification, and the unlignified area was hydrolyzed by the 

enzyme. The cell wall of the lower vessel had been li gn.ified completely 

and was insusceptible to enzymatic attack. Fibers in Fig. l-6a were in the 

S3 layer deposition stage. As shown in Fig. l -6b, S2 layers of fibers bad 

been li gnified, but they were quite susceptible to enzymatic attack (Fig. l-

6a). By extrac ti on with 5% KOH, a fibrillated structure was visualized 

because of the removal of hem.ice llulose. Most of the S2 laye r of wood 

fibers were degraded upon incubation for more than I h with the enzyme 

even if they had been li gnified. The enzymaric s usceptibility of fibers 

coincided with the results of Fujii et a l ri987]. 
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Figure 1-6. Electron mi crographs of ultrathin cross-secti ons of deve loping xylem 
elements of Buna treated with cellulase for I h (a) 55% hydroflu ori c acid (HF) 
(b) and 5% KOH (c) . 
Legend : F: fiber; V: vessel; AP: ax ial parenchyma. 
Notes: a: Lignificati on is in progress in the cell wall of the upper ves e l. The 
lower vessel wall is complete ly li gnifi ed. Fibers are in the S3 depos ition stage. b: 
Lignin skeleton of fibers in the same stage as a. 1l1e inner part of the upper fiber 
wal ls on the ri ght side is not lignified yet. The other two fiber wa ll s are li gnified 
unifo rml y. c: Fibers treated with 5% KOH in the same stage as a. Fibrillated 
structure appears by removal of the hemi cellulose. 
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4. Di sc u ss ion 

The results obtained showed that tracheids. wood fibers and vessels 

in various differen ti a ting stages had different susceptibility for enzymatic 

attack. The unlignified part of cell wall s consis tin g of cellu lose microfibril 

and hemicellulose was susceptible to enzymatic attacks without any 

exceptions. It is know n that the T. viride cellul ase used in this study 

includes no t on ly cellul ases but a lso hemicellulases [For example, Senior 

& Saddler, J990J . It was observed that the hemicellulose in the S2 layer 

of lignified wood fibers of Shi rakamba and Buna we re able to be removed 

more easil y than that in the S2 laye rs of li gnified vessels with 5% KOH. 

Thi s behav ior was a lmost same as the attack of the enzyme to those cell 

wall s. The alka li -solu ble hemice llul ose in secondary walls (SWs) of the 

fiber from Shirakamba and Bun a mi ght not be li nked physica ll y o r 

chemi ca ll y (except for es te r linkage) to li gnin . The hemicellulose may be 

associa ted e ntire ly with the cellulose mi crofibri ls as proposed by Kerr a nd 

Goring [1 9751. 

As li gnificati o n progressed , ins usceptible part of seconda ry wall s of 

the tracheid inc reased. Fro m th e results of Sugi and Akamatsu, the S2 and 

S3 layers of tracheids became insusceptible to enzymatic a ttack after the 

stage of warty laye r format ion. The UV absorptio n sugges ted that 

li gnification was almost accomplished in thi s stage. It is considered that 

the insusce ptibility of cellul ose in these wall s is attributed to more dense ly 

deposited li gnin and to the nature of li gnin consistin g predomina ntl y of 

guaiacy l residues [Fujii et a l. , 1987]. Terashima et aJ. have in vestigated the 

distri bution of lignin in seco nda ry wall , CML and CC of tracheid , wood 

fiber a nd vessel during fo rmat ion of cell wall. According to their s tudi es, 

seconda ry wall s (SWs) of coniferous trache id and vessel co ntai n guaiasy l 

li gnin wi th hi gh degree of condensati on, whereas SW of wood fiber 
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contains most ly syringy l lignin. Guaiacy l lignin contains more condensed 

unit than that formed during later tages in the SW [Terashima. 1988a; 

Terashima el a./., 1988bj. This may explain the different behavior on the 

enzymatic hydrolys is between softwood a nd hardwood. Fig. l - Ie shows 

that even the SW s of tracheids was susceptible to enzymatic attacks unless 

accomplished li gnifica ti on and also li gn ifi cat ion proceeded quite 

promptly. 

In s pite of the completion of li gnification , the fiber SWs of 

Sbirakamba a nd Buna were susceptible to enzymatic attack. The cellulose 

microfibril s and he mi cellulose of the S2 layers in the mature ce ll wall s of 

Shi rakamba and Buna were hydrolyzed compl etely by prolonged 

enzy mati c treatment. Fujii et al. [1 9871 proved that the SWs of these 

woods have re la ti vely low li gnin contents and their li gnins are rich in the 

sy rin gy l type. Th is s uggests tha t rbe cellulose microfibril and 

hemicellulose a re encru s ted loose ly e no ugh with li gni n to be a ttac ked by 

the enzyme. T he vessel wall s contained guaiasy l type li gnin as well as the 

tracheid wall s a nd a t the same time li gnifi cation brought the diffi culty fo r 

enzy mat ic hyd rolysis. Thi s is given as an interpre tation for the difference 

of enzymatic susceptibility be tween the tracheids and wood fibers. 

The diffe rence of the li gnin encrusting s tructure between the 

tracheids, wood f iber a nd vessels was observed a fte r the enzymati c 

hydrolys is of xy lem diffe ren ti a ting zone of wood . The condensed units of 

the gua iacy l li gn in was considered to ca use the enzymatic insusceptibility 

of cellulose microfibril. 
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5. S umm a ry 

Lignified cel l walls are hardly attacked by cel lulolytic enzymes without 

any pretreatments, because the cellulose is encrusted with lignin. In this 

chapter, the effects of lignification on enzymatic susceptibilities of cell 

wall polysaccharides were swdied. The xy lem developing zones of 

Shirakamba(Bewla platyphylla 5ukat, var. japonica Hara), Buna (Fagus 

crenata Blume), 5 ugi (Cryptomeria japonica D. Don), a nd Akamatsu 

(Pinus densiflora Sieb. and Zucc.) were c ut into ultra-thin sections and 

treated with cell ulolytic enzymes. 

Cel l wall s of f ibers, vessels and tracheids were first lignified a t the cell 

corner regions of compound middle lamellae (CML) in the S 1 layer 

deposition stage. Then li gnification was success ively extended in the entire 

CML, S], S2 and 53 layers. Cel l walls before li gnification were 

completely deg raded by the enzyme. CML became resistant agai nst 

enzymatic attacks in the early stages of S1 layer deposition . S1, 52 and S3 

layers became successively resistant in the following li gnifi cation stages. 

The behavio r of the cel l wa ll s to the cellulo lytic enzyme was determined 

by the kind of li gnin which is contained in the cell walls of hardwood and 

softwood. Furthermore, unl ess acco mpli shed li gnification, SWs of 

tracheids was s usceptibl e to enzymatic attacks and also lignification 

proceeded quite promptly . 

Keywords: Lignification, Enzymatic susceptibility, Xylem diffe renti a tion, 

TEM, UV microscopy. 
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Chapter 2. Enzymatic susceptibility of autohydrolyzed and 

ozone-treated softwood. 

1. Introducti o n 

Enzymatic susceptibility of autohydrolyzed woods has been 

comparati ve ly investigated among 44 species of angiosperm a nd 6 species 

of gymnosperm [Shimizu et al. , 19831. The susceptibili ty of so me species 

of angiosperm was improved remarkably by autohydrolysis. but almost no 

effect was obtained on the susceptibility of softwood . In chapter 1, it is 

described that the lignin in the tracheid of gymnosperm prevents the 

cellulolytic enzymes from attacking to the cellulose microfibril s more 

persistently than that in U1e wood fiber of angiosperm. This was explained 

part ly by th e fact that the tracheid of gy mnos perm has a greate r li gni n 

content and smaller amounts of hemicelluloses and acetyl groups rl1an 

wood fiber. The difference of the chemical structures of li gnin in 

gymn osperm and angiosperm was a lso be more importa nt factor of 

enzymati c susceptibility I Fujii et a l. , 1985; 1987). Upon steaming, an 

appreciable amount of lignin in angiosperm becomes solu ble in di lute 

aqueous-alka li and in organic solvents such as methanol and dioxane, but 

in gymnosperm, lignin becomes only sli ghtly soluble. For enhancing the 

enzymatic susceptibility of autohydro lyzed softwood s li gni n must be 

modified o r deg raded by methods other than steamin g. 

Ozone trea tment has been investigated as a non-po llu ti ng age nt for 

bleaching pulps. The degradation mechanism of lignin with ozone has 

been made clear by Kaneko et al. [1 979; 1980; 1981 ; 1983) and by Hosoya 

[1985]. There are a few reports on ozone pretreatments of lignocellulosics 

for enhanci ng the enzy matic saccharifi ca tion [Puri , 1983; Neely, 1984; 

Joselea u & Martini, 198 11 . In these papers , man y li gnocelluloses, such as 

wheat straw, bagasse, peanut shell s , green hey, shaving (popl ar, pine), 



sawdust ( red oak) and wood meals (Eucalyptus regnans, Pinus rediata) has 

been s tudied. After treatment with ozone, all the lignocelluloses become 

susceptible to enzymatic saccharificat ion. Neely [19841 has expressed the 

enzymatic digestibility as a percentage of the amou nt s in pure cell ulose. 

Puri [19831 has estimated in vitro digestibility by the weight loss or 

organic matter . Although they have gotten rather high digestibility, a lmost 

all the polysaccharides in the li gnocelluloses have not a lways been 

digested. Mizumoto and Shimizu [1986] have investigated the enzy mat ic 

susceptibility (increase in reducing sugar) of Karamatsu (Larix leptolepis) 

wood mea l and Ezomatsu (Picea jezoensis) wood mea l afte r 8 hr treatment 

with ozone. The enzymatic susceptibility (weight loss) befo re and afte r 

treatment with ozone was 9.4% and 33.7% for Kara matsu, and 9.7% and 

63.2% for Ezornatsu, respecti vely. 

Cellulose and hemicellulose do not become susce ptibl e eno ugh to 

enzymatic attack upon onl y the treatme nt with ozone . Th us, we 

inves ti gated the effects of ozoniza tion on enzymatic hydroly sis of 

previously autohydrolyzed softwood by using Sugi (Cryptomeria japonica 

D. Don) which is o ne o f the samples of difficult to degrade with 

Trichoderma cellulase . 

2. Experimental 

(1) Pretreatme nt of samples 

Chips of Sugi (Cryptomeriajaponica D . Don ) were a uto hydro lyzed 

wi th saturated steam at 200 ·c equivalent to 1.5 MPa for I 0 min a nd 

defiberized in a refiner with a clearance of 0.2 mm . The fiber was 

extracted with water at 70 ·c for I h to remove the partly hydrolyzed 

hemicell uloses. For ozonization, the mois ture content of the fiber was 

adjusted to 50%. 
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Sugi wood meal was prepared wi th a Wiley mill . The 40-80 mesh 

fract ion was coll ected by sieving. A part of the sample was 

autohyd rolyzed with steam at 200 ·c for 10 min a nd extracted wilh water 

at 70 ·c for 1 h. For ozonizati on. the moisture contents of the untreated 

wood meal. the steamed wood meal to 30 % and 50%, respectively. Osawa 

et aJ. l 1 963] have s tated tha t the ozoniza ti on reaction is most rap id a nd 

homoge neous if done in the gas phase on wood co ntaining moisrure a t 

fiber saturation point. Neel y [1984] has found that the optimum ra nge for 

moisture content is present a round 25-35% of the dry weight of the 

li gnocellulose. 

(2) Treatment w ith ozone 

Ozo ne was produced by pass ing pure oxygen at a flow rate of 250 

mUmin thro ugh a labora tory ozonizer (Ch iyoda Seisakusho; type BH-2). 

The ozone concentration was estimated to be 3% by the conventional 

titration method. 

The mo is ture-adjus ted sa mples (5-I 0 g as dry wei ght) were treated 

with ozone in 200 rnL fla sks, fined to a rotary evaporator and rotated 

under ambien t temperature for I 5-l 02 min. The unreacted ozone was 

collected in a 3 0 % KI so luti on, and the concentration was determined . At 

the maximum. 3 moles of ozone were supp lied per guaiacy l propane unit 

(C9 unit. molecul ar we ight 200) in li gnin . 

(3) Enzymati c hydroly sis 

The ozone treated sa mples were hydrolyzed with a commercial 

enzyme preparation. "Meice lase" (Meiji Seika Co., Japan) , derived from 

Trichoderma viride. Samples of 200 mg (dry weight) were incubated in 

10 rnL of a 0.1 M acetate buffer at pH 4 .8 inc! udin g 50 mg of enzyme in 

water ba th a t 40 ·c for 2 days. After 2 days' incubation , the reaction 
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mixture was f iltered by sucti on funnel and the residue wa separated from 

the hydrolyzate. The residue was f reeze-dried. The relative ugar 

composi ti on in the enzymatic hydro lyzate was analyzed by ion-exchange 

chromatography as descri bed below. 

(4) General anal ys is 

A pa rt of the ozonized samples was extracted with 90 % dioxane at 

70 ·c for 1 h (wood to liquor rati o, I : 20) and/or with a 0. 1 M acetate 

buffer at pH 5 at 40 "C for 48 h. The dioxane extracts were characterized 

by spectrophotometrical analyses and ge l permeation chromatography 

(GPC) [Sudo et al.. 19851. The residue, after ex traction with d.ioxane, was 

analyzed for Klason li gnin and neutral sugars. The li gnin in the residue 

was characteti zed by alkaline nitrobenzene oxidation JSudo et al. , 1985] . 

Ultravio let (U V) absorp ti on spectra were recorded on a Shimadzu UV-

250 spectrophotometer. Infrared ( lR) absorpti on spectra were recorded 

on a JASCO FT/IR 3 spectrophotometer using the KBr cti sk method. 

Klason li gnin was determined accordin g to JJS P 8008- 1961. Neutral 

monosaccharide composition was determined by borate complex ion­

exchange chromatography !Sinner et al. , 1975; Honda et al. , 198 11 . The 

oligosaccharides were analyzed by hi gh performance liquid 

chromatography (HPLC) with a Shodex Jonpak KS-802 (300 mm x 8 mm 

x 2. Showa Denko. T okyo. Japan) and a 5 em KS 800P guard column 

coru1ected in seri es jSudo et al. . 1986]. 

Microscopic observations. -- Samples were embedded in epoxy resin by 

the usual method. Transverse sections (1 -2 . 5~-tm in tl1ickness) were cut by 

a LKB ultrami crotome. The thin sections (2.5 1-1-111 thick) were observed 

after staining w i th I % safrani n under a conventional and polari zing li ght 

microscopes same as descri bed in chapter 1. Other secti ons (1-2 !-till) were 

used fo r observati on under UV micro-photometer (Carl Zei ss MPM-0 3). 



UV absorption spectra were meas ured on these sections in the same way as 

described in Chapter I . 

X-ray d(ffractiun analysis -- X- ray diffractograms were measured by a 

Ri gaku Denki X - ray di f fractometer employi ng Cu-K a radia ti on operated 

at a rube vo ltage of 30 kV and at a tube current of 15 mA . The sample 

was scanned over the range 2() = 30° to 6° at a rate of I 0 /min. T he w idth 

of micelle was calculated accord ing to Sherrer's equation 11 9 18] . 

Electron microscopy -- Electron microscopy was performed with a 

JEOL JEM - 1 00 CX electron microscope. being operated at l 00 kV fo r 

imag ing purposes and for electron diffraction. The sampl es were co llected 

on a carbon coated microgri d. 

3. Results 

( l ) Treatment of wood-mea ls with ozone 

Table 2- l shows the resul ts of analysis of ozone- trea ted Sugi wood 

meals. 

Table 2- 1 Analysis or ozone-treated Sugi wood meals. 

Ozone consum ed KJH~Oil Reducing Relative sugar comporision (%) K\ason ligmn 

(by weigh!) (mni ~/C!J IIIl.ll ) l1gnin :-:Hg,u·s ;t) 1 n residue h) 

(%) (%) <%) IVI<m A ra Gul Xyl Glue (%) 

lll l tr~<llt:tl 34.7 52.2 14 .2 1.9 2.9 8. 1 72 .~ 34.6 
4.1 ()~ 3 1.2 (48.4) 14. 1 1.8 2.5 KJ 73 2 24.2 
8.7 1.0 ]4.4 53 I 13.5 2.1 2.5 S.5 73 . .'i 
13.3 1.5 22.0 5 1.7 13 . .'i 1.6 2.4 7.7 74.8 164 
15.4 2.0 20J, 50.5 13.2 1.6 2.3 7.2 75 .6 14.2 
1 ~ . 2 2.4 17.3 49.6 13.4 1.5 2.3 7.3 75.5 12.4 
21. 1 2.6 17.7 49.0 13.5 1.7 2.3 7.6 75.0 12.7 

a) A mount or reduci ng sugars in the acid hydrolysoJle . 
b) Amount of Klason lignin n;majning c1 ft cr dioxrme C1\ trnction ba'iccl on original stlmplc:-i . 

The Klason li gnin content degreased progress ivel y with increasing ozone 

consumption. A f ter 2.6 moles of ozone consumption per C9 unit of li gnin , 

almost half of the lignin was degraded with ozone and became 

undetectable as Klason li gnin. The ozonized lignin was soluble in 90% 

dioxane. The amount of dioxane extracts increased with increasing ozone 
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consumption. The UV spect ra of the dioxane extracts of ozone-rreat.ed 

wood meals show that the max imum absorpti vity arou nd 280 nm 

decreased with inc reasing ozone cons umption, whereas the peak around 

260-270 nm increased re latively (Fig. 2-1 ). The IR abso rption spectrum 

shows that the peaks at 1514 a nd 1610 cnrl , att ribu ted to the li gnin 

aromatic nuclei . dec reased upon ozonization , whe reas the peaks nea r 1640 

and 1743 cm- 1, at tribut ed to conju ga ted carbon yl and carboxy l groups. 

increased (Fi g. 2-2). 

·· ~ . 

Fi gure 2- l . UV a bso rpti on spectra of 90% dioxane extracts o bta ined from 

Sugi wood-mea ls with va ri o us degrees of ozoni za tion. 
I 

' " .,_.,.e l•"~u• (COI-tl 

Figure 2-2. I R a bsorption s pectra of 90% dioxane extracts obta i ned from 

Sugi wood-meal after ozo ne treatment and MWL of Sugi. 
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The content of polysaccharides decreased onl y slight ly with even 

prolonged ozonization time (Table 2-l ). The sugar composition shows that 

the polysaccharides in the cell walls were not affected by the treatment 

with ozone . 

The reducing sugar yield of ozone-treated wood meal s increased 

with decreasing Klason li gnin content and leveled off after 2 moles of 

ozone consumpti on (Table 2-2). After 2.6 moles of ozone cons umption, 

the hydrolysis extent of the polysaccharides in the wood meals reached 

46%. The sugar co mposition of the enzymatic hydrolyzates revealed that 

the proportion of mannose was co nsiderably sma ll compared with tJ1e 

amount of the starrin g materials. The littl e susceptib ility of mannan to 

enzymatic hydrolys is a lso was observed in the wood meal partly 

de li gnified with acid chl o ri te as reported in a previous paper [Sudo et al.. 

1976]. 

To atta in a substa ntia l ex tent of the reducing s ugar yie ld of the Sugi 

wood meal , the a mount of ozone req uired was more than 20%, based on 

the weight of the sa mpl e (Tab le 2-2) . This large requiremen t of ozone can 

be explai ned s im ply by the hi gh li gnin co ntent (35%) of the Sugi wood 

meal. 

Table 2-2 Enzymatic susceptibility or ozonized wood meals. 

Ozone t:on:>umcd Reducing :-ug;;tr a) Rdnti vc sugar compolision (%) 

(by weight) (moldC v llmt) y•cld (%) 
Gal Xy! Glue 

(%) 
~ian Ara 

-+I 0.5 23.3 9.5 2.4 3.0 11.4 73 7 

8.7 1.0 36 g 9.1 2.0 1.\1 12.5 764 

13.3 1.5 39.2 6.7 1.9 2.4 10.1 78.9 

15.4 2.0 45.8 7.3 1.8 !.7 9.6 79.6 

19.2 2.4 -+8.9 6.1 1.6 1.4 9.3 8 1.6 

21.1 1.() 46.1 5.9 1.5 1.6 9.5 8 1.5 

a) Reducing ... ugar yield . Based on pnly!iau.:haride:i in wood meaL 
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(2) Treat ment of a utohydrolyzed woods with ozone 

As repo rted prev iously. upon autohydrol ys is with saturated steam 

(180-230 °(). mos t of hemicelluloses were hydrolyzed pa rtiall y and 

became soluble in water !Shimizu et a!. , 1983). The yield of 

autohyd ro lyzed wood meal was 87.3 %, and the yield of water ex tracts was 

13.7%. based on the o riginal wood mea l. The sugar composition of the 

water extract was Man: Ara: Gal : Xy l: G lc = 30: 8: 16: 41 : l 0. The s ugar 

composition of the residual wood meal indicated Lhat most of the 

hemicelluloses were removed (Tab le 2-3). The water extract was 

separated into neu tral and acid ic s ugars in the usual way !Shimizu et al., 

!983 1. The f"ragments of hemicelluloses, gl ucomannan , and xylan, were 

present as monosaccharides and ol igosaccharides (degree of 

pol ymerization (dp = 2-10) as shown in Fig. 2-3. 

~ 

~" 
< 

/1 
1·12 I \ 

~ ~ l 

:.
1·.:13 ··· .... -·'·./\,,,, ! \ 

, r-.. t~ H · ... ·'t! ~\., .. ...... ·:· .: •: ! : ~ 

......... · · ..... 
2~ 

Eluate volume, ml 

Figure 2-3. GPC of neutral sugars of water extract of Sugi steamed at 

2oo·c for 10 min. M: monosaccharides ; M2, M3: oligosaccharides . 

When the autohydrolyzed and water-extracted wood meals were 

subjected to ozonization. the Klason lignin content decreased more 

progressively than untreated wood meals with increasing ozone 
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consumpt io n (Table 2-3) . Afte r 3.3 moles of ozone consumption per C9 

unit, about 7 1% of the lignin was degraded and became undetectable as 

Klason li gni n. The extent of enzymatic hydrolysis also increased with the 

increasi ng extent of li gnin degradation. Finally, the susceptib il ity of 

polysaccharides. mainl y cons is tin g of cellulose, reached 59%. Thi s val ue 

is grater than that of the untreated wood meal described a bove. 

Subsequentl y, the Sugi chips were steamed at 200 °C for I 0 min , 

defiberized wit h the refiner hav ing a clearance 0 .2 mm. and then 

ex tracted with water. The yield of the extract was 13 % based on the 

autohyd rol yzed s ugi chips. About 70% of the hemicel!uloses were 

solublized upon a utohyd rol ysis a nd were removed by extraction with 

water (Table 2-4) as well as in the case of autohydrolyzed wood meal. 

Table '2-3 Effect or ozon in tti on on chemical compositi on and enz.ymau c susceptibilit y 
or au toh drolyz.ed Sugi wood meal. 

Ozone <.:O II !'i lltl lt.:d Kl a!>O n Rcdu<.:in.g 
n) 

Rdt~Li vr.:. :-;ugar compotision (% ) 

(by weight) (moh.:fC,> unit) Jig_IUII :mgar yield 

(%) (%) (%) Man 1\r~ Gal Xyl Glue 

untreated -+1.2 2.8 4.9 0 2 .4 9-+.2 

3.2 03 36.0 18.0 5.3 0 2.9 93 .2 

9.7 1.0 .!I.J 33.4 4 .8 0 2.9 93.2 

13. 1 I.J 27.2 40.3 -1.7 0 2.9 933 

18. 1 u ; 23.2 45.\1 5.2 0 2.8 92.8 

2 1.5 2 .1 2(1.3 50.5 4.4 0 2!l 93 .7 

27.3 2.7 17 4 59.3 4.g 0 2.4 \14 .7 

33.0 33 11.9 50.5 -l.O 0 2.0 95.3 

a) A nH)UI1t or reducing ~ ugar~ in the cnzyarntic hyd rolyl' .. :ltc. Ba:-:cd on polysaccharide." in wood meal. 

Table '2-4 Erf'ect or ozonization on chemical composition and enzymati c susceptibility 
or autohydrolyzed Sugi chies 

02.011C C01\$U 111Cd IZlt~ !oiO il Reducing •) Rclali vc sugar c.;ornporis1on (%) 

(by weigh!) (moJciC,) uuit) lignjn sugar yield 

(%) (%) (%) Man An.1 Gal Xyl Glue 

untreated -10.2 11.1 63 0,8 5.0 !!8.0 

4...1 0.5 35. 1 30.0 6.0 0.7 4.5 89.5 

9.8 1.0 29.0 44.5 3. 1 4.6 92.3 

16.8 1.7 20.9 58.5 5.0 4.5 90.5 

11!.7 2,() 20.2 58.2 5.0 0.6 4.8 90.3 

24. 1 2.5 17.-+ 61.7 4.7 4.2 \1 1.0 

30.-l 30 12 I 67.2 -1.9 0.5 3 .7 9 1.4 

a) Amounl of reducing_ sugars in Lhc enzymatic hydrolyzate. Based on polysacchcuidcs in dup. 
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TI1e results of the ozoni zation of autohydrolyzed chip foll owed by enzymatic 
hydrolys is are presented in Table 2-4. The results were quite similar to those with 
the autobydrolyzed and ozone-treated wood meal s. After 3 moles of ozone 
consu mption , the Klason lignin content decreased by 70%, and the enzymati c 
susceptibility of the polysaccharides in the fiber reached 67%: although the fiber 
had much larger dimen ion than the autohydrolyzed wood meal. 
(3) Characterizati on of the samples treated with ozone before and aft er e nzy mati c 
hydrolysis. 

a 

3 1 

Figure 2-4 Transverse sections 
of an autohydrolyzed Sugi wood 
chip treated with 2.5 mo les of 
ozone and ex tracted with 90% 
di oxane; a: stai ned with I % 
safranin , 
b:UVphotomi crograph . 
Note: The cell s marked ( , and 
*) in each photograph are the 
same cell s. 



Fig. 2-4 shows transverse secti ons of an autohydrolyzed Sugi wood 

chip. which contained a bundle of tracheids, treated with 2.5 moles of 

ozone and extracted with 90% dioxane ; Fig. 2-4a was observed under the 

li ght mi c roscope after staining wid1 l % safranin. a nd Fig. 2-4b is 

observed under the UV microscope. The stained region ag reed well with a 

strong UV a bsor ptio n region. The oute r part of the bund les had no UV 

absorp ti on (and a lso unstai ned with I% safra nin sol. ) . In the inner pa rr of 

the bundles . the early wood with large I umens a nd the thin cell wa ll s had 

no UV absorption (unstained, either). In addition , in the transitional 

tracheids from ea rl y wood to late wood, the inner s ides of the cell wall s 

had no UV a bso rpti o n (unsta ined). but the o uter sides of the cell wall s and 

the late wood s howed stron g a bsorptio n of UV and was stained (marked in 

Fig. 2-4; t. . .l a nd *) . ln some of the transitional trache ids, concentric 

circl es within the seco nda ry wall were observed. The polariz in g li ght 

micro grap h shows that cellulose existed in both the early wood cell wall s 

and the late wood cell wa lls to same extent. 

Fi g. 2 -5 shows the three kind of the enzymatic hydrol yzed res idues of 

autohydrolyzed wood chip treated with 2.5 moles of ozone. (a) is dark 

brow n co lored resid ue which maintained the bundle structure. The unstained 

region of the cell walls was not observed after 2 days' enzymatic hydrolysis 

in the area of earl y wood and tran siti onal tracheids . (b) is brown co lored 

residue, a nd (c) is whi te residue with fibrous structure. Thi s white materi a l 

(Fi g. 2 -5c) appea red as hydrol ys is residues in addition to the colo red 

residues containing li gnin (Fig. 2-Sa, b). The amoun t of rhe white material 

was larger in the samples treated with ozone for longer time. Since the white 

materia l had a slower sedimentati on velocity than the colored residues, they 

were separated from each othe r by fractional sedimentation in an aqueous 

sus pensio n. After a consumptio n of 3 moles of ozone pe r C9 unit , the yield 

of the white mate ri al was about 10% on ozone treated sample. The white 

material stained well with chlor zinc iodine but not with phl orog lucinol in 
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a 

c 

Figu re 2- 5 . Th e three kind s o f th e enz y m a ti c hydr o l yze d res idu es of 
autohydrolyzed wood chip treated with 2.5 moles o f ozo ne (a. b, c). c is white 
re idue w ith fi br o us s tru c ture (w hite ma te ri a l) a nd d is a po la ri.z in g li g ht 
microphotograph of the white materi al. 

hydrochl ori c acid . indi cating th at it was quite free of li gnin , and proved to be 
cry talline by polarizing light mi croscopi c observati ons. The X-ray diffractograms 
of Sugi wood mea l, autohydro lyzed Sugi wood chip and the white mate rial are 
hown in Fig. 2-6 . The crys tallinity index (Crf) increased upon autohydrolys is and 
ozonization. The ob ervati on with 
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TEM showed that the white material should be a piece of tracheid cell 

wall and microfibrils in rbe w hite material were aggregated ti ghtl y and 

partially fibrillated (Fig. 2-7). The diffractogram of the white materi a l 

showed a typica l pattern of ce llul ose I (Fig . 2-6. 7). The micelle width of 

rhe (200) plane of the white materia l calculated from X- ray diffractogram 

was about 1.2 times wider than that in Sugi wood meal. 

20 

28 (degrees) 

Fi gure 2-6. X-ray diffrac tog ra ms of untreated Sugi wood -meal. 

autohydrol yzed wood -chip. a uto hydro lyzed and ozonized wood -chjp , and 

white materi a l appea red as enzymatic hydrolysis residues. 
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4. Discussion 

Figure 2-7. A bright field-image 
by diffracti on of the white 
materi al and a corre ponding 
electron-diffracti on di agram 
(inset). 

The results obtai ned suggested that the treatment of ozo ne after the 
steaming were prominent combinati on for enzymati c hydrolysis of softwood. n1e 
microscopic observati ons made it clearer that the degradati on of lignin in cel l wall 
by the treatment with ozone contributed to the effective enzymati c hydrolysis. 
Furthermore, the fiberization by the refiner should be more effecti ve for the 
penetration of ozone gas into the cell wall. 

The results of lR anal ysis and UY absorpti on suggested the fo rmati on o f 
dioxane-ex tracti ve li gnin by treatment with ozo ne, namely the formati on of a 
muconi c-acid type structure by oxidative cleavages of li gnin aroma ti c nu clei 
[Kaneko et a l. , 1979: 1 980; I 98 1; 1 983]. GPC of the dioxane ex.tracts showed that 
the lignin was degraded to compounds having a number average molecul ar weight 
about 500. The results of 
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alkaline nitrobenzene oxidation of Sugi wood meal , 2.6 moles of ozone 

treated wood meal and autohydrolyzed Sugi wood chip treated with 2.7 

moles ozone indicated that the remarkable chemical modification occurred 

in the li gnin in the cell wal l s. Furthermore, the chemical modification of 

the residua l lignin of the autohydrolyzed wood chips treated with ozone 

was larger than that of the wood meal treated with ozone onl y. 

On the other hand, the sugar compositi on showed that the 

polysaccharides in the ce ll walls were not affected by the ozone treatment 

as observed in the wheat straw by Joseleau and M artini 11 98 11 . Although 

~-gl ycosidic linkages were fo und to be cleaved with ozone fo rmin g 

gluconic acid or gluconate I Pan et al. , 1981], the loss of polysaccharid ·s 

by ozone oxidation could be disregarded under the ozonolys is condition 

used. 

The chemica l tructure of li gnin is modified by steaming and ozone 

treatment. Upon trea tment with ozone, a part of the lignin becomes 

soluble in 90% dioxane. However, the lignin in the late wood tracheids 

that remains in the ce ll wall after 90% dioxane extract ion mi ght undergo 

chemical modificat ions to some ex tent. The alkaline nitrobenzene 

oxidation of untrea ted wood meals afforded vanillin and vanilli c acid, in 

the joint y ield of 20.6% on Klason lignin ; whereas the wood meals 

oxid ized with 2.6 moles of ozone per l ignin unit and extracted w ith 90% 

dioxane yie lded them at 8.4% on Klasoo li gnin. This indicates that the 

aromatic nuclei of the residual li gn in were cleaved partl y. Upon 

autohydrolys is at 200 °C for 10 min, the yield of the alkaline nitrobenzene 

oxidation products decreased to 8.2% indicating that condensation 

reactions took place during au tohydrolysis. When autohydrolyzed wood 

mea l treated w ith 2.7 moles of ozone was subj ected to alkaline 

nitrobenzene oxidation. the yield of the products was 4.3 % 
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Water extraction after the aurohydrolysis removed most 

hemicellulose. presumably res ul ting in the fo rmation of porous cell wa ll 

structures of rhe tracheids. T hi s might facilitate the penetration of ozone 

into cell wall s a nd thus the reaction between ozone and li gnin. A lso, it has 

bee n reported that o.- and B-ary l ethe r linkages in lignin a re cleaved upon 

autohyd rolysis. fanning phenolic hyd roxyl groups rsudo et al., 1985). 

According to Kaneko et al. [1 979; 1980; 198 1; 1983] and Hosoya rl 985l 

guaiacy l nuc lei are more react ive than ve ratryl nu c lei. Therefo re, 

autohyd rolysis possibl y enhances the reaction between the ozone and the 

l ignin . 

The mi croscopic o bserva ti ons illus tra te the progress 1n reaction of 

li gn in with ozo ne . Ozone's attack to the trachei d ce ll wa ll is 

topochemicall y heterogeneous. T he earl y wood tracheid with large lumens 

and thin cell wal ls was ozonized much mo re rapidly than the late wood 

tracbeid. The penetration of ozo ne into the la te wood tracheids was 

strictl y restri cted. Puri and Anand [1986] have pointed o ut that the li gnin 

content decreased progressively with increasing ozoniza ti on time, and that 

a small po rti o n of li gnin was resistant to ozoni zatio n. They have 

concl uded that the degradation process in li gnin follow ed a first o rde r 

kinetics. but the li gnin fraction, resistant to ozonol ys is. may be degraded 

by differe nt mechani sms. The a ppearance of the conce ntri c c irc les in the 

cell wa ll of the transiti o nal trache id s uggested the co mplex reacti o n 

between ozone a nd li gnin . As Osawa et a l. [1963] have stated , the course 

of reaction with ozo ne is considered to be affected greatly by the 

permeability of the wood s truct ure. Osawa et al. have described that the 

differences on va ri o us wood species, ti ss ues, and particle sizes prima ril y 

reflect the differences in gas permeability . In o ur case, the penetra ti on of 

ozone was estimated from the microscopic observation. When the bundle 

of tracheid s was ex posed in ozone gas phase , in the ou te r part of the 
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bundle ozone started to erode the tracheids from the outside. even in the 

late wood . In the inner part of the bundle. ozone might penetrate through 

pits. and through cracks, 1 hich was formed during autohydrolysis or 

fiberization w ith a refiner. Then it diffused fro m the lumen so that the 

order of gas co ntac ts might be secondary wall , compound middle lamell a, 

and the cell corn er area. T he la te wood tracheid has a thicker cell wall and 

a narrower lu me n tha n the early wood tracheid, thu s the pe net ra tio n of 

ozo ne gas sho uld remarkab ly be diffic ul t. 

The w hi te materia l was cons ide red to be a c rys talline cellulose 

resistant to enzy maric hyd rolysis. Its fo rmati on is estimated as the 

fo ll owin g: a compact agg regati o n of the cellulose microfibril s mi ght 

occur in the cell wa ll , which was nor influenced w irh ozone after the 

treatment by removal of lig nin and hemi celluloses fro m the cell wall . 

Therefore , the su rface of these cell ulose mi crofi bril s coul d not contac t 

with the cellul ase and thi s occurred the delay of the enzy matic a ttack to 

ce ll ulose. T he electro n di ff rac ti o n diag ram a nd X-ray diff racti o n di agra m 

confirmed that the mate ri a l. w hi c h inte rrup ted to obta in the c lear cellulose 

diffraction. I i gn in and hemi cellul ose. were e limina ted fro m the cell wa ll s. 

Tanahashi e t a l. 11 983 j inves ti gated phys ical properties of explosion wood 

and fo und that c rys tallinity a nd micell e width of explos io n wood increased 

by exp losion. T hey suggested tha t the a mo rpho us regio n o f cellulose was 

crysta lli zed w ith the explosion. We think tha t whe n hemi cellulose was 

eroded and li gn in ne two rk became loose, cellul ose microfi bril s packed 

compactl y th ro ugh a utohydro lysis and treatment with ozone. T he 

microscopic observa ti ons of the au tohydrolyzed softwood sa mpl es treated 

with ozo ne revealed that there are two pro bl ems to be so lved; a ltho ugh 

ozone treatment after a utohydrolys is is a n effecti ve pre treatme nt fo r 

enhancing the enzymatic susceptibi lit y of softwood. The firs t prob le m is 

the poor permeability of ozone into the la te wood, a nd the second is the 
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formation of the nonsusceptible crystal li ne cellulose through 

autohyd rolys is and rreatment with ozone. 

5. Summary 

Upon ozon izati on after autohydro l sis, the enzymatic susceptibility of the 

sof twood (S ugi: Cryptomeriajaponica D. Don) increased up to 67%. T he 

susceptibility of indiv idual ly treated Sugi wood meal was less than 3% for 

steami ng, and 46% for ozoni zation. The solublization of hemicellulose and 

the cracks owin g to steaming followed by fiberizati on resu lted in the 

generarion of the porous structure of cell wal ls facilitating the penetration 

of ozone into the wood. Microscopic observations revealed that the 

permeabil i ty of ozone was different between cell walls in earl y wood and 

in late wood. Most of the lignin in the cel l walls of earl y wood was 

oxid ized with ozone, whereas the li gnin in the cell walls of late wood was 

not accessible to ozone. Ox idation of li gnin was restricted onl y in the 

inner part of the secondary wa lls in the trachei ds of the area transitioning 

from eaJiy wood to late wood. When the ozonized samples were subjected 

to enzymatic hydro lys is. a white material appeared as a hydrolysis 

residue, which was quite free from lignin and was identified as cellulose I. 

This heterogeneity of ozon izati on and the aggregated cel lulose 

microfi brils res istant to enzymatic attack prevented the complete 

hydrolysis of autobydrolyzed and ozonized Sugi wood. 

Keywo rds: Ozone pretreatment, Enzymatic hydrolys is, Softwood, 

Autohydro lysis. 
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Chapter 3 Influence of aggregation of micJ·ofibrils on 

enzymatic hydrolysis of crystalline cellulose of cotton ramie 

type. 

1. lnt1·oduction 

Crystalline cellulose is degraded by the con tinuous synergistic 

action of exo-, and endo-type enzymes [Wood, 1989; Walker & Wilson, 

1991] . Many researchers have investigated on the interrelation between 

crystalline cellulose and cellulases. Some factors influencing the enzymatic 

susceptibility of the crystalline cell ulose have been studied crystallinity , 

particle s ize, degree of polymerization (dp), and specifi c surface area 

available to protein molecu les. Among these factors it is accepted that the 

surface a rea is most important for the enzyme to a ttack crystalline 

cellulose [Shevale & Sanada, 1979; Rivers & Emert, 1988; Sinitsyn et a l. , 

1991] . 

Wardrop and Jutte 11968], White and Brown [1981], White [1982 1 

and Chanzy and Henri ssat l I 983a; 1983b; 1984; J 985; 19861 have 

investi gated the morpho logy of the crystalline cel lulose residue after 

cellulase treatment with transmi ssion electron microscope (TEM) to 

clarify the mechanisms of enzymatic degradation of crystal line cel lulose. 

VaLonia cellulose and bacteria l ceJJulose were used owing to la rge size of 

crystalline and high crystallinity in their studies. They have observed that 

the residual cellulose rnicrofibril s are disaggregated, become thin and split 

to subfibrils. Both EG and CB H I from Trichoderma. reesei brin g 

fibrillation to tbe cellulose microfi blils [Sprey & Bochem, 1992]. 

Recently, the cellulose-binding domain isolated from EG of T. reesei on 

VaLonia cellulose have been visualized on TEM by inununogold labeling 

[Gilkes et a l. , !9921. The colloidal gold labelLng of the intact cellulase and 

its isolated cellulose-binding domain has revealed that the proteins bind 
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preferentially onro ce rtain faces or edges of the cellulose crystals. Gilkes 

ei al. have also reported that the flocculation of microcrystalline cellulose 

inhibited by the su rface covera ge with the cellulose-bi ndin g domain. They 

have speculated that cellulose-binding domains increase the a ru lable 

surface area of cell ulose and ar the same time function to increase the local 

concen tration of the cata lytic domains. The hypothesis ag rees with earlier 

understanding that the overall increase in digestibility of crystalline 

cellulose is apparentl y determined by decreas in g pa rtic le size and 

generating more avai lable surface, rather than reducing the crystallinity. 

Recent investigations have revealed that native cellulose crystal is 

the composite of two different c rystalline components, cellulose la and 

IB , and that cellul ose la is ri ch in the algal-bacteri al type celluloses, 

whereas cellulose lB is dominant in the cotton-ramie type celluloses 

)Atall a & Va nde rH art , 1984: VanderHart & Atalla, 1984, Horii et al.. 

1987: Horii , 1989 ) which ex ist in cotton. ramie and other higher plants. 

The cellul ose from the tunic of Halucymhia sp. exists in a pure 1[1 phase 

[Belton et al.. 1989] and cellul ose lB is a dominant component in wood 

cell wall s )Wada et al.. 1994]. The cotton-ramie type cellul ose is usual ly 

used as substrate for the measurement of exo-cellulase activity. 

The contact between enzymes and cellulose molecule is restricted 

because the cel lulosic material s such as Avice! and pulp are not water­

so luble. In addition , the microfibrils present in these substrates are always 

tightly aggregated and have many complex hydrogen -bonding. Therefore, 

the difficu lty of the enzymatic hydroly sis of crysta ll ine cellul ose is not 

enough exp lained on ly by the morphological changes of the residual 

cellulose. In thi s chapter, the features of the residues of some c rys talline 

cel lulose of cotton-ramie type after severe degradation with the cellulase 

and di scussed focusing on the influence of aggregation of microfibril s on 

the cellulase attack. 
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2. EXPERIMENTAL 

( l) Substrates. 

The following cotton-ramie type cellulose which is dominant in 

cellul ose lW A vice! (PH-10 I. A sa hi Chemical Co.), cotton linter pulp (dp 

3500), a nd tunic of Halocymhia sp. commercially obtained. The tun ic of 

Halocynthia sp. was repeatedly bleached with 0.3 % NaCl02 in an acetate 

buffer at pH 4.9. This sample was soaked in 5% KOH overnight and 

washed thoroughly with dis till ed water [Sugiyama et a l.. 1990], and then 

defiberized in a refiner (FPl mill) with a c learance of 0.3 mm. Avice! was 

boiled with 2.5 N hydrochloric acid for 15 min in order to e limi nate 

amorphous region and contamination. The neutral sugar composition of 

Avice! was performed with potassium borate buffer of pH 8.8 a t 60 ·c 
and was analyzed by ion -exchange chromatography [co lumn : Sugar AX! 

(Toso Co. Ltd .). Len gth 0.46 x 15 cml fol lowin g by the method of Honda 

et a1[1 981 [. 

(2) Enzymatic hydrol ys is. 

All the samples we re hydrolyzed with a commercia l enzyme 

preparation . "Meicelase" (Meiji Seika Kai sha, Tokyo, Japa n) derived from 

Trichoderma viride. The enzyme had 0.40 U/mg of filter paper degrading 

activity, 4.9 U/mg of CMC-Na degrading activity and 0.94 U/mg of 

ce ll obiase act ivity. Avice! (200 mg, dry weight) was incubated in 10 mL 

of a 0.1 M sodium acetate buffer (p H 4.8) with enzyme (0-400 mg) at 40 
0

( for 2 days. The reaction mixture was se parated by filtration through 

sintered glass crucible (G-4) into the residue a nd filtrate. The residue was 

thoroughl y washed with distilled water, then freeze-dried and weighed. 

The enzymatic susceptibility was calculated as the ratio of weight loss LO 

initial sample weight a nd yield of red ucing sugar. The conrro l was 

incubated without enzyme. The amounts of reducing suga r in the fi ltrate 

were measured according to the Somogyi-Nelson's method . The neutral 
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sugar composition was determined as described in Chapter 2. Avice! was 

also treated with enzyme up to 10 days. In addition, Halocynrhia cellulose 

and cotton linter pulp were treated up to 28 days. 

(3) Observa ti o n by TEM 

Some of the freeze-d ri ed residues were suspended in water or 50% 

EtOH. A drop from each suspension was deposited on a carbon-coated 

grid and observed with a TEM (JEM-2000EX, JEOL, Japan) with staining 

of 1.5% uran yl acetate fo r imaging. The results were recorded on 

Mitsubishi electron mi croscop ic films (MEM). 

(4) X-ray diffraction and electron diffraction. 

X-ray diffraction sample disks were prepared by compress ion at 

200 kgf/cm2 unde r a vacuum. An X-ray diffractometer (JDX-8200, 

JEOL. Japan) generated a t 50 kY and 120 mA. The c rystal dimensions of 

three main equatori a l renec ti ons of cellulose, which were (I I 0) , ( I I 0) 

and (200) planes. were dete rmin ed using Sherrer's eq uati o n ll91 8l Using 

the Bragg's equation , the d-spacings of the (ll 0) , ( I I 0) and (200) planes 

were calculated from the 28 of the X-ray diffraction profiles [Bragg, 

191 3]. The crystallinity indices (Crl) of the initial samples were calculated 

from X- ray profi les by the method of Knoll e and Jayme 11 9651. Fo r 

electron diffract ion, the samples prepared for TEM observation were used 

without any treatment o r shadowed by go ld. 

(5) Solid-state CP-MAS 13C-NMR. 

13C- NMR spectra were obtained with a GSX-400 (JEOL, Japan) 

operatin g at 50 MHz. Recycle time of pul se was I 0 s. The spectra were 

accumulated ca. 100 times. 
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3. Results 

( 1) Features of Avice! residues after treatment with large quantity of 

cellulase. 

The Avice! used was composed of 95% of glucose, 2.4% of xy lose, 

and 2.4% of mannose res idues. The neutral sugar compositi on of 

enzymatic hydro lyzates was dominantly glucose and a sma ll a mount of 

xylose (0.8-2.9%). The hyd ro lyza te treated with 25 mg to 300 mg of 

cellul ase per 200 mg of Avice! contained 1.9-2.3% of cellobiose. 

Fig. 3- 1 shows the relationship between the hydroly sis rates (weight 

loss and yie ld of reducin g s ugar) of Avice! and the amounts of cellulase. 

The more the quantity of cellulase was used, the hi gher the reducin g sugar 

yield and the weight loss we re obtained. The wei ght loss was sli ghtly 

hi gher than the reducing s ugar yie ld. The difference was due to s mal l 

amounts of cellobiose in the hydrolyzate. 
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Figure 3- 1. Re lati onships between hydrolysis rates( weight loss and reducing 

sugar yield) and amounts of cellulase. 
Note: A vice! (200 mg in I 0 mL of a 0.1 M acetate buffer at pH 4.8) was treated 

with 25 mg to of 400 mg cel lul ase at 40"C for 48 h. Legend :o: weight Joss, 0 : 

reducing sugar yield. +: crysta ll inity index (Crl) of hydrolysi s residue. 
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Therefore. the weight loss was co n idered to permit an adeq uate evaluation 

of the enzymati c hydro lysis rate. The weight loss became 77% by u e of the 

largest excess of cellul ase (400 mg). The weight loss increased greatly with 

increasing the enzyme treated from 0 mg to 100 mg. However, the weight 

Joss slightly increased in the resi du es treated with increas ing th e e nzy me 

amount up to 400 mg. 

The untreated Avice! contained large 

pruticles wi th several te ns' ~m in length 

ru1d width , and fibro us small particles 

with a few ~m in length (Fig. 3-2a). The 

large parti cles seemed to be too thick for 

the electron to pass through. The electron 

diffrac tion of the untreated Avice! could 

not be clearly obtained. Fig. 3-2b shows 

the changes of morphology and diffrac­

tion pattern in the residues of the treat­

ment with 400 mg of ce llulase. After en­

zymatic hydrolysis, the . mall fibrous par­

ticles disappeared and the electron density 

of the large particles became lower than 

that initial one and the length was less than 

20 !Jill. 

45 

Figure 3-2. Electron mi crograp hs 
a nd diffraction pa ttern s ( in set) of 
Av ice! treated with ce llul ase ; a : 
untreated ; b : treated with of 400 mg. 



The cellulose microfibrils in the large particles were observed to be 

tightly packed. a nd the outer parts of the particles were fibrillated. The 

arc of the diffracti on pattern became narrow in both width and length 

being close to spot. The diffraction spots of the ( ll 0) and (1 1 0) planes 

were separated di stinctl y, and the other diffraction spots such as the (002), 

(004) and ( 102) planes appeared clearly . Many diffractiotl spots were 

observed in the residues treated with 400 mg of cellulase (Fig. 3-2b). 

The X-ray diffraction profil es in the residua l Avice! are shown in 

Fig. 3-3. The heights o f the (200) plane of the enzy mat ic hydrolys is 

residues decreased accordin g with inc reas ing the quantity o f cellula e. The 

crystallinity index (Crl) of untreated Avice! and the enzymatically 

hydrol yzed residues were 61.1% and 65.4-67.2% (Fig. 3- 1) . The 

dimension of crystalline reg ion at the (200) pl anes in unt reated Avi ce! a nd 

the enzymatically hyd ro lyzed residues were 4.27 nm and 4.17-4.30 nm. 

( 200) 

5.0 za. o 53.0 38.0 l &. 0 2.:s. a 8. 0 13 . 0 28 

Figure 3-3 X-ray diffracti on profiles of Av ice! treated with various 

amounts of cellulase. 
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In the results of l3C-NMR of there idual Avice! , the height o f 
the peaks of C4 and C6 became higher than that of the untreated A vice! , and 
the peaks of C2, C3 and C5 were separated more clearly. 
(2) Features of A vice! residues after cellu Ia e treatment over a long period of 

rime. 
The weight los and the rate of redu cing sugar yield of A vice! 

treated wi th cellulase for I 0 days wa 95 % and 97%, respecti vely. The 
neutral sugar composition of the enzy mati c hydrolyzate was 69 . l % of 
glucose, 9.6% of cellobiose and small porti on of xy lose. 

The morphological change of the residual Avice! was essentiall y 
the same as observed in the Avi ce! residues after the treatment with 400 mg 
of cellul ase. The large particles became thinner and shorter than the initi al 
ones. The rnicrofibril s aggregated ti ghtly, was clearly ob erved in the 
residues. and was partly fibri llated in the outer part of the parti cles (Fig. 3-
4). ·In the electron ctiffraction ctiagrams, each of the diffraction spots could be 
observed very clearly and hi gh degree of diffraction was obtai ned. 
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Figure 3-4. Electron 
mi crograph and diffracti on pattern 
of Avice! treated with 50 mg of 
cellulase for I 0 days. 



The results of the X -ray diffraction analysis and solid stare l3c. 

NMR analyses were almost rhe same as those of the Avice! restdue after 

the 400 mg of ce llulase treatmenr. The Crl was 64%, and the crystall ite 

width from the (200) peak was 4.43 nm. These data were considered to be 

identical with the untreated A vice!. 

(3) Features of Ha/ocynth.ia cellul ose and cotton linter pulp residues after 

cel lul ase treatment over a long period of time. 

Fig. 3-5 shows the weight loss of Halocynthia cellulose and cotton 

linter pulp with ce llulase treatment for 3-28 days. The neutral sugar in the 

enzymatic hydrol yzate comprised dominantly glucose both for the 

Halocymhia cel lulose and cotton linter pu lp. The Crl in the enzymatic 

hydrolysis residues of Halocymhia cellulose decreased slightl y with 

increasing rhe treated period, whi le that in the enzymatically hydrolyzed 

res idues of cotton linter pu lp changed little during the enzyme 
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Figure 3-5. Changes of weight loss and crystallinity index during time course. 

Legend: Weight loss: Halocynthia cellulose (o) and cotton linter pulp (0); 

crystallinity indexes: Halocymhia cellu lose (x) and colton linter pu lp(+). 
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treatment. Fig. 3-6 shows the changes of the crystal dimensions in the time 

course of enzyme treatment. In the res idues of Halocynthia cellulose and 

cotton linter pulp. the crysta l dimensions at the ( lJ O), ( 11 01 and (200) 

planes did not change from the i n.iti al ones, except that the crystal 

dimension at the (200) plane of Halocynrhia cellu lose residues slightl y 

decreased. In both the residues of the Halocynthia cellu lose and cotton 

linter pulp, the d-spacings of the (il 0) ,( 1 l 0) and (200) planes did not 

changed from those of initi al samples, ei ther (0.593 , 0.529, and 0.386 nm 

for Halocymhia cellulose; 0.59 1. 0.530 and 0.389 nm for co tton linter 

pulp). 

12 

• • • • • • • 10 • • • 
E' • • • • • • .s • • • c 6 0 
"iii 
c 
Ill 
E 0 ~zov B "0 6 z t:;O 
.~ 

'" iii 4 » 
t; 
0 
1/) 

Ill 2 · N 
iii 

0 4 12 16 20 24 26 32 

Time course (day) 

Figure 3-6. Changes of crystalli te dimensions during ti me course. 

Legend: Halocymhia ce ll ulose: (1] 0) (• ), ( 110) C• ). and (200) (• ): couon 

linter pu lp: ( I ] 0) ( 6 ), ( 1 I 0) ( '\7), and (200) (0) . 
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Fig. 3-7 shows the e lectron mi cr ogr aph and di ffrac ti on pa tterns of th e 
enzyma ti ca ll y hydrolyzed res idue of Halocyn th ia cellulose with ce llul ase 
treatment fo r 28 days . While the mi crofibril s of the untreated F-lalocynthia 
cell ulose were ti ghtl y packed in the for m of th e bundles, in the res idu a l 
cellu lose the bundles were untied and the mi crofibril s aggregated was separated 
into a sin gle or a few mi crofibril s. These mi crofibril s of Halocyn thia cellulose 
became thinner or fibri.ll ated partly along to the ax i with the enzyme treatment. 
In addi ti on. the mi crofibrils were split from th e end s to th e subfibril s. The 
length did not change remarkabl y from those of the initi al mi crofibril s. The 
electr n diffracti on diagram of the enzy maticall y treated Halocynrhia cellul ose 
is shown in F ig. 3-7 . The oute r pa rt of th e diffrac ti on sp ots , whi ch were 
observed in the untreated Halocynrhia cellulose mi crofibril s, co uld not be 
obtained in the enzymati cally hydrolyzed residue. The res ults were the same as 
those of cotto n linte r pulp res idue afte r cellul ase trea tm e nt fo r 28 day 

.... 

Figure 3-7 . Electron micrograph and diffracti on pattern s of th e hydrolysis 
re s idu e of Halo cynthia ce llul ose tr ea te d w ith ce llul ase for 28 d ays . 
Note : Fi brill ati on was observed partl y (an owheads) . 

50 



4. Discussion 

A most unique featu re in the enzymatically hydrolyzed cotton-ramie 

type cellulose such as A vice\. Halocynlhia and cotton cellulose was that the 

inherent c rysta ll ine properties such as crysta lli nity, dimensions of 

crystalli ne reg ion. a nd d-spacing co ntin ued to be kept in the residues even 

if most of th e ce llul oses were degraded. There we re no re ma rkab le 

changes in the Crl s a nd d-spaci ngs calcul ated from th e X-ray diffraction 

profiles in a ny enzymatically hydro lyzed res idues. The increase of the CrT 

of the e nzy ma ti c hydrolysis residues has been repo ned abo ut ramie 

[Herma ns & Weidinger, 1949"1, cotton, A vice\ , bag gas pulp, s traw pulp, 

and saw dust !Ben·abet e t a l. , 1974; Betrabet & Para lika r, 1977; 1978!. 

and a-cellulose of southern pine !Caufield & Moore, 1974]. It was 

co nsidered that these results were caused by the selective hydrolysis of the 

amorphous region in the cellulose sa mples, a nd that the enzymatica ll y 

hydrolyzed res idues sho uld mainl y contain c rys talline region. The 

cellul oses stud ied in Chapter 3 contained lower amo rphou s regio n than 

those in these reports. Thi s sho uld be a reason tha t the chan ges of C rl s 

were small . 

A high degree of diffraction was obtained from the e lectro n 

diffraction o f the res idua l cellul ose a nd the a rcs of the diffrac ti on spots 

decreased in their width and length . Thi s indicated that the resid ual 

cellulose consisted of highl y ordered cellulose molec ular chains in 

cellulose microfibril s. The res ults were also confi rmed by the results of 

the X-ray diffracti on analysis and l3C-NMR 

The size of the c rystalline region of the cellulose has been 

considered to be one of facto rs influenci ng the enzymatic a ttack of 

cellulose [Fa n et a l. , 1980; Wa lker & Wil son, 1991]. The decrease of the 

peak hei ght of the (200) of X-ray diffraction diagram in the residual 
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cellulose. especially in Halocynrhia cell ulose. suggested that the (200) 

plane should be most sensiti ve to the enzymatic attack. This has also been 

reported in the e nzy matic hyd ro lys is of bacterial and Valonia cellulose by 

Chm1zy and Henrissat I 1983b; 1984; 1985]. The enzymatic hydrolysis rate 

was 100% for Sugi ho locellulose treated for 2 days (unpubli shed dam), 

97% for A vice! treated for 10 days, 85% of cotton linter pu lp and 7 1% of 

Halocynthia cellulose treated for 28 days, respecti ely . Sugi ho locellul ose 

and Avice! were more susceptible than cott.on lin ter pulp a nd Halocynthia 

ce llulose. The difference seemed to be owing to both the c rys tallinity 

index (Crl) and the s ize of the crystalline regions. The Crl of Sugi 

holocellulose a nd Avice! was lower than that of cotton linter pulp a nd 

Halocvnrhia ce llulose (S ugi ho loce llulose: 48.4% (unpubli shed data). 

Avice!: 6 1.1 %. cotto n linte r pu lp: 73. 1 %, and Halocynthia cellulose: 

85.4%), and the dimension at the (200) plane were 2.8 nm for Sugi 

holocellulose (unpubli shed data), 4.41 nm for Avice! , 5 .96 nm for cotton 

liDter pulp, a nd 10.9 nm for Halocynthia cell ulose. The ratio of the 

appearance of the cellulose mol ecul a r chains o n the s urface area depends 

on the dimensions of the c rys ta l! ine region I Walker & Wil son. 1991]. The 

results obtai ned that the larger surface area of the c rysta l was the s ma ll er 

enzymatic susceptibility was. 

The agg rega ti o n of the ce llul ose microfibril s has a lso been 

conside red to be o ne of facto rs affecting the enzymatic digestibi lity. Si nce 

Avice! was hyd rolyzed by acid and air-dried in the manufacturin g 

process, the cellul ose mic rofibril s are highly ordered and tightly 

aggregated and has a high crystallin ity f Akishima et a!. , 1992]. This 

should be the ca use of difficulty for Avice! to hydrolyze with enzyme 

co mparing with Sugi holocellulose. These are the same as the "white 

material" , whi c h introduced in the Chapter 2 , and the microfibril s of the 

Halocynth ia cellu lose whi ch were a lso tightly aggregated. In the cases of 
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Halocynthia cellulose, the cr sta llite dimensions were so la rge that the 

enzymatic h drolysis process was slower rhao Avice!. 

Therefore, the degradati on process in such aggregated cellul ose 

microfibril is specu lated as follow s: From the outer part of the particle. 

single or severa l ce llulose microfibrils produced witJ1 cellu lase by pealin g. 

Then the ends of these mic rofibril s became thinner in the e nds o r were 

spl it from the ends to the subfibril s and digested immediately with 

cellul ase. The "highl y c rysta lline microfibril" treated by acid JRevol et al.. 

1992] had a lmost the sa me size as cellu lose microfibril in the 

enzy ma ti ca ll y hyd ro lyzed residue . This mea ns that the si ng le microfibri l 

was probably yie lded by peeling with the minimum e nzyme a id . T he 

"highl y c rystalline microfib ril "s were a lso s plit from the ends to the 

subfibri I by the enzymatic hydro lys is I Hayas hi et a l. , 1994], as reported by 

White and Brown 11 981: 1982 1. C hanzy and Hemi ssat [1 983a; 1983b: 

1984 ; 1985: 1986 1. 

In conc lusion, the aggregation of cellulose m.icrofibril s was loosen 

with cellul ase littl e by littl e from the s urface contained the hi ghly ordered 

cellulose microfibri ls . The e nzymatic degradation was accompa nied with 

fibrillation on th e surface o f the c rys ta ls o r with the formation of the 

subfibrils from the e nd , especiall y in the mi c rofibril of Halocynthia 

cellulose, which has a la rge dimens ion . The inhe rent c ry s talline properti es 

of cel lulose microfibrils we re kept until the cellul oses were degraded 

compl ete ly. Their differences of deg rada ti o n was explai ned in the 

cellulose microfibrils (cellul ose lfl) by their s ize a nd conditi o n of the 

microfi bri Is' aggregati o n. 
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5. Summary 

Avice!. cotton lin ter pul p, and Halocynthia sp. c llulose (col!on­

ramie type ce llul ose: rich in ce llul ose 10) were extensively hydro! zed 

with a cellul ase prepared from Tr ichoderma. viride ei ther using a large 

quantity of enzy me or treatin g it over a long period of time. T he 

hydrol ysis res idues (wei ght loss : 77%) we re examined by transmi ssion 

electron microscopy (T EM) , electron diffraction and X -ray diffracti on, 

and solid state cross polarized magic angle spinning (CP-MAS) l 3C-NMR 

spectroscopy. TEM observation showed that the particles in the hydrolysis 

residue of A vice! were composed of ti ghtl y packed microfibril s. In 

electron diffrac ti on diagrams of the res idues, the ( I l 0) and ( 1 10) planes 

were separated distinctl y, and the other diffracti on spot such as the (002), 

(004) and ( l 02) pl anes appeared clearl y. From the X -ray diagrams of the 

res idues. the crystallinity index (Crl ) of the hydrolysis residues was found 

to change lirrle. These res ults sugges ted that the enzymati c hydrolys is 

residue of A vice I composed of highl y ordered microfi bri Is. After the 

enzymati c hydrolys is. the mi crofibril s of Halocynthia cel lulose and cotton 

linter pu lp ultimately became thinner in the ends or was split to the 

subfibrils. Therefore, the aggregation of cel l ulose m.icrofibril s was loosen 

with cellul ase littl e by little from the surface. The enzymatic degradati on 

was accompanied with fi brillati on on the surface of the microcrystals in 

Avicel. whose dimensions were small , and with the formati on of the 

subf ibril s from the end in Halocynthia cellulose, which has l arge 

dimensions. The difference of degradation rate should be explained from 

the size and the aggregation of the microfibrils. 

Keywords: Cellul ose 10. Cellulase, Cellulose microfibril , A ggregation 
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Chapter 4 . 
Enzymatic s usceptibility of cellulose microfibril s 

of the algal-bacterial type a nd the cotton-ra mie type 

1. In trod u c ti on 

The cellu lase system from potent ce llulo lytic fung i such as 

Trichoderma species possesses endo-(1 -... 4)-f~-D-g lucanases attacking 

randomly with in the cellul ose cha in . exo-( 1 -... 4)-f3-D-glucaoases splitting 

either cellobiose or g lucose from the non-reducing end of cellulose, and a 

~-0-gl ucosidase tha t converts cell obiose and o ther cello-ol igosaccharides 

to glucose [Wood & McCrae, 1979; Evele igh, 1985] . 

The enzymatic hyd rolys is of cellulose, partic ularl y hydrogen­

bonded a nd ordered c rysta lline cellulose, is a very compl ex process. As 

the cellu lose is insolu ble , the cellulases mus t diffuse and fit themselves to 

rhe structural feature of the subs trate. A number of inves ti gators regarded 

the crystallinity, the Slllface access ibility and the particle size of cellulosic 

substrates as the major fac to rs affec ting enzyme hydrolysis ]Wa lker & 

Wilson , 199 1 ]. The re lat ionshi p between the fine structura l features a nd 

the diges ti bi li ty in cell ulosic ma te ri a ls sho uld be clarifi ed , no t on ly for 

achieving effect ive glucose production , but a lso fo r better unders tanding 
of the reaction mecha ni sm. 

Marrinan and Mann [1956] have indi cated the difference of the 

cellulose crysta ls. Recent in vestigations have reveal ed tha t native cell ulose 

crys tals a re the composite of two diffe rent c rysta lline compone nts, 

cellulose Ia a nd cellulose lB, and that cellulose Ia is ri ch in the a lgal­

bacterial type celluloses, whereas cellulose If.~ is dominant in tbe cotton­

ramie type cell ul oses. The fo llowing informa ti o n J1as been a lso obtained: 

II) Cellu lose Ia and cellulose 1(3 sho ul d have diffe re nt hyd rogen- bo ndio gs 

>ysrern. The difference was first demonstrated by Raman spectroscopy 

!Ata lla & VanderHan . 1984; VanderHart & Atalla, 1984; Wei ley & 



Aralia. l987a; 1987b: Horii er al. 1987; Atalla & VanderHart. 19891 and 

also confirmed by Ff[R spectroscopy !Michell , 1990; Sugiyama et al.. 

1991]. (2) Cellul ose Ia can be transformed into cellulose l ~ by 

hydrothermal annealing in the presence of NaOH , therefore cellulose I~ is 

thermodynamically more stable than cellul ose Ia [Horii et a\. , 1987; 

Yamamoto et a\., 1989; S ugiyama e t a\. , 19901. (3) Cellulose I ~ from the 

tunic of Halocynthia sp . ex is r in a pure I~ phase I Belton e t al.. 19891. (4) 

Cellulose Ia and cel lulose I ~ a re characte rized as crystals consisting of 

tri c lini c str uctu re with one chain per unit ce ll a nd monoclinic structure 

with two c hai ns per unit cell , respectiv e ly, and the theoretical density of 

the monoclini c unit cell is s li ghtl y la rger than that of the tri c lini c unit cell 

fSu giyama et a \. , 19911 (5) Hackney et al. fl994] and Uhlin et a l. !'19951 

also suggested the presence of superl a ttice-like s tructure. in which the 

cellulose Ia and cellulose lj) domains co-ex ist throughout the cross-section 

of each microfibril. (6) It is noteworthy that cellulose I ~ is dominan t in 

wood cel l wa ll s [Wada et a l. . 1994 1. 

The accessibility of cellulose dimorphs (Ia / 1 ~) to chemicals as well 

as biochemica l reacti ons has been so far less studied in compari son to their 

structural c haracte ri zatio n. Atalla and VanderHart have reported the acid 

hydrolysis residue of hi ghl y crystalli ne cellul ose from Rhiz.oclonium 

lzeiroglyphicum a nd Cladophora gromerata investigated by solid sta te 

CPMAS 13C NMR spectroscopy, that in the Rhizoclonium cellulose la 

and cell ulose 1[3 were equall y susceptible to acid hydrolysis (1985], but in 

the Cladophora cel lulose lc1 was degraded more rapidl y than cellul ose I ~ 

119891. Kim a nd Newman 11 9941 suggested from l3c NMR analys is of 

Korean red pine in brow n rot decay tha t cellulose Ia was preferenti a ll y 

degraded. Both results suggested that the cellulose la component is more 

susceptible to enzymatic attack, but that fact was not clearly established . In 

this chapter , the dimorphs in the microfibrils of various native cellu loses 
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was quantitatively analyzed on the suscepribiliry of Trichoderma viride 

cel lulase. For this. the enzymatic susceptibility was examined by the 

weight loss during the degradation process , and the hydrolysis residues 

were analyzed by Ff!R spectroscopy and by elecn·on diffraction. 

2. Ex ped m e ntal 

( I) Substrates. 

Two types of substrates were used . One was (a) the a lga l-bacterial 

type cellulose that is rich in cellulose la : bacterial (Acetobacter xylinum) 

cellulose gel. cell wall s of Valonia sp. ha rvested from Wakayama, Japan, 

and Cladophora sp. collected in Chiba. Japan . T he other was (b) the 

cotton-ramie type cellulose that is domi nant in cellul ose 1 ~: tuni c of 

Halocynthia sp. commercial ly obtained, cotton linter pulp (d p 3500), 

bleached softwood pulp (dp 750 and 1500), bleached hardwood pul p (dp 

1500), and Avice] (P H- 101. Asahi Chemical Co.). Purification for some 

of the sa mpl es was needed to remove non-cellulosic substances and 

homogenization was carried out to avoid the aggregation of cellulose 

microfibri ls. The pellic les of bacte rial cellul ose were purified by boilin g 

in I % NaOH for I 0 h under a stream of N2 gas , then washin g with 

disril led warer !Ka i & Xu. 19901, homogenization into small fragme nts 

and freeze-drying. The vesic les of Valonia sp. we re purified by the 

procedu re of Gardner and Blackwe ll ri974l and treated acid-mechanicall y 

by the method of Chanzy and Henrissat 11 983a]. The tuni c of Halocynthia 

sp. was repeatedly bleached in 0.3 % sodium chl o rite in an acetate buffer 

at pH 4.9. Thi s sample was soaked in 5% KOH overnight a.nd washed 

thoroughly with dist ill ed water [Sugiyama et a l. , 1990], and then 

homogenized inro small fragments and freeze-dried. Avice] was boiled in 

2.5 N HCI for 15 min a nd thorough ly washed with disti ll ed water. 

(2) Enzymatic hydrolys is. 
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All the samples were hydrolyzed with a commercial enzyme 

preparation. "Meicelase" (Meiji Seika Kaisha., Tokyo, Japan) derived 

from Trichoderma viride . The enzyme had 0.40 U/mg of filter paper 

degrading activity, 4.9 U/mg of CMC-Na degrading activity and 0 .94 

U/mg of cellobiase activity. The substrate (200 mg) in I 0 mL of 0. I M 

sodium acetate buffer (pH 4.8) was incubated with enzyme (50 mg) at 40 

0
( for 2 days , except the bacterial cellulose. The bacterial cellulose was 

incubated for 0.5 and I h because this sample was quite degradable with 

the cellul ase. The reacti on mixture was separated by centrifugation into 

the residues and products. The precipitate was tho rou ghl y was hed with 0.1 

N NaOH solution to remove the enzyme adsorbed on the su rface of the 

residual cellulose microfibrils and washed distilled water, and then freeze­

dried and weighed. The enzymatic susceptibility was calculated as the ratio 

of weight loss to the initi al sample weight. The enzymatic treatment was 

repeated twice or more repl acing cellu lase solution until the samples were 

hydrol yzed about 80-90% from initial weight on the residues of the 

Cladophora a nd Halocymhia cellulose, which have almost the same crystal 

dimensions. This treatment was also repeated on the residues of Valonia. 

(3) Hydrothermal treatmen t 

Some bacterial cellulose was subjected to a hydrotherma l treatment. 

The purified and homogenized cell ulose sample was inserted into a glass 

ample with a sma ll amount of O.l N NaO H. This sa mple was sealed and 

placed in an a utoclave at 260 oC for 30 min , then coo led in tap water. The 

annealed sample was washed thoroughly with di stilled water and then 

freeze-dried. This sample was also treated with the cellul ase in the same 

fashion. The samples before and after the hydrothermal treatment showed 

almost the same crystallinity. 

(4) Observation by TEM 
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Some of the f reeze-dried residues were suspended in water. A drop 

from each suspension was deposited on a carbon-coated grid a nd observed 

with the transmission electron microscope (TEM: JEM-2000EX. JEOL 

Japan) with staini ng of 1.5% urany l acetate for imagi ng. T he results were 

recorded on Mits ubishi electron microscopic films (MEM). 

(5) FTIR spectral a nalys is 

FTI R spectra we re obtai ned fro m the samples mo unted on a 

potassi um bro mide disk us ing an FT!R ins trumen t eq ui pped with an 

ordinary mi croscop ic accessory (FT/IR-7300+Micro 20 , Ja nssen, Japan; 

Nico let-Mag na 550 FT-IR. Fra nce) . T he wave number range scanned was 

3800-650 c nr I ; 64-200 sca ns o f 4 cnr l resolution were s ignal ave raged 

and sto red. 

(6) X- ray diffrac ti o n a nd e lectro n d iff racti o n 

Fro m the c haracte rizati o n o f the cellulose Ia (triclini c) a nd 

cellulose 1[:1 (monoclinic), (II 0), (ILO) and (200) planes in the two-chain 

monocl ini c uni t ce ll a re, res pecti vely. equi valent to (1 00), (010) a nd (110) 

planes in the o ne-c ha in tric li ni c unit ce ll [Sugiya ma e t a !. , 199 11 . He re, we 

used the monoc linic indices to rep resent the Milla r's indices of the two 

crys tal syste ms. X-ray diffrac ti o n profil es were o btained with a JDX-8200 

(JEO L. Ja pa n) ins trume nt. The separa ti o n of peaks in X-ray profil es was 

carried o ut us ing a leas t-squares refin ement program by the method of 

Wada et a!. Jl 993 j . T he d iffracti on angle was ca librated fo r each run with 

titan ium oxide (d = 0.2487 nm). T he c rysta l dime nsio ns of three ma in 

equato ri al refl ecti ons of cellulose, whi ch were ( I LO), (110) a nd (200) 

planes res pectively, were dete rmined using Sherre r's equation [191 81. The 

crys tallinity in dices (Crl ) of the initi al samples were calculated from X­

ray profil es by the method of K noll e and Jay me [1 9651 . The sampl es 
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prepared for electron diffraction were used without any treatment or 

shadowed by go ld . 

3. R es ults 

Table 4-1 shows the changes of weight loss, crystal dimension and 

the ratio of cell ulose Ia a nd cell ulose 1~ by the 2 days of enzymatic 

hydrolysis. Only the bacteria l cell ulose was examined at short intervals of 

0.5 and I h of enzy matic hyd rolysis. The peaks of ( 1 1 0) a nd (1 1 0) planes 

from the profil es of Avice! and pul p samples cou ld not be separated 

clearly, a nd the c rystal dimensions of ( I I 0) and (11 0) planes were not 

calculated, either. 

Table 4- 1 T he changes of weight loss, crys ta l dimension and ratio of 

la/I ~ on various native celluloses befo re and after the enzyma tic 

hydro! ysis. 

I Sample Time course Weig ht lo 1oo.~ Q-ystallite din.,nsion (nm) Ratio of lafl ~ I 
{Crl ( %)1 (%) 110 11 0 210 (% ! 

I 
Valonia Oday () 14.8 16.9 23.0 I 34/(:6 

(87) 2 4J 14.8 16.9 23 .0 I 1618:1 

Clatlopltora Oday 0 11.0 9.2 143 Sell 'X\ 

(82) 2 52 10.5 9. 1 11 .0 5!/5.1 

lx"£1crial Ohr 0 l (>2 6.4 6.3 441.~ 

(69) n5 (8 5.7 6.2 6. 1 26f74 
1.0 <J7 63 5.9 53 IOI'.xl 

Halocyud1ia Oday 0 7.9 8.7 !0.0 

(&'i) 2 .38 8.0 8.5 9.6 

colt oo tinter Oday 0 5.8 6.5 6.0 

(73) 2 44 6.3 63 (> I 

AviccK HCII Oday () 4.4 

(@) 2 .n 4.7 

so ft wood pulp Oday 0 -1.6 
(DP=IOOO) 2 39 43 

(61) 
SJ(t wood pulp Oday 0 4.6 

(DP=2100) 2 II 4.7 

($) 

h..-d wood pulp Od<IY 0 3.9 
(DP=$00) 2 II 4. 1 

(56) 
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Tt was al o noted that short microfibri ls became prominent during the 
enzymati c hydrolysis from the TEM obse rv atio n of the residual Cladophora 
cellulose (Fig. 4-1). 

100nm 

4. Discussion 

Fig. 4- 1. The e lect r o n 
mi crographs of the Cladophora 
ce llul ose mi cro fibril s: (a) 
untreated , (b) hydro lyzed with 
cellul ase for 2 days. 

The results of the weight loss in various cellulose samp les suggested that the 
algal-bacterial type cellulose mi crofibril s seemed to be more susceptible to the 
enzymati c attack tb an the cotton-ramie type ones . 
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Fig. 4-2. The electron mi crographs of the bacteri al cellulose mi crofibril s· (a) 
untreated. (b) after hydrolysis with CBH l purifi ed from the Meicelase, fo r 10 min 
and then treated with ultrasoni c for 10 min, (c) after ultrasonic treatment for 20 min 
without enzymati c hydrolysis. 

lnterestingly, the bacterial cellulose was hydrolyzed with the enzymes 
quite easily. The m orphological changes were compared in bacteri al cellulose 
rnicrofibtil under different conditi ons: (a) control; (b) after hydrolysis fo r JO min with 
CBH I purified fro m the Meicelase, whi ch was a main component of the T. viride 
cell ula e, and then ultrasoni c treatment for I 0 min ; (c) ultrasoni c treatment for 20 
min. The results are shown in Fig. 4-2a-c. The untreated mi crofibril s were not 
fibrillated (Fig. 4-2a). but after the enzymatic hydrolysis the microfi bril s 
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were fibrillated uniformly into bundles of thin subfibrils and some 

became short subfibri ls (Fig. 4-2b) . The microfibrils under o nl y 

ultrasonic treatment were oot different from the control sample. but 

partly fibrillated (Fig. 4-2c). W hite [1982] and Brown et al. l19831 have 

also reported the fibril latio n of the ribbon of bacterial cellulose in the 

enzymatic degradation process. If the breakdown of the hydrogen bonding 

between s ubfibril s occurs by the enzyme the resulting increase of the 

surface in the thinned subfibril s should be effective for following 

enzymatic attack. The rapid fibrillation duri ng such a short incubation was 

not observed in the other cellulose samples. This might be the reason of 

the high degradabi lity of the bacterial cellul ose microfibril and the 

bacterial ce llul ose should be a unique substrate for cellul ase. 

The Crl and surface area have been considered to be important 

factors for determining enzymatic s usceptibility. Therefore, the Crl of 

ce ll ulose substrates were determined before the enzymatic hydrolysis 

(Table 4-1 ). In the a lga l-bacte ri a l type cellulose, the C rl of bacterial 

cel lulose was 69%, Cladophora, 82%, aod Valonia, 87%. The enzymatic 

susceptibility became hi gher in the order, bacterial cellulose, Cladophora 

cellulose. Valonia cellulose (Table 4-1 ). Thus there was a reasonable 

re lat ionshi p betwee n the C rl and the enzymatic susceptibility, namely the 

lowe r Crl of the sample was the more susceptible it was to enzyma ti c 

attack. In the carton-ramie type cellul ose, the Crl of Halocynthia cellulose 

was 86%, cotton linte r pulp, 73%, acid treated Avice! , 63%, softwood 

pulp, 60%, and hardwood pulp, 56%. There was not a simila r corre lation 

in the cotton- ramie type between the enzymatic susceptibi lity a nd the rl. 

As described in Chapter 3, the size of the cellulose c rystallites and 

aggregation of cellulose microfibrils sho uld play a major factor in 

determi ni ng the enzymatic susceptibili ty of the cotton-ramie type 

cellulose. Although the Crls of the algal-bacterial cellulose were higher 
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han those of cotton-ramie type, and crys tal dime nsion of the algal-bacte ri al type 
cellulose were greater than those of the cotton-ramie type. the algal-bacteri al type 
cellul ose w as mo re s usceptibl e th a n th e co tt o n- ra mi e typ e ce llul ose . 

The di ffe re nce o f crys ta lline dim orph . ( la/lp ) in the tw o type of 
cellulose may have a n influence o n the e nzy ma tic ac ti o n o n th e crys talline 
cellulo e. HydrothermaJ treatme nt transforms ce llulo e Ia into cellu lo. e IP [Horii 
et al. . 1987 ; Yam amoto et al. , 1987 ; Su g iya ma e t a l. . 1990]. The effec ts of 

01meali ng on the enzymati c susceptibility of bacteri al cell ul ose we re studied . The 
morpho logical change of the a nnea led bacteri al cellulose i show n in Fi g. 4-3. 
The microfibri ls were observed to shorte n but not to fo rm ti ght aggregati on. The 
Crl wa not changed afte r the annealing. Af ter an 1 h-e nzymati c hydroly is, the 
weight loss was 9 1% fo r th e un a nnea led bacteri al cellu lose a nd 56% for th e 
annealed sampl e , res pecti ve ly. Bacteri a l ce llul ose was a hi g hl y deg rada ble 
substrate. but the conversion of cellulose Ia to cellu lose IP see med to inhibit the 
enzymati c hydrolysis to so me exte nt. The cry tal]jne dimorphs (l a JTp) may have 
much more influence on the e nzymati c acti on on the crys talline cellulose, rather 
than the Crl and surface area. 

, 
100 nm 

Fig. 4-3 . The electron mi crograph of the 
bacteri al cellulose after the hydrothermal 
treatment under NaOH. 
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The compos ite make-up of the residual cellulose was clarified with 

FfiR absorption and electron diffraction . In Figure 4-4, the IR spectrum 

around the region of 3600-2800 cm·1 of Valonia and Halocynthia cellulose 

are compared before and after the enzymatic hydrolysis. The absorption 

band near 3240 cm-1 is assigned to the cell ulose Ia. , whereas the absorption 

band near 3270 cm-1 is assigned to the cellulose lf3 [Michell , 1990; 

Sugiyama et a l.. 1991a]. Halocynthia cellulose did not show any 

absorption at 3240 c m-1 a t a ny ra te . On the other hand, the absorption 

band at 3240 cm·1 in Valonia cellulose almost disappeared after 60h of 

enzymatic hydrolysis . This disappearance of the absorp ti on band in 

Cladophora cellulose were also observed in the specimens afte r the 

enzyme hydrolysis. It is show n in Fig. 4-5 that the absorpti o n band a t 

about 3240 cm-1 in the unannealed ba terial cellulose remarkabl y 

decreased afte r the lh of e nzymatic hyd rol ysis (Fig. 4-Sa) , and that in 

annealed bacteria l cellulose the absorpti o n band a t 3240 cm-1 di sappeared, 

and tbe cell ul ase seemed to brin g abo ut littl e effect on the cellul ose l f) 

crysta lline phase (Fig. 4-Sb) 
Valonia Halocyn cbia 

- - - - - -- - - - - - - -
Fig. 4-4 FflR spectra in the regio';;'.from 3600 cnr I to 2800 cnr 1 of Val on;~ 
and Halocymhia celluloses. Note: the band near 3240 cm· l is assigned as Lo 
cellulose Ia, the band near 3270 cnr I is unique for cellulose 1 ~. 
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Fig. 4-5 FflR spectra in the reg ion f rom 3600 em· I to 2800 em· I of (a) un­

annealed and (b) annealed bacteri al ce llulose bef ore and after enzymati c hydrolys is 

for J h. 

The changes in the compos ition of cellulose l ex and cellulose lB of 

the alga l-bac teri al type cellulose were ca lculated from the peak height of 

750 cnr I and 710 cm- 1 accordin g to the method of Y amamoto et al. 

[1994]. In the res idual cellulose, cellulose 1[3 became ri ch (T able 4- 1 ). In 

Cladophora cellulose, cellulose IB was twi ce as much as that of cellulose 

la with i ncreas ing ce llulase treatment (T able 4-2). 
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Table 4-2 The changes of weight loss, d-spacings and ratio of l a/I~ of 
the residues of Cladophora and Ha.locynthia during the successional 
enzymatic hydrolysis. 

sample time weight d-spacing (nm ) ratio of 
course loss la/1~ 

(%) ( I I O) (11 0) (200 ) (%) 

Cladophora 0 day 0.612 0.519 0.386 54/46 
2 52 0.599 0.523 0.387 50150 

2+4 60 0.597 0.521 0.387 39/6 1 
2+4+2 69 - - -

2+4+2X2 75 0.599 0.522 0.387 36/64 
2+4+2x3 79 0.599 0.525 0.387 40160 
2+4+2X4 82 0.602 0.526 0.388 37/63 

-.. -- ···················-·· -·~·· • · •••«•n .. .-.. . -. •... • , ····---~----··-· -·-·-·-·-·-··· - ·····--·-··- ··-·-····-······ ······-····-

Halocynthia 0 day 0.593 0.529 0.386 
2xl 40 0.591 0.529 0.386 
2X2 65 0.594 0.531 0.386 
2X3 78 0.591 0.528 0.386 
2x4 85 0.594 0.529 0.386 

2X5 88 0.594 0.529 0.386 

2X6 90 0.593 0.528 0.386 

The changes of the c/-spacings of the residues of Cladophora and 

Halocynthia during the successive enzymatic hydrolysis are shown as 

dimension of (ltO), ( 110) and (200) planes in Table 4-2. The d-spacings 

from each crystalline phase have been reported: the lc.( (tri clinic) 

component; dJOO= 0.621 nm, dO!O= 0.528 nm, dJ 10 = 0.397 nm and the 

I~ (monoclinic) component; d l]O = 0.607 nm, d!lO = 0.535 nm, d200 = 

0.398 nm [Sugiyama er al. , 1991b]. It is noted that d!OO is larger than 

dl[O, and dOlO is sma ller than d!LO· The d-spacings of the residues of 

the Halucynthia cellulose did not change during enzymatic degradation. 

The dl 00 (d![ 0 in Table 4-2) of the residues of Cladophora. cellulose 

became smaller, but the dOlO (d1!0 in Table 4-2) became larger than the 

initial one. This was also observed in the residual cellulose of Valonia, so 
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that it was considered with respect to the d-spacings that the residual algal­

bacterial type celluloses tended to become close to figures of the I~ phase 

in the advanced stages of enzy matic hydrolysis. 

As shown in Fig. 4-4 and 4-5 and Table 4-2. the results of the FTIR 

absorption and e lectron diffraction diagrams indicate that the hydrolysi 

residues of the algal-bacterial type cellulose in the advanced stages of 

enzymatic hydrolysis were almost cellulose I~ . It was suggested that the 

cellulose Ia in the a lgal-bacterial cel lulose microfibrils was hydrolyzed 

preferentia ll y with cellul ase, that is , the cel lul ose I ~ was rather stable to 

the cellul ase a rrack in comparison with the cellulose Ia. It was also 

conside red that the preferential attack of the cellul ase against the cel lulose 

Ia might be caused f rom the structural differences of the crysta ll ine 

dimorphs ( la/1 ~) such as the d-spacings, the theoretical density and the 

distrib ution of the two crystal line phases in the microfibril. 

In the residual Cladophora cellulose. sho rt mi crofibri ls became 

prominent during the e nzy matic hydrolys is (Fig . 4-1 ). Whe n the bacterial 

cellulose was treated with T. viride CBH 1 and ultrasonic wave, some 

subfi bril s cut into same length were observed in the resulting res idues. 

Therefo re , short microfibrils were thought ro be formed during the 

enzymati c degradation from the a lgal-bacterial type ce llulose. T he 

formatio n of sho rt microfi bril s seemed to be re la ted to the compos ition of 

cellulose dimorphs Oa/I~ ) in the microfibri l, a nd the findin gs was 

described in the othe r chapter. The results obtained were not preclude the 

presence of superlatti ce-Jike structure demonstrated by Atal la's group 

[Hackney eta!, 1994; Uhlin eta!. , 1995] . It is also suggested that the 

domain composed mainly of ce llul ose I ~ might exist in the ce.llu lose 

microfibril of algal-bacteri a l type. The residual cellulose microfibrils of 

the cotton-ram ie type became thinner and fibrillated with increasing the 
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enzyme treatment. but the forma ti on of the sho rt microfibril s was not 

observed. 

The conclusions of this chapter are sununarized as fo llows: (i) 

algal-bacterial type cellulose is more susceptible to the enz matic attack 

than co!lon-ramie type cell ulose: (ii ) cellulose Ia crystall ine phase of the 

algal-bacteria l rype cellulose is degraded preferentially by Trichoderma 

viride cell ulase a nd the residues become cellulose IB phase dominant , and 

(iii ) in the e nzy mati c degradation of algal- bacteria l type cellulose, 

shortened microfibri ls are o bserved . Further investigation is necessary to 

bette r unders ta nd ing of the prefe re nti al degradation of cellulose Ia in the 

cellulose eli morphs. 

5. Summary 

Two types of substrates, the algal-bacteria l type (ri ch in ce.llulose 

la) cellulose a nd the cotto n-ramie type (dominant in cellulose I ~) 

cellulose. were degraded comparati e ly by Trichoderma viride cellul ase. 

The alga l- bacte ri a l type cellul ose mi crofibril was more susceptible tha n 

the cotton-ramie type. The res idua l cellulose microfibri ls were o bserv ed 

by TEM a nd a na lyzed by FTIR a nd electron diffraction. It becomes c lear 

that the resid ual cellulose of the algal-bacterial type cellulose was getting 

ri ch in the cellul ose I ~ with the la pse time of cellul ase treatment. T hese 

resu lts indi cate that the cellulose Ia in the microfibril of the a lga l­

bacteria l type cellulose is hydrol yzed preferentia ll y by the cellulase. 

Keywords: Cellulose, algal -bacte rial type; Cellulose, cotton-ramie type; 

Cellulase; Cellu lose Ia: Mi crofibril 
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Chapte•· 5. Selective degradation of the cellulose Ia 

component in Cladophora cellulose with Trichoderma viride 

cellulase 

I. Introduction 

The structural investigation of cellu lose crystallite by solid-state 

CP/MAS 13C NMR revealed spectral differences among samples of several 

cellulose origins [Atalla & VanderHart. 1984, VanderHart & Atalla, 1984. 

Horii , 1989; Yamamoto & Horii , 1993]. A crystalline model composed of 

cellulose lo. and cel lul ose Ip components was proposed , and it was 

reported that the a lgal-bacterial type ce!lul oses are ri ch in cel lulose Ia 

(triclinic) , whi le cellulose Ip (monocli nic) is predominant in the cotton­

ramie type cellul oses. Atalla et a l. suggested that these differences caused 

from the difference of the hydrogen-bonding pattern between cellulose Ia 

and Ip [Horii et al., 1984; Wiley & Atalla, 1987a; 1987b; Atalla & 

VanderHart. 1989]. It is investigated that the cel lulose Ia is metastable and 

can be converted into lp by hydrothermal treatment in the prese nce of 

NaOH [Sugiyama eta!. , 1990 !. Sugiyama eta!. [199lbl characterized these 

two crystalline structu res: the triclinic st ructure with dimensions of a = 

0.674 nm, b = 0.593 nm, c = 1.036 nm, a= 11 7', p = J 14", y = 8 1", cell 

volume = 0.3395 nm3 , and calcula ted density = 1.582; the monoclinic 

structure with dimensions of a=0.80 1 nm, b=0.8J7 nm , c=l.036 nm. a= 

13 = 90", y (monoclinic angle)= 97.3 ", cell volume= 0.6725 nm3 , a nd 

calculated density = 1.599. 

The mechanism of enzymatic degradation of crystalline cellu.lose is 

still poorly understood because of the complexity of the substrate: 

cellulose in nature is not water-soluble, fibrous and composed of both 

crystalline and amorphous regions. Wardrop and Jutte [ 19681 . Chanzy and 
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Henrissat [1983a, !983 b: 19841 and Henrissat and Chanzy [I. 9861 have 

observed that the hydrolyzed residue of the Valonia cellu lose microcrysta l 

becomes fibrill ated or narrow after the treatment wi th Trichoderm.a 

reesei cellul ase, and it was shortened by action of the cellulase from 

Humicola insolens. Whi te and Brown [1 981; 1982) also observed the 

fib rill a ti on in the bacteri al cellulose microfibril trea ted with cel lul ase 

deri ved from T. viride. No other detail ed study bas been reported on the 

enzy matic degradati on of the crystals of the algal-bacteria l type cellulose 

composed of two c rys talline components. 

In Cha pte r 4, it has been reported that the a lga l-bacte ria l type 

cellulose mi crofibril is more susceptibl e to cellulase attack than the cotton­

ramie type cellulose, and the cellulose Ia in the a lgal-bac teri al ry pe 

cellul ose microfibril is more selectively degraded than the cellulose l ~ 

[Hayas hi et a l. , 1994). T he s ubstrate was a homogeni zed sample, which 

contained both crysta lline a nd amorphous regions and the ir cellulose 

microfibril s aggrega ted tightl y. Recentl y, Revol et a l. have re po rted that 

the chira l ne matjc o rde r structure is a rranged by "hi ghly c rys taJiine 

microfi brils" [Revo l et al. , J992l They coll ected the hi ghl y-crys talline 

samples from the c rys talline region of cellulose and suspended in water, 

where the hi ghl y crys ta lline cellul ose di spersed one by one. If thi s sample 

is treated with cellul ase, it is no t needed to conside r the influences of the 

amorphous region and of the aggregati on of cellulose c rys ta llites during 

enzy ma tic hydrolysis. T he refore, a suspension of cellulose crys ta llite (CC) 

f rom Cladophora s p., whi ch is rich in cellulose Ia, was used as the 

substrate. Another aqueous suspension of CC of Halocynthia sp. whi ch is 

exclusively the cellulose I ~ component [Belton et a!. , ! 9891 was also used 

as a control s ubstrate. The purpose in thi s chapter was to study the 

selecti ve degrada ti on of the cellulose la component by FTI.R spectroscopy 

and by electron-d iffraction ana lyses to charac te rize them. 
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2. Experimental 

( 1) Substrates 

The subs trates used were the suspensions of cellulose crystallites 

(CCs) of CLadophora sp. and Halocynthia sp. The purified sample of 

Cladophora sp. and bleached tuni c of Halocymhia sp. were treated by I 00 

mL of 65% sulf uri c acid (w/w). The treatment conditi ons were 25 oC for 

30 min for the Cladophora sp. and 70 oC for 30 h for the Halocynthia sp. 

The obtai ned CCs were then washed with distilled water successively by 

centrifugation until a pH ran ge of from 1 to 5 is achieved. 

The c rystallinity index. (C rl) calculated from X-ray profiles of the 

purified samples before aci d hyd ro lysis was 82% (Cladophora sp.) and 

86% (Halocynthia sp.) [Hayashi et a l. , 1994], and the average crystalli te 

sizes determined from (1 ]0) and ( I 10)* pl anes by Sche rrer's equation 

[19181 were as follows: II n111 x 9 n111 for Cladophora sp. a nd 8 nm x 9 

nm for Halocynthia sp. The sizes of the two substra tes were differed littl e. 

(2) Enzymatic hyd rolys is 

The above sampJes were hydrolyzed with a commercial cellu lase 

"Meicelase" (Meiji Seika Kai sha, Tokyo, Japan) derived from 

Trichoderma viride as described in Chapte r 4. The cellulase was 

fractionated by ultra filtra ti o n me mbranes. The fracti o n (2.5-5 mg) of 

hi gher mo lec ul ar mass than I 0 kDa was inc ubated with 5 mg of substra te 

in 5 mL of a 0.1 M sodi u111 ace tate buffer and inc ubated at 48 oC for 2 

days. After the ce ntrifu ga l separation of the reaction mi xture into the 

res idues and products, the residues were successiv ely a nd tho ro ughl y 

washed with 0.1 N NaO H and distilled water, and then freeze-dried. The 

: lluoughoul this stud y, indexing for major equational and meridional crysk'l.llographic planes me 
based on Lhe monocl inic model [Sugiyama ol a! ( 1991 b)]. However. Lhe •pcci llc rellcclions arc given by 
tricliu_ic indexing by indicating en after mmar indices. 
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enzymatic hydrolysis was repeated four times with the hydro lysis residues 

under the same cond itions for removal of the susceptjble portion. The 

enzymati c susceptibi lity was determined by ratio of the weight loss to the 

initial sample weight. 

(3) Observatio n by TEM 

The residues from two-days of enzymatic hyd rolysis we re 

examined under the transrru ss ion electron microsco pe (TEM; JEM-

2000EX , JEOL). Some of the freeze-dried residues were suspend ed in 

wate r. Drops of t11 e suspens ion were deposited on a carbon-coated grid . 

These were used without further treatment for electron diffraction, and 

negatively sta ined with 1.5% uranyl acetate for imaging. TEM was 

operated at an acce lera tin g vo ltage of 100 kV or 200 kV for imaging, and 

of 200 kV for e lectron d iffraction. The width of the CCs was meas ured 

from the e lectron micrographs of negatively-stained sampl es. In the 

mi crographs their lengths were a lso compared with the number of CCs 

with both ends to the number of the CCs with one or no intact e nd . The 

diffrac ti o n diagrams were meas ured with a microdensitometer eq uipped 

with a microscopic accesso ry (3CS, Joice Loeble). From the profil es the 

half-width of the maj o r 3 equatorial diffractions denoted as A 1. A2 and 

A3 were measured . The d-spaci ng was calcu lated from the diffraction 

profi les obtained by the densitometer. 

(4) Ff!R spect ral analys is 

Fou ri e r tra nsform infrared (FriR) anal yses were carri ed o ut usin g 

KBr discs containing hydrol yzed residues with a FflR-8 1 OOM 

spectrometer equipped with a microscopic accessory (Shimadzu). All the 

FTIR spectra were recorded in the transnussion mode with a resolution of 

2 cm-1 in the range 4000-650 cm-1 . The crystallinity indexes was 

calc ul ated with the infrared ra ti os by the method of O'Connor et a l. 
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[1958]. The ratio of absorption at 1429 cm- 1 (CH2 scissoring motion) and 

absorption at 93 em- 1 ( i brational mode involving C 1 of ~ -linked 

glucose) was used for Crl determination [Liang & Marchessault. 1959]. 

3. Results 

The weight losses in the time course of each sample are shown 111 

Table --1. Fi g. 5-l shm sa linear relationship between the weight loss 

and the hyd rolysis rime: the s lope of the Cladophora CC was steeper than 

that of the Halocynthia CC. 

Table 5-l The changes of weight loss. d-spacings of Cladophora and 
Ha locynthia CCs and the change of the composition of lo. and lf3 of 
Cladophora CC after enzymatic hydrolysis. 

Sample Time Weight d-spacings (nm) Composition or i<llll:l 

course loss 
(day) (%) AI A2 Ia (%) If'\ (%) 

Cladophora 0 0 0.622 0.530 53 47 

2 20 - - 50 50 

4 41 0.61 1 0.535 49 51 

6 59 0.590 0.535 39 6 l 

8 79 0.612 0.538 32 68 
.................... ...... _______ ,, ...... 

----~ ---. 
. ............... . ... ··········-· . . ........................ ····.················ . ...... 

Halocynthia 0 0 0.605 0.537 
2 13 - -

4 27 0.606 0.537 

6 35 0.592 0.537 

8 46 0.605 0.536 

From the measurement of the negatively stained crysta llites in 

electron micrographs, the original Cladophora CC and Halocynthia CC 

had 24-34 nm and 17-22 nm in width, respectively , a11d had variable 

lengths (500 nm to several mm) . Fig. 5-2 shows the changes in the width 

of the residues of Cladophora and Halocynthia CCs that were meas ured 

from electron micrographs. 1 n tbe residual Halocynthia CC, the width 

became much smaller by enzymatic hydrolysis, than that of the 

Cladophora CC decreased. 
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Fig. 5-1. Time course of the enzymatic hydrolysis of CLadophora CC and 

Ha/ocynthia CC. 
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Fig. 5-2. The changes of the width of Cladophora CC and Halocynthia CC 

measured from elect ron micrographs in the residues after enzymatic 

hydrolysis. 
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Fig. 5-3 show the Cladophora CC before (a) and after (b) 

enzymatic hydro lysis. The number of CCs with both intact ends to the 

number of CCs with one or no intact end was 86 to 449, while the 

numbers changed to 132 to 99 after 2 days' treatment. The length of CC 

after tl1e enzymatic hydrolysis varied widely and the short CC witl1 about 

500 nm in length was frequ entl y observed as shown in Fig. 5 -3 b Oo the 

con trary, the Halocymhia CC did not change in lengtl1 but became 

narrower in the width during the enzymatic hydrol ysis. Some fibrill ation 

was obse rved in the residues of Halocynthia CC treated with the cel lulase 

(Fig. 5-4). 

Fig. 5-5 shows the chan ges of IR spectra of Cladophora (a) and 

Halocynthia (b) in the enzymatic hydrolysis. Bands nea r 3240 cm-1 and 

near 750 cm-1 are characteristic of cellulose la component, whereas those 

near 3270 cm- 1 and near 7 10 cm-1 denote cellulose I~ component 

[Michell , 1990; Sugiyama et al., 1991]. In the OH stre tching region of the 

Cladophora CC. the absorption of the band near 3240 cnr I decreased with 

increasing time of cellulase treatment (Fig. 5-5a). The o ri ginal 

Cladophora CC compri ses both the cellulose Ia and cel lulose IB crystal 

components [Wada et al., 19931. while the origina l Halocynthia CC has 

on ly ce ll ulose 1(3 [Sugiyama et al. , 1991], as confirmed by the Fr!R data. 

The residue of Cladophora CC became rich in the cellulose I~ component. 

The second-derivative spectrum of the residues of Cladophora CC (Fig. 5-

5c) gets c lose to that of the Halocynthia residues (Fig. 5-5d) near the 3350 

cnrl region . At tl1e region 800-650 cm-1, the absorption at 750 cm-1 

resulting from heavy-atom bending, both C-0 and ring mode [Michell 

1988; 19901 also decreased in tl1e residual Cladophora CC. In Table 5- l 

the changes in the composition of cellulose Ia and cellul ose lf1 are 

calculated from the peak height of 750 cm-1 and 710 cm-1 according to 

the method of Yamamoto et al. 11994]. The ori ginal Cladophora CC 
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;onsi ted of 53 % of the cellulose Ja and 47% of the cellul o e l~ . After the enzyma ti c 
hydrolysis . the composition of the cellulose la changed to nearl y half that of ce llulo e 
IP (Table 5- 1). [n response to the compositional change , the absorpti on bands at about 
J270 em-I in Halocynthia CC were rendered observable by the enzymati c hydro lysi 

tFig. 5-Sb_) _ .....,.--------------,,., 
a 
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Fig. 5-3. Th e e lec tr o n 
mi c r og r ap h s of 
Cladophora CC; a: intact ; 
b: the re idue after the 2 
d ays ofe n zy m a ti c 
hydrolysis. 



100nm 

Pig. 5-4 The electron mi crograph of Halocynth.ia CC; (a) untreated and 
(b) the res.idue treated with cellu lase for 2 days . 
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3690.0 3409.0 3200.9 3000.9 

Fig. 5-5. FfiR spectra in the region from 3600 cm-1 to 2600 cm- 1 of 
Cladophora CC (a) and Halocynthia CC (b) hydrolyzed with cellulase for 0, 
2, 4, and 8 days , and the second-deri vative spectra of the residues 

hydrolyzed for 8 days (c, d), respectively. 



Fig. 5-6 shows the electron-diffraction diagrams of Cladophora and 
Halocynthia CCs before and after the enzymatic hydrolysis. rn the residues of 
Cladophora CC. a triclini c diffracti on spot of ( 03) pl ane di appeared. and the 
spot of the second- layer meridian refl ection of (002) pl ane was observed clearer 
than that in the untreated samp'le. 

a b - 004 

c d 

Fig. 5-6. The e le c tro n diffraction dia gra m s of 

Cladophora. CC and Ha/ocyn rhia CC; untreated (a) a nd 

hyd rolyzed with cellul ase for 8 days (b) of CladophoraCC. 

and untreated (c) and after 8 days-enzymati c hyd ro lysis 

(d ) of Ha/ocynrhiaCC. 

From the geometry of the two-chain monoclini c unit cel l and 
the one-c hain tri c lini c unit cell. it is cons idered that in the a lga l­
bac teria l type ce llul ose whose cellul ose crysta l contains both a 
triclinic and m onoc lini c 
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system. the relative intensities of the merid ional diffraction spot·s at the 

fourth layer line (004) shou ld be more intense than those of the second 

layer (002) because rhe (002) in the triclinic system do not coincide wi th 

those in the monoclini c sys tem as meridional lattice points [Sugiyama er 

aL. 1991 ; Sugiyama , 1993 J. Fo r simplicity , we refer to the fou rth- and 

second -layer meridional spots as (004) and (002) on the basis of the 

monoclinic system. The intensity ratio of (002)/(004) in the algal-bacterial 

type cellulose is below 0. 1. and that of the cotton-ra mi e type cell ulose is 

above 0.1 [Sugiya ma e t aL. J 99 1 b; Sugiyama, 1992; Wada er al., J 9951 . 

Fig. 5-7 shows the changes of the intensity ratio of (002)/(004) of 

Cladophora and Halocy11thia CCs during the enzyme treatment. The ratio 

of Cladophora CC was 0.06 before the enzymatic hydro lysis, whe reas the 
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Fi g. 5-7 The changes of the intensity ratio of (002)/(004) of Cladophora 

and Halocynthia CCs during enzymatic hydrolys is. 



rrearment made the value larger than 0 . I . The value of Halocynthia CC, 

however, changed little. The d-spacing of the A I. ( 1 l 0) and A2. (II 0) 

spots of Cladophora CC changed into the dimension of typical cellulo e 

I~ by the enzymatic hydrolysis , whereas that of the Halocynthia crystallite 

did nor change, even in the advanced stages of enzymatic hydrolysis 

(Table 5- 1). 

Fi g. 5-8 shows the change of the infrared rario, a 1429 cm· 1/as93 cm·
1
, 

which was a measure of crystall inity index by IR !Hayashi et a!.. L994]. 

The crystallinity index shows gradual decrease in the residual Cladophora 

CC, but that of the residua l Halocynthia CC increased remarkably. 

30 
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Fig. 5-8 The changes of the infrared ratio, a\429 cm- lias93 cm-1 , of the 

Cladophora and Halocynthia CCs after enzymatic hydrolysis. 
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4. Discussion 

The CCs are less accessible to the enzyme than the cellulose sample 

from cell walls described in Chapter 4. Our res ults do not agree with 

Chanzy and Henrissat fl983a l who have studied the enzymatic 

susceptibility of Valonia cellulose pellicles and crystallites. The 

disagreement might be occurred because our samples contained 

exclusively highly-ordered cellulose chain molecules from the crystalline 

region of the cell wall s. Nevertheless the Valonia sp. produces larger 

crystalli tes than either the Cladophora sp. and Ha/ocynthia sp. 

Two phenomena observed during the enzymatic hydrolysi s of the 

Cladophora and Halocynthia CCs are (a) a constant rate of the weight loss 

and (b) a steeper slope for Cladophora than for Halocynthia. These 

observations indicate two facts ; one is that both samples are completely 

free from amorphous ce llulose as shown in the e lectron diffraction 

diagrams, and the other is that the Cladophora CC is more susceptibl e than 

the f-lalocynthia CC to the enzyme. The two CCs, even though with their 

quite similar features, a re different tn their crysta l structure. 

Consequentl y. cellulose lc1 is more susceptible to enzyme action compared 

with cellu lose I[~· 

The resu lts of !R absorption and the d-spacings of the residual CCs 

indicate that the characteris tics in the hydrolyzed residues might be 

explained from the difference of the crystal component. The ratio of 

cellulose l a to cellulose IB from the IR absorpti on confirmed that the 

cellulose Ia in the Cladophora CC was hydrolyzed more selectively with 

cellulase than the cellulose lf5· The electron-d iffraction dia.grams also 

supported the contention that the enzymatic action on Cladophora CC gave 

ri se to selective removal of the cellulose Ia component in respect to the 

cellulose I ~ component. The di sappearance of diffraction spot ( 1 03)(T) 
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from the cell ulose sample composed of cellulose lp was already confi rmed 

by Sugiyama et a l. 11991 a l. This result was the same as that in Chapter 4. 

The measurements of the sizes in the residual CCs suggested that the 

enzyme made to short the length of the Cladophora CC or to narrow the 

width of Halocynthia CC. Some fibrillat ion was observed in the res idues 

of Halocyn.thia CC. The fibri ll ation was also observed in the residues of 

Cladophora CC tha t were treated repeated ly with cellulase a nd became 

rich in cellulose lp. In Chapter 3, we have already reported the thinned 

and fibrillated microfibrils that occur after the treatment with T. viride 

cellul ase in the cotton- ramie type cellulose, in which cellulose lp is 

dominant. T herefore, the fibrillation seems to be associated with the 

region of the cellu lose Ij~ crystal co mponent of the CCs. 

The results of the Ff!R analyses indicate a great dea l about the 

supermolec ul ar structure of the CCs. The untreared CCs have hi gh 

crystallin ity. th us, it was est imated that the ratio of absorption a t 1429 c nr 

1 and ar 893 cnr I showed minute cha nges in those highly crysta ll ine 

regio n even a fter the enzymatic hyd rolysis. But the re was a great 

difference between the res idual Cladophora and Halocynthia CCs in the 

change of crystal lini ty index afte r the enzymatic trea tment. The modest 

reduction in the crys tallini ty index of the Cladophora CC mi ght refl ect the 

selectiv e degradation of the la compone nt. On the other hand , th e increase 

in the c rysta llini ty of the resid ua l Halocynthia CC suggests that the CC 

contai ns a more highly-crys tallized region. The inc rease of the peak 

hei ght in the FTlR spectra of the hydrolyzed Halocynthia CC may also 

indicate the decrease of disordered chai ns of ce llulose o n the surface or 

with in the crystalli te. Partly-d isordered chains have been proposed by 

Row land and Howley 11 988]. Verlhac et a l. 119901 have compared the 

avai lability of the surface hydroxyl grou ps in Valonia and bacterial 

cellulose with those in cotton linter, and have found to be the high 
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surface-pe1fecti on in the Valonia and bacterial cellulose crystals but to be 

as access ibl e as in the ful ly di sorganized su1face in the cotton samples. 

Our results ag reed with their findings. Further investigation is needed to 

clarify the ca uses of these phenomena concerning the morphological 

changes of the CCs. 

It was co ncluded that the CC of algal-bacterial type is more 

susceptible tha n that of the cotton-ramie ty pe to enzymatic alt.ack. and 

cellulose l<l compone nt in the a lgal-baclerial type cellulose is much more 

selectivel y hydrolyzed than ce ll ulose I~. In addition , sho rtened CCs are 

observed frequentl y in the residual Cladophora CC, whereas some 

fibr lll a ti o n is observed in the residue of Halocynthia crystalli te a nd 

repeatedly hydrolyzed Cladophora CC which comprised exclusively of 

cellulose If). The fibrill atio n seems to be characteristi c of the cellulose If) 

crystallite . FTIR ana lysis suggests the difference in the supermolecul a r 

structure as well as in the crystal component between the Cladophora and 

Halocymhia CCs. 
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5. Summary 

The ce llul ose crystalli te (CC) of Cladophora cellulose which is 

classified as algal-bacterial type was more susceptible to enzymatic attack 

than the CC of Halocymhia cellulose which is one of the cotton-ramie type 

cellul ose. In Cladophora CC, the ce llulose Ia crystal component was more 

selectively degraded than the cell ulose I~ crys tal component. The 

shortened CC was observed f requently in the residue of Cladophora CC. 

In additi o n. so me fibrill ati on was observed in the residues of Halocynthia 

CC and repeatedl y hydrolyzed Cladophora CC that ri chly contai ned 

cellulose lB. The borh supermolec ul ar structure of Cladophora and 

Halocynthia CCs should be estimated from these results , respectively . 

Key words: Cellulose c rys ta llite; Cladophora cellulose; Halocynr.hia 

cellulose; Trichoderma cellul ase; Fibri ll ation ; Cellulose Ia 
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Chapter 6. Characterization of short microfibrils in native 

Cladophora cellulose produc ed by enzymatic hydrolys is. 

l. Introduction 

Atalla and Vande rH art [1984] have reported that cellulose I is 

composed of two types of all omorphs, cellulose Ia and cellulose 1~. and 

later IV anderH art &A tall a. 1984: Wiley &Atall a, 1987a: 1987b: Hori i et 

al. , 1987; Atalla & VanderHart, 19891 it has been clarified that the algal­

bacteria l type cellulose ri chl y contains cellulose Ia while the cotton- rami e 

rype cellulose is composed dominantly of cellulose lB . The presence of 

superl atti ce- like s tructure has al so suggested in a cellulose mi crofibril , in 

which the cellulose Ia and cellulose IB domains co-exist tluougbout the 

cross-section of each microfibriiiHackney et al. , 1994, Uhlin et al., 1995]. 

As described in Chapter 4 and 5 . it is indicated that ce llulose Ia c rystalline 

phase is more susceptibl e to enzymatic hydrolysis than cellulose IB 
crys talline phase. The similar results were obtained in bacteri a l, 

Cladophora and Valonia ce lluloses regardless of the form of substrates 

such as cel lul ose pellicle. homogenized pieces and mi crofibrill ated 

cellulose. 11 is also described in Cha pter 4 and 5 that many sho rtened 

microc rystals with the a lmost same length are observed in the 

enzy matica ll y hyd rolyzed residues of a lgal-bacterial type cellulose. 

To elate, there is not such a report mentionin g generati o n of the 

short fibers in these Ia ri ch type celluloses. In thi s chapter, the short 

mic rocrysta ls a re cha racte rized minutel y by electron mi croscopic 

observation , electron diffraction, X -ray diffraction , the size-exclusion 

chromatography and FTIR analyses. The res ults were di scussed in terms 

of the enzymatic "levelin g off degree of polymerization (LOOP)" 

similarl y observed in a dilute acid hydrolysis of cellulose mi crofibril s 

87 



2. Experimental 

(I) Substrates 

The ce ll walls of Cladophora sp. and Valonia sp. were used. T he 

forme r was collected in the sea at Chiba, Japan. The two cell wall s were 

rich in cell ulose Ia crystalline phase. Prior to use as substrates. they were 

treated with 0.1 N aq ueous NaOH at I 00 °( and then with 0.05 N aq ueous 

HCI a t room temperature for overnight and rinsed thoroughly wi th 

distill ed water. The Cladophora cel lul ose after homogenization and 

freeze-drying was treated with 66% s ulfuric acid solution (w/w) at room 

tempera ture for 3 h under a strong stirring and then washed by 

centrifugati on umil the aqueous non-fl occulating suspension of 

microc rys talline ce llulose (CC). pH 5.0 was obtai ned. The Valonia 

cell ulose was used without homogenization. 

(2) Enzymatic hydrolysis 

The enzyme used was "Meicelase" (Meiji Seika Co. Ltd .), a 

commerc ia l product f rom Trichoderma viride. An exo- 1.4-B-glucanase 

(CB H I) was isolated and pu rif ied from the enzyme prod uc t by multiple 

column ch romatography equipped with anion and cation exchangers as 

described previously fU emura et al. , 19931. 

Pieces of Valonia pelli cle. homoge nized Cladophora cellulose and 

its CC were hyd rolyzed with Me icelase or CBH I, respecti vely. The 

enzy matic hyd rolys is was performed under the fo ll owi ng condi tions: the 

three suspensions including the substrate (200 mg fo r Cladophora 

cellulose and 1-2 mg each for Valonia cellulose and Cladophora CC) and 

the enzy me (50- I 00 mg for Cladophora and 1-2 mg eac b for Valonia 

cellul ose and Cladophora CC) in 10 and 5 mL of 0.1 M of sod ium acetate 

buffer at pH 4 .8 were incubated in water bath at 48 °C. After 2 or 3 days 
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of incubation. the precipitated residues was collected by centrifugation. 

1\'ashed with 0.1 % NaOH solution and then distilled water, and dehydrated 

using a ethanol se ries to acetone for pellicle sample. and freeze-dried for 

the other samples. A piece of pellicle (6-8 ~Lm in thick) was cut from the 

treated residues and mounted on a carbon-coated electron- mi croscope grid 

and provided for the optical analyses. 

The reacti on mixtures were separable into three portions in various 

stages of hydrolysis: precipitated residues, "floating resid ues" , and 

supern atan t. The .. noating residues" was collected by centrifugatio n at 

greater g up to 18,000 after addit ion of three volumes of 99.5 % ethanol. 

The precipitates were sto red in 50 % et hanol. The obtained ··noatin g 

residues" were Sllbjected to a mild acid treatment with 2.5 N HCI at 80 ·c 
for I h in order to remove contami nants a ttached on the sample surface. 

The resid ues suspended in water. A few drops of the suspensio ns including 

cellulose were deposited on carbo n-coated grids. The residues were also 

provided for observatio n with a transmission e lectron microscope (TEM) 

and/or a FTIR ana lysis after the residues were suspended in water and 

then dried. 

The precipitated residues were repeatedly treated with crude 

cellulase until abo ut 80% of the initial weight was hydrol yzed and the 

resulting precipitated a nd floatin g res idues were collected in the same 

way. 

(3) Acid hydrolysis 

Fo r comparison of enzymatically hydrolyzed resid ues and acid 

hydrolyzates, purified Cladophora cellulose and Valonia cel lulose were 

treated with 1 N HCI in 100 ·c for 3 h and 5 h. The residues were 

prov ided for the TEM observatio n, Ff!R and SEC (size-exclusion 

chromatography) analyses. 
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(4) Determination of molecular weight 

The "floating residues·· of Cladophora cell ulose after cell ulase 

treatment for 2 and 12 days was treated at 0 ·c wi th a mixture of nitric 

acid and phosphorus pentoxide for 30 min for preparation of the cel lulose 

trinir rate for the SEC analysis. The product was separated and washed 

thoroughl y with wate r. T he ave rage molecu lar mass weight (Mw) of the 

cellulose tri nitrate fro m the enzymatic hydrolyzates was determi ned by 

SEC with tet rahydrofuran as eluent LShibazaki et al.. 1995]. T he M w of 

the cellulose trini trate obtai ned fro m the acid hydrolysis resid ues was also 

meas ured. 

(5) Gene ral Analysis 

A ll the e lectron mi c rographs and electro n diffrac ti on diagrams 

were recorded wi th a .I EM-2000EX (JEOL) operated at a n accelerati ng 

voltage of200 kV. The specimens were used with o r witho ut 1.5% uranyl 

ace tate fo r imaging. D iffracti o n contras t images in bright or da rk fi e ld 

were obse rved witho ut a ny treatme nt. The images were recorded o n Fuji 

electro n mic roscop ic films (FG), and the diffractio n diag rams on 

Mitsubi shi electron microscopi c films (MEM). The e lectron di ffractio n 

diagra ms were traced wi th a mi c ro-densito mete r (3CS , Joyce Loeb! ) to 

calcul ate d-spaci ngs of the crystal structure. 

FTIR spectra were obtai ned from the samples o n the gr id 111 the 

circ ul a r a rea of 100 ~m i n di amete r using a Nicolet-Magna 550 FT-IR 

spectrometers eq ui pped with a Nic Pla n microscopic accessory. The wave 

number ra nge scanned was 4000-650 c rn·l; 64 scans of 4 cm-
1 

reso lu tio n 

were s ignal averaged and stored . The internal sta ndard band at 2900 cm- 1 

whi ch is assigned to C- H stretching in methyl and methylene gro ups in th e 

crystalline region was commonly employed [Yamamoto et aL, ! 994]. An 
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X-ray diffracto meter (JOX -8200, JEOL, Japan) generated at 50 kV and 

120 mA to obtain a diffraction profile of the short mi crocrystal. 

3. Results 

Fi g. I shows the weight loss of pel licle of Valonia cellulose, 

homogenized Cladophora cellulose and its microcrys ta lline cellulose (CC) 

during the trearme nt with crude cellulase. The enzy matic susce ptibility 

depends more o r less on the form of the samples as described in chapter 3 . 

The pellicle of Valonia cellulose was degraded faster than the 

homogenized Cladophora cellulose regardl ess of the large dimensions of 

microfibril. This might be owin g to the fibri ll a ti o n of microfibril and the 

aggregation . In Valonia cellulose mi crofibril , so me fibrill a tion was 

observed after the enzy mati c hyd rolysis I Wa rdrop & .J utte, 1968; C hanzy 
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Fig. 6-1. Changes of the weight loss during the enzymatic hydrol ysis 

of Valonia , Cladophora celluloses and Cladophora CC treated wi th c rude 

cellulase. 

9 1 



& Henrissat, l 983a]. The weight loss of each sampl e by th e CB H I was lowe r th an 
that by the crude ce ll ulase. The co mpone nt enzy mes in the crude cellulase mi ght 
e~h ibit a sy n e r g i st i c eff ec t o n th e h y dr o l ysis of ce llul ose c r ys t a l s. 

Sh ort mi c rocrys ta ls we re observe d i n th e fl oa tin g re id ue f rom 
Cladophora CC as show n in Fig. 6-2. The short mi crocrys tals were al o observed in 
the floati ng residues of Va lonia and Cladophora cellulose. The short mi crocrys tals 
nught be too small to obtai n directl y by centri fu ging the reacti on mixture. T he ma jor 
compone nt in th e fl oa tin g residu es was th e short mi c roc rys ta l a nd t he s hor t 
microcrys ta l was fo und not to be aggregated with each other. Gi lkes et a l. [ 1993] 
have reported that the fl occ ul ati on of mi crocrys talline cellulose of bacte ri al cellulose 
inhibited by the surface coverage with the cellulose- bindi ng domai n. In fact, Fig. 6-2a 
shows that the aggregati on in thi s system did not occur. Since the short mi crocrys ta ls 
exhibited the small and clear re flec ted spots in th e e lectron di ffrac togram . it was 
uggested that the cellulose chai ns in 
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Fig. 6-2. E I e c t r o n 
micrographs observed in 
th e f l oa tin g res idu es 
afte r 4 d ays C BH I 
treatment ; 
a: short mi crocrys tals of 
Cladophora CC 
negatively stained , b: an 
e lec tr o n di ff r ac ti o n 
d i ag r a m of th e s h ort 
microcrystals. 



the microcrystals were highly ordered. The d-spacings [(1 1 0)=0.60 nm, 

(110)=0.54 nml of the short microcrystals agreed with the values for 

cellulose 1[3 crystalline phase. This was also confirmed by a microscopic 

FTIR analysis. The results obtained suggested that the short microcrystals 

were composed dominantly of highly ordered cellulose I~ crystalline 

phase (Fig. 6-3). The X-ray diffraction profile from the short 

microcrystal shows that th e rl is not changed from the initial one (Fig. 

6-4). 
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Fig. 6-3 FTIR s pectra in the region from 3600 cm-1 to 2800 cm-1 of (a) 
untreated and (b) s ho rt microcrystals of Cladophora cellulose hydrolyzed 
with c rude ce llulase for 2 days. 
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Fig. 6-4. X- ray diffraction profiles of untreated and short 
microcrystals of Cladophora cellulose treated with crude 
cellul ase for 2 days. 
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The distribution of the length for the sho rt microcrystals in the 

noating residues from Cladophora cellul ose is evaluated graphi call y in 

Fig. 6-5. T he frequency in thi s figure were obtained by co unting each 

length of microcrystal in the e lectron microgra phs. From the ca lcu lated 

statistic value (=1.0) of the apparent Mw/Mn for the microcrystals, the 

distribution was considered to be close to monodisperse. The 

microcrysta ls of 300-400 nrn in length were observed most frequently . 

The value of Mw/MD in the floatiDg residues of Valonia cellu lose was 1.2 

and the average length was 450-500 nm. 

The distribution of dpw for the cellul ose molecules in the short 

microcrystals was dete!·mined by SEC. The SEC chromatogram for the 
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short microfibri Is from Cladophora cellulose after 12 days treatmenl wilh 

crude cel!Ltl ase was shown in Table 6-1. The calculated dpw was about 690 

and the dp di s tributi on (dpw/dpn) was about 4.7. 

0 0 100 200 3 00 400 500 600 700 BOO 9001000 

Length of short microcrystals ( nm) 

Fig. 6-5. Stati stic frequency of the short microcrysta ls in the fl oatin g 

residues of Cladophora trea!ed with the crude cellul ase for 4 and 8 days and 

the CB H l fo r 2. 4. a nd 6 days. 

Tab le 6- l The cha nges in SEC chromatogram for the short microcrystals 

o f Cladophora cellulose treated with c rude cellulase for 12 days a nd the 

Cladophora cellul ose after va ri o us acid hydrolys is time. 
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4. Discussion 

These results s uggest the existence of highly ordered I f) crystalli11e 

phase with a certain domain size of not less than 300-400 nm in the 

cellulose microfibrils of Cladophora cellu lose and CC. The shon 

microcrystals which had a lmost the same length of approximately 300-400 

or 400-500 nm (depending on the species of the sample) with d-spacings 

of If) crystalline phase were also observed in the enzymatically hydrolyzed 

Valonia and bacterial cellulose. This indicated that If) crystalline phase had 

a certain domain size of 300-400 o r 400-500 nm in the microfibril o r CC. 

The short microcrystals of If) phase from enzymatically hydrolyzed 

Cladophora sa mples were found to be composed of cellulose molecul es 

with a dpw (average degree of polymerization) of 690 which correspo nd s 

to 345 nrn in molecular chain length . It is well known that the dp of 

cellul ose falls rapidly to the LOOP by mild acid hydrolysis. Acid 

hydrolysis causes continuo usly weight loss, whereas the further drop of 

the dp and the micelle dimensions remain unchanged [Batti sta. 1950; Fink 

et al. , 1992!. Yachi et a l. j l 983 J has reported that enzymatic hydrolysi s of 

cellu lose has not been recogni zed to alter the dp drastically although the 

LOOP of native celluloses in acid hyd rolysis is a constant va lue of about 

200, except that of Valonia cellulose (LOOP = 7000). On the other hand , 

enzymatic hydrolysis is not known to alter the dp of cellulose as well as 

acid hydrolysi s. Recently , however, there have been a few reports 

concernin g the decrease of the dp of cellulose by enzymatic hydrolysis. 

Hoshi no et al. [ 19931 and Kanda et a!. !1994] have reported that an endo­

type cellulase lowered the dp of crystalline celluloses more drastically 

than exo-type cellul ases, and that the endo-cellulase decreased the degree 

of c rysta ll inity of celluloses as well. The LOOP by enzymatic hydrolysis 
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has not been reported to date. Only the enzymatically hydrol yzed residue 

of Cladophora may have a LOOP a round 700 whereas the acid hydrol ysis 

does not give LOOP fo r the residue. This LOOP by enzymatic hydrolysis 

in our system may be att ributed to the selective degradation of l a phase in 

th e cellul ose microfibril o r crystall ite. Fig. 6 shows the initial (a) and 

re.sidual Cladophora CCs treated wi th ce llulase (b, c) and acid (d)_ Short 

microcrystals are only obse rved in the enzymatica ll y hydro lyzed residues 

but not in the acid hydrolyzed res id ue . 

T he sho rt microcrysra ls f rom algal- bacteria l type cellulose whi ch is 

rich in cellulose Ia is not co nsidered to be fo m1ed in the sa me manner as 

the short f iber f rom the enzy matic hyd ro lyzed cotton cellul ose [Vaheri et 

a l. , 1939: Marsh, 1957; Ha ll iwell , 1966· King, 1966; Halli well & Riaz, 

1970; Seidman et al .. 1987; Di n et a l. , 1991] whi ch is I ~ dominant. 

Henri ssat and Chanzy 11986 1 repo rted that the fo rmatio n o f sho rt fi bers 

depends on the origin of the enzy me. However, we considered that this 

phenomenon may be explained by the di stribution of the two c rysta l 

domai ns. cellulose Ia a nd ce llulose 1 ~, in algal-bacterial type cellulose. 

Mo reover. the width of the res idual cellul ose a ppeared not to be changed 

f ro m that of the init ial CC as show n in Fig. 6-6. Tl1is suggests that the 

e nzy matic degradation may not proceed to the la teral directio n, but to the 

longitudina l di rectio n. T hus, cellulose lB c rystalline phase with a certa in 

domain size may be crys tal blocks which a re intact to the latera l d irection 

and the a lgal-bacte rial type ce llulose may re lease the short mic rocrys ta ls 

with the prefere ntia l enzymatic attack to longi tudina l Ia crystal blocks in 

the mi c rofi bril o r CC. T he cellulose mic roc rys tals of Microdictyon w hi ch 

is class if ied as algal-bacteria l type cellulose consists of cellulose Ia an d IB 
crys tal blocks contig uously wi th abo ut 500 nm in le ngth [Sugiyama et a l. , 

l99 I b; Horii , 19941. T he present results of the Valonia and Cladophora 

cellulose seemed to be s imi la r to those of Microdictyon cellulose. In the 
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e!lulose Ja domain to the longi tudinal direction. and co nsequently re leased the 
remaining cellulose I~ domains as intact crysta l blocks and the short mi rocrystal s 
because of the limited susceptibility. In the case of the hydrolys is of 1~-ri ch cotton­
ramie type cellu lose, fibrillation of the microcrystals wa observed at the advanced 
smges ofhydroly is as described in chapter 7. 

Fig. 6-6. Electron mi crographs of the Cladophora CC negatively stained; (a) 
untreated CC, (b) after 2 days, and (c) after 8 days of enzymatic hydrolysis , 
and (d) after acid hydrolysis . 

In the enzyma6c hydrolysis of some algal-bacterial type cell uloses , 
the short microcrystal s from the cellul ose Tb domains was observed with the 
preferential degradati on of ce llul ose Ia domains. The short mi c rocrysta ls 
pos essed the d-spaci ngs of cellulose f~ crystalline phase and almost the same 
l eng th of approximately 300-500 nm d e p e ndin g on the 

98 



microcrystals possessed the d-spacings of cellulose I~ crystalline phase and 

almost the same length of approximately 300-500 om depending on the 

cellulose sample. In addition. SEC analyses for the short microcrystal s 

from Cladophora CC revealed that an average dpw of the cellulose 

molecules in the short microcrysta ls was 690. This value corresponded to 

345 nm in the ave rage longitudin al length of the short microcrystals. In 

conclusion, I ~ crystal line phase for cellulose microfibrils may be 

composed of highly o rde red I~ crystal blocks with a certain domain size 

(300-500 om in length) (Fig. 6-7). In the I ~ crys ta l domains, every single 

molecu lar chain with a lmost the same length may be oriented parallel to 

the longi tudin al direction from the head to the tai l. 

Short microcrystals 
(lengU1 of300 · 400 nm) 

~---,-~-;tO 

(i) 
CeUulose microfib1il 

, OengU1 of400 nm · tOO Jlln) 

~­
'"'~ ,J 1 

l u , 

d 
Selecti ve degrada tion 
of cellul ose I a phase 

~~, 

I~ 

Fig. 6-7. A po~sible supermolecular structure f'or 

~el l ulo:;c microribn ls with the l rx/1~ composi te 
phases. 
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5 . Summary 

The residues after the enzy mati c hydro lysis of algal-bacteria l type 

celluloses were cha racte ri zed by TEM and FTIR analyses. During the 

enzy mati c hydJolys is, the cell ulose Ia c rystalline phase was preferentiall y 

degraded and the short mi c rocrys ta ls were observed in the fl oating 

residues. E lectron n1.ic roscopic observation, diffracti on and FTIR ana lys is 

fo r the sho rt mic rocrys tals suggested the existence of hi ghl y o rdered IB 
c rys ta lline domain of not less than 300-400 nm in length in the cellul ose 

mi c rofibril s of a lgal-bacte ri a l type. In addition, the sho rt mi c rocrys ta ls 

fr o m Cladophora cellulose was found to be composed of cellulose 

molec ul es with a dpw (average degree of po lymerizati on) of 690 whi ch 

corres ponds to 345 nm in molecular chain length. This result s uggested 

that every sin gle molecul ar chain in the sho rt mi crocrys ta l may be 

ori ented para ll e l to the longitudinal directi on from the head to the ta il of 

the cell ulose 11~ c rys ta lline domain . 
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Chapter 7. Characterization of l~ crystalline domain in 

native lialocynthia ce llul ose by analyzing the enzymatic 

hydrolysis residues 

I. Introduction 

The uniformity of microfibrii size of 2-4 nm in width in the 

cel lulose of plants and bacteria has been supposed by Frey-Wyssling et aJ. 

This hypothesis was confirmed by acid hydrolysis, enzymatic hydrolys is 

and strong ultrasonic treatment [Ranby & Ribi , 1950; Frey-Wyssling 

1954; Harada & Goto, 1982]. The following three concepts were deduced; 

(1) all ce llulose microfi bril s contain uniform subunit of approximately 4 

nm in width called "elementary fibril" [Frey-Wy ss ling 1954: Heyn. J 966; 

1969], (2) 2-4 elementary fi bri I consti tute a microfibril and the 

elementary fibrils are surrounded by "para-crystalline regi on" IRanby & 

Ribi, 19501 (3) the elementary fibril coincides with the microfibril and 

the size of microfibril depends on the cellulose source I"Balashov & 

Preston, 19551 . 

White and Brown [19811 have been proposed from the transmi ss ion 

electron microscopic observation of the enzymatic hydrolysis residue 

from bacterial cellulose and proposed that the weakest bonds in the 

composite ribbon may well be the hydrogen bonds between the subfibril 

bundles. Chanzy and Henrissat have also discussed that the cellulose 

microfi bri I in Valonia cellu lose are held together by the loosen hydrogen 

bonds and that the cell ulose chains w ithin the crystals are linked by the 

strongest ones [Chanzy & Henrissat, 1983a]. Blackwell and Kolpak [1975; 

1976] have suggested from the results of X -ray diffraction analysis and 

electron microscopy. and they suggested that gaps of 0.1 nm can be 

introduced into the perfect lattice of cel lulose elementary fibril s without 

large scale changes in the equatorial intensity distribution and such gaps 
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are large enough to accommodate a layer of hydrogen-bonded water 

molecules. 

The eleme nta ry fib ril as sma ller structural unit in the cell ul ose 

mi crofib ril has been denied by Bourret et al. 11972] who used the 

technique of diffracti on co ntras t e lec tro n mic roscopy in dark field mode 

in Valonia cellulose and by S ugiyama et a l. li985], Ku ga et al. [19871 and 

Chanzy et al. 119851 stud ying the latti ce imaging of cellulose rnicrofibril s 

of Valonia s p.. Boergesen ia forbesii and bacteri a l ce llulose, and 

Halocynthia s p. It is considered that the diffract ion contrast a nd the latt ice 

images directl y show the si ngle crys talline phase in the mi crofibril s. 

Smaller unit in cellulose microfibril has also been recognized 1n 

studies on cellulose biosy nthesis. Ha igler et a l. have observed from the 

s tudy o n the s tru cture of ce llulose microfibril biosy nthesized by 

Acetobacter x.yl inum the ex tracellul a r ribbon cons isting of small fibril s of 

1.5 nm . He r group has proposed th at the ribbon -like cellu lose microfibril 

is assembl ed hie rarchica ll y from the ordered glucan aggregates a t the cell 

surface a nd the pol ymeriza ti on a nd crystallizatio n have time-limiting 

[Hai gler & Benzi man , 1982: Haigler. 19851 . Concernin g the biosynthesis 

of the ce llul ose microfi bri I of the red algae, Erythrocladia, T sekos 11 9961 

has proposed tha t linear te rminal complex (TC) sy nthesizes o n fibrill a r 

(mini -crys ta l) co mponent whic h contains 12 glucan c hains with 

dimen sions 1.206 nm x 1.59 nm, a nd that the fibrillar component of one 

TC associates la teral! y to form a microfi bri I. Lee et a l. [ 1994] have 

observed that the cellulose [ sy nthesized from ~ -cellobiosy l nuoride by 

means of cellul ase assembl es by the aggregation and the a li gnment of 

glucan c hains with the same po larity and then extends chain conformation, 

resulting in c rys tallization to form I~ crystalline. 
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It was described in Chapter 6 that the s l1ort microcrystals as a 

unifo rm small unit were observed in the enzymatic hydrolysis residues 

fro m the alga l-bacterial type cell uloses. In this chapter, the possible 

s upermo lecul a r structure of crys talline domai n was descri bed thro ugh 

c lose obse rvatio ns of the enzymatic hydrolysis residues fo rm Halocymhia 

cellulose. 

2. Experimental 

(l) Substra tes 

The s ubstra te used was the cellulose crystallite (CC) of Halocynthia 

sp. The purifi ed sa mpl e o f Ha/ocynthia s p. was treated with I 00 mL o f 

65% sulfuric acid (w/w) a t 70 °C for 30 h. The resulting CC was was hed 

by suspe ndin g in di still ed water and successivel y by centrifugatio n until 

achi ev ing a pH ranging fro m 1 to 5 . The ori gina l CC was a mi c rofibril of 

a bo ut 20 nm in width a nd severa l p.m in le ngth a nd no agg regati on was 

obse rved in the suspension. 

(2) Enzy mati c hydrolysis 

The CC was hydro lyzed with a commercia l cellulase '' Meicelase" 

(Meiji Seika Kaisha, To kyo. Japa n) deriv ed fro m Trichoderma viride as 

previo usly desc ribed !Hayas hi e t a l. , 19941. An exo-( 1 ._. 4)- ~ -0-

glucanase (cell obio hydro lase(C BH) I) was isolated and puri fied by 

multiple column chromatography equipped with anion and cati o n 

exchangers as previously described [Uemura et al. , L993l After the 

separation of the reacti o n mi xture into the res idues a nd s upe rnata nts by 

centrifu gati on. the res idues were successively a nd thoroughl y washed with 

0. 1 N NaO H and dis till ed wate r. a nd then f reeze-dri ed . The cellulase 

treatment of the residues were repeated 4 times under the same conditions 

to remove the s uscepti ble porti on. 
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(3) Observation by TEM 

The residues from 8-days of enzymatic hydrolysis were examined 

under the transmission electron n-llcroscope (TEM: JEM-2000EX, JEOL). 

Some of the freeze-dried residues were suspended in water. Drops of the 

suspension were deposited on a carbon-coated grid. This was used without 

any further treatment for electron diffraction , and negatively stained with 

1.5% urany l acetate for imaging. TEM was operated at an acceleratin g 

voltage of 200 kV for imaging and for electron diffraction. The rnicro­

diffractograms from each sample were recorded on ]magi ng Plates (IPs) 

and analyzed by FDL 5000 (Fuji film Co.). The images of the same area 

we re recorded on Mit subishi electron n-llcroscopic films (MEM) in 

diffraction contrast. The length of the MCCs of the fibrillated regions 

were measured from the e lectron micrographs of negative ly stained 

samples. 

(4) FTIR spectral analysis 

Fr!R spectra were obtained from the samples mounted o n a KBr 

disk using an o rdinal microscopic accessory (N icolet Nic Plan-Magna 550, 

France). The wave number range scan ned was 4000- 650 cm-1; 45 scans 

of 2 cm·l reso lution were signal averaged and stored. 

3. Results 

The hydrolysis rate is shown in Fig . 7- 1. Halocynthia CC was more 

susceptible to the Tri choderma viride crude cellulase than the purified 

CBH I. Fig. 7-2 shows the morphologica l changes of the CC after the 

enzymatic hydrolysis. The initial CC was not fibrillated and showed 

uniform electron density. As described in Chapter 3, the residual CC 

became rhinner and partly fibrillated when treated with the crude ce llulase 

or the CBH I. Helical twisting was also observed in the CCs. 
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Figure 7-3. Static frequency of the helical repeat di stance in the residues of 

Halocynthia CC treated with c rude ce llulase and CBH I. 

The helica l repeat distance in the residual CC was measured on electron 

micrographs and the resu.lt is shown in Fig. 7-3 . The most frequently 

observed value was about 500-800 nm. The enzymatic hydrolysis residue 

was characterized by FTIR and electron micro-diffraction analyses . As 

described in Chap ter 5, the crystallinity index of the Halocymhia CC 

increased with increasing enzymatic hydrolysis (Fig. 5-8). The resu lt of 

the electron micro-diffraction analysis is shown in Fig. 7-4. The contrast 

of the diffraction from (200) plane which shows on ly one spot for an 

untreated si ngle CC, changed to a group of seveTal spots in the CC after 

the enzy matic hydrolysis. 
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In Figure 7-5. the FTI R spectrum aro und the region of 3600-2800 

em· I of Halocymhia cellulose samples, which is the O H stretching region. 

is compared between before and after the enzymatic hydrolysis. The 
absorption band near 3270 cm-1 is assigned to the cellulose I ~ [MichelL 

1990: Sugiyama et a l. . 199 1 a 1. The width of the absorption band became 

s li ghtly narrow after the e nzy matic hydrolysis. 

b 

W e--...m!W {cm•1 ) 

Figure 7-5. The changes of intensities of FflR absorp tio n from untreated 

Halocynthia CC and residual CC after 2 days of enzymatic treatment. 
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4. Di scu ss ion 

T he cell ulose of Halo c_vnthia sp .. which is classified as the cotton­

ram ie type, contains dominan tl y cellulose ! ~ . As shown in Fig. 7-2, the 

appearance of helical twis ting of the subfibri ls by the repetition of the 

enzymati c hyd rolysis seemed to be c haracteristic of the resid ua l CC. From 

the measureme nt of the length for rhe f ibrill ated regions, the length 

dispersio n was abo ut 1.2, which was co nsidered as monodisperse, and the 

average heli cal re peat was abou t 500-800 nm (Fi g. 7-3). T hese resu lts 

suggest that the inract cell ulose microfibril s of Halocynthia sp. contain the 

helix in nature and the he lical repeat dis tance was double the domain size 

of the cellulose I~ crystalline phase. 

White a nd Brow n !1 98 11 suggested that the endo-glucanase attacks 

the glycosidic bo nds on the s urface of bac te ri a l cellulose mi c rofibril a nd 

the reby d isru pted the orga ni zati on of glucan chains required to ma intain 

hydrogen bond ing between the protofibril s. However, the fibrill ati o n was 

observed in the res idues of the Halocynthia CC afte r the treatme nts with 

the c rude cellul ase and C BH I (Fi g. 7-2) . It is considered that the 

fi bri ll a ti o n by the e nzy mati c hydrolysis mi ght be ca used from the 

s tru cture of c rys ta lline cellul ose: pro babl y, the CBH I firs t a ttacked to the 

weak hydrogen bonds of the cellulose crystallite and gave subfibril s to 

o pen up new s tufaces. 

The res ults of FT!R analys is seemed to support thi s hypothesis. In 

the O H stre tc hin g region, the behav ior of absorption means the change of 

intra- a nd in te r- hydrogen bo ndin g. The peak hei ght of two a bsorption 

bands (ma rked in Fi g. 7-5) decreased and thereby the decrease of 

hydroge n bo ndin g between the subfibril s in the res idual CC was 

suggested. 
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The inc rease of c rys tallinity indexes of Halocymhia CC after 

repetiti e enzymatic hydrolyses suggests tha t the enzyme possibly digests 

the disordered chains on the surface o r within the subfi bril of the CC. It is 

conside red at presenr that the cellulose I~ domain is accepted ro be only a 

sin gle phase [Belton er al.. !989]. However, from the TEM observation 

and the res ult s of the FfiR analys is (Fi g. 5-8) of the res idua l Halocynthia 

CC, the Halocymhia CC may not be a single phase but may contai n more 

highly c rys talline region. 

Nota bl y the fibrill ation was not always observed in all the residual 

CC. The localized fibriJiation might be explained by the adsorption of 

enzyme onto some of the s urface of CC. Henri ssat er al. [ 1988] have 

reported that the CBH l from T. reesei adsorbs specificall y at the corners 

andlor the ( 110) face as the possible adsorption sites of cellulases on 

crystalline cellulose . Fi gu re 7-6 show the changes of the ratio of intensity 

at ( I I 0), ( I I 0) and (200) planes to (004) plane in electron diffraction 

micrograp hs of the untreated and treated CCs. The in ten ity of ( II 0) 

plane tended to decrease with time. The decrease was not so remarkable in 

X-ray diffrac tion diagram. Takai et a!. 11983] and Chanzy et a!. [ 1983a. 

'I 9841 have a lso observed the dec rease of the ( II 0) peak after the action of 

exo-cellulase on bacteri al a nd Valonia cellulose. Compari son of intensity 

ratio between alga l-bacterial type ce llulose and cotton-ramie type 

cellulose indicated that the decrease in (110) plane intensity was more 

remarkabl y observed in the algal-bacterial type cellul ose. Thi s 

phenomenon mi ght be ex plained by the specific uniplanar orien tation of 

cellulose. It is considered that the ( I 1 0) plane was i ni tiall y oriented in the 

Halocynthia CC, and after the enzymatic hydrolysis the specifi c unipl anar 

orientation was di srupted by fibrillation. When the residua l CC was put on 

the grid parallel to (1 I 0) plane, the fibrillation might be observed. 

Further in vesti ga ti on is necessary to confirm thi s hypothesis. 
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5. Summary 

The cellul ose of Halocylllhia sp. is classified into the cotton-ramie 

type. Halocynihia cellulose and its micro crystalline cellulose wa 

hydrolyzed with a crude Trichoderma viride cellulase or the 

cell obiohydrolase(CB H) I. The residual cellulose microfibrils became 

thinner and partly fibrillated. Heli ca l twisting of the rnicrofibrils were 

also obse rved. From the measurement of the length for the fibrillated 

regions. the length dispersion was about 1.2 which was considered as 

mono-disperse, a nd a helical repeat distance on the average was a bo ut 700 

nm. These results suggest that the intact cellulose microfibrils of 

Halucynthia sp. con tained the helix in nature and the he li cal repeat 

distance may be correlated with the domain size of the cellulose 1~ 

crystalline phase. 

The ce llulose ~~~ domain in the Halocynthia cellulose microfibril has 

been accepted to be only a single phase by the diffrac tion contrast a nd the 

la rri ce images. From o ur obse rv ation, the untreated CC was not fibrillated 

and showed the unifo rm e lectro n density. but the residual CC afte r the 

enzymatic hydro lysis was partly fibrillated and their crystallinity index 

became sli ghtl y hi gher than the untreated one. These facts may suggest 

that the cellulose l~ domain is not a s ingle phase but contains severa l 

s ubfibrils which seemed to be more hi ghl y c ry stallized . 
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General Conclusions 

The influence of the crystalline structure on the susceptibility of 

cellulose to Trichoderma viride cellu lase was examined. Not only the 

encrusting of cellulose microfibrils by lignin and the aggregation of 

cellulose microfibrils bur also the c rystal dimorphism (cellulose Ia/1~ ) is 

considered to be one of the factors responsible for the susceptibility of 

crystalline cellulose. The results obtained are summarized as follows: 

(I) In the xylem developing zones, cell walls of fibers , vessels and 

tracheids were lignified first at the cell corner regions of compound 

middle lamellae (CML) in the S 1 layer deposition stage. Then lignification 

extended successively in the entire CML, S}, S2 and S3 la yers. The 

unlignified parts of cell walls consisting of cellulose microfibrils and 

hemicellulose were degraded completely by the enzyme. CML became 

resistant against enzymatic attacks in the early stages of S 1 layer 

deposition. S 1, S2 and S3 layers became successively res istant in the 

following lignification stages . The cellulose microfibrils in the tracheid 

and vessel walls were not degraded by the enzyme after the completion of 

lignification , but those in the secondary walls of wood fiber were 

susceptible even after the complete lignification. The difference should be 

due to the kind of lignin and the encrusting structures in the tracheids, 

wood fibers and vesse ls. The network of condensed units of the guaiacyl 

lignin seemed to prevent the access of the enzyme to cellulose microfibril. 

(2) Upon ozonization after steaming, the enzymatic susceptibility of the 

softwood (Sugi; Cryptomeria japonica D. Don) increased up to 67%. The 

susceptibility of wood meal was less than 3% for steaming, and 46% for 

ozonization. The solublity of hemicellulose and the cracks owing to 

steaming followed by fiberization resulted in the generation of the porous 

structure facilitating the penetration of ozone into the cell wall. When the 
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ozone-treated samples were subjected to enzymatic hydrolysis, a white 

material appeared as a hydrolysis residue , which was quite free from 

lignin and was identified as cellulose I. The white material might be 

formed by compact aggregation of the cellulose microfibrils in the cell 

wall as a result of removal of lignin and hemicelluloses during ozone 

treatment and steaming. The aggregation slowed down the enzymatic 

attack to the ce ll ulose microfibrils. 

(3) Avice! , cotton linter pulp, and Halocynthia sp. cellulose, (cotton-ramie 

type cellul ose, rich in cellulose I~) were hydrolyzed extensively with a 

cellulase preparation from T. viride eithe r using a la rge quantity of 

enzyme or treating it over a long period of time. TEM observation 

showed tl1at the particles in the hydrolysis resid ue of Avice! were 

composed of tight ly packed microfibrils. The microfibrils were thin , less 

than 20 fll11 in length , and partly fib rill ated. The results from electron and 

X-ray di ffraction analyses indicated that the residual Avice! consisted of 

highl y ordered mo lecu lar chains of cellul ose microfibrils. The residual 

Halocynthia cellulose microfi brils were also observed to become thinner 

in the ends or to be split to the subfibrils f rom the ends. The cellulose 

microfibril s were degraded little by little f rom the ends of the highly 

o rdered microcrystal with cellulase. The enzymatic degradation was 

accompan.ied with fibri ll ation on the surface of the microcrystals in Avice! 

and with the formation of the subf ibril s in Halocynthia cellulose. T heir 

modes of deg radation was explained from the size and packing of the 

microfi bri Is. 

(4) The algal-bacteriall)lpe cellulose (rich in cellulose la.) and the cotton­

ramie type cellulose( dominant in cellulose I~) , were degraded completely 

by T. viride cellulase. Tbe algal-bacterial type cellu lose microfibril was 

more susceptibl e than the cotton-ramie type. Tbe residue from the a lgal­

bacterial type cellulose became enriched in cellul ose I~ component by the 
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cellulase hyd rolysis. These res ults indicate that the cellulose Ia component 

in the microfibri l of the algal-bacterial type cell ulose is preferentially 

hydrolyzed by the cellulase. 

(5) ln ce llulose crystalli te (CC) of Cladophora sp .. the alga l-bacterial type, 

the cellulose la crysta l component was more sele tively degraded with T. 

viride cellulase than the cellulose IB crystal component. The shortened CC 

was observed frequently in the residue of Cladophora CC. Some 

fibrillarion was also observed in the Halocynthia CC and repeated ly 

hydrolyzed Cladophora CC residues which compri sed exclusively 

cellulose I (3. These results suggest the difference of the supermolecular 

structure between both CCs. 

(6) The short microcrystals observed in the enzy matic hydrolys is res idue 

of Cladophora CC had almost the same length of approximately 300-400 

nm. The results from electron diffraction and FTIR anal yses suggested the 

existence of hi ghl y ordered crystalline domain , which contained mainly 

cellulose Ip, with a certain domain size of not Jess than 300-400 nm in the 

Cladophora cellul ose microfibrils . ln addition , the short microcrys tals was 

found to be composed of cellulose molecules with a DPw (average degree 

of polymeri zation) of 690 which corresponds to 345 nm in molec ul ar 

chain length. This agreement of the longitudinal length between the 

microcrystals and the mo lecular chain contained indicates that all 

molecul ar chains are stra ight and parallel to the longitudinal directi on 

from the head to the tail of the lB crystalline domain. 

(7) Halocynthia cellulose and its cellulose crystallite (CC) was hydrol yzed 

with a crude T. viride cellulase or its CBH I. The residual cellulose 

microfibril s became thinner and partly fibrillated. Twi sting of the 

mi crofibri ls were also observed. From the measurement of the length for 

the fibrillated regions , the length di spersion was about 1.2 which was 



considered as mono-disperse, and the helical repeat distance was about 700 

nm on average. T hese resu lts sugges t that the intact cell ul ose microfi bril s 

of Ha/ocynthia sp. contain the helical structure in na ture and the heli cal 

repeat di stance nu ght be double the domain size of the If3 crys talline 

phase. The cellulose I ~ domain has been accepted to be only a single phase 

by the diffraction con trast and lattice imaging of the Halocynthia cellulose 

microfibriL The untreated CC was not f ibrill ated. However, the residual 

CC after the enzymatic hyd rolysis was pa rtl y fibrill ated and the 

crys tallinity index of the residual CC became slightl y higher than rhe 

un treated one. These facts suggest that the cellulose I~ domain of the 

Halocynthia. CC is not a single phase but conta ins several subfibrils. 
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The circumstances of cellulose microfibrils 
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microrib ti l into microfibri l J ~ 

!Isolated mi crofibril I 

Enzym><;, ' """pHbHi<y { 

Residual Cellulose 

Small crystallite> Large crystallite 

Algal-bacteria l type > 
cellulose 

Cotton-ramie type 
cellulose 

Cellulose I a >Cellulose 113 

I Algal-b:.tcteriul type cellulose I I Cotton-ramie type cc!lu!oscl 

Short fiber formation 
Fibrillation 

Short fiber formation 
Fibrillation 

These results mean 

Algal-bacterial type ce ll ulose (ri ch in cc!lul losc l a) 

Selective degradation of cellulose I a. 
Formation of short microc1·ystals with 400 nm in length. 
(1·ich in cellulose 113) 

Colton-ramie type cellulose (rich in cellulose 113) 

The resid ual cellulose is highly ordered crysta l. 
Occurrence of subfibrils contained helix with 700 om of 
helical distance. 

D 
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