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The Mechanism of Formation of Cellulose-Like Mierofibrils 
in a Cell-Free System from Acetobacter xylinum* 

J. Ross Colvin 
Division of Biological Sciences, National Research Council Canada, Ottawa, Ont. K1A OR6, Canada 

Abstract .  The mechanism of formation of cellulose- 
like microfibrils by a non-soluble, particulate enzyme 
and uridine diphosphoglucose (UDPG) in a cell-free 
system from Acetobacter xylinum was studied by 
transmission electron microscopy and X-ray diffrac- 
tion. The suspension of particles to which the enzyme 
is adsorbed is composed of whole, dense ovoids, 50- 
250 nm long when wet, of fragments of the ovoids, 
and amorphous substance. There is a typical unit 
membrane around each ovoid but initially there is 
no trace of fibrillar material in the suspension. When 
the suspension of particles is incubated with UDPG, 
linear wisps of fibrils are produced which associate 
rapidly to form longer and wider threads, especially 
in 0.01 M NaC1. There is no visible attachment of 
the wisps to the particles. After 20 rain incubation, 
threads with the typical morphology of cellulose mi- 
crofibrils are formed that later tend to become entan- 
gled in clumps. The microfibrils are insoluble in hot, 
aqueous, alkaline solutions and resistant to the action 
of trypsin, but may be degraded by glusulase. After 
treatment with 1 M NaOH at 100 ~ C or with cold 
18% NaOH they show an X-ray diffraction pattern 
which resembles that of Cellulose II from mercerized, 
authentic bacterial cellulose. Incorporation of radio- 
active glucose into the insoluble residue is enhanced 
by drying of the cellulose microfibrils before alkaline 
digestion and especially by the addition of a gross 
excess of carrier cellulose after incubation. In this 
system there is no evidence for participation of linear, 
axial, synthesizing sites on the cell wall of the bacter- 
ium or for ordered, organized granules in the assem- 
bly of the microfibrils. That is, cellulose-like microfi- 
brils may be formed in a cell-free system without 
the action of any of the previously suggested cell 
organelles. In addition, these observations are con- 
sistent with a previously described notion of a tran- 
sient, hydrated, nascent, bacterial cellulose microfi- 
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bril. The possibility that cellulose microfibrils of green 
plants may be formed in the same way is considered. 

Key  words:  Acetobacter Cellulose synthesis - Micro- 
fibrils (Cellulose). 

Introduction 

For nearly a century it has been known that Aceto- 
bacter xylinum produces cellulose under suitable con- 
ditions (for a review, see Buchanan and Gibbons 
1974, p. 277). Because this form of cellulose is typical 
of many others (see Bikales and Segal 1971) and be- 
cause its formation is convenient for experimental 
study (see the review by Colvin 1972) it has been 
a favoured object of investigation, especially for the 
study of cellulose microfibril biosynthesis (Colvin and 
Leppard 1977). However, for detailed investigation 
of microfibril formation the use of whole cells or 
close fractions (Brown et al. 1976; Colvin and Lep- 
pard 1977; Cooper and Manley 1975a, b, c; Forge 
1977a, b; Forge and Preston 1977; Zaar 1977, 1979) 
has the disadvantages that the cells can easily obscure 
experimental observations of particular aspects or 
they may complicate and confuse interpretation. For 
these reasons, use of a cell-free system is preferable. 
Glaser (1958) showed that suspensions of particles 
from A. xylinum contained a non-soluble enzyme 
which, in the presence of uridine diphosphoglucose 
(UDPG), could produce cellulose in the complete ab- 
sence of intact cells or cell envelopes. Recently, using 
a modification of the same system, Kjosbakken and 
Colvin (1975) have shown that there is a transient, 
soluble, intermediate polymer of glucose in the overall 
process of cellulose biosynthesis. The presence of the 
intermediate polymer has been confirmed directly and 
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i n d i r e c t l y  in  o t h e r  s t ud i e s  ( L e p p a r d  et  al. 1975 ;  K i n g  

a n d  C o l v i n  1976;  C o l v i n  et  al. 1976 ;  C o l v i n  a n d  L e p -  

p a r d  1977) b u t  u p  to  t h e  p r e s e n t  t ime ,  t h e r e  h a s  b e e n  

n o  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  p h y s i c a l  m e c h a -  

n i s m  o f  f o r m a t i o n  o f  t he  n a s c e n t  ce l lu lose  m i c r o f i b r i l s  

f r o m  U D P G  b y  t h e  e n z y m e  o n  t he  pa r t i c l e s .  T h e  

p u r p o s e  o f  th i s  p a p e r  is to  r e p o r t  o b s e r v a t i o n s  w i t h  

t he  e l e c t r o n  m i c r o s c o p e ,  s u p p l e m e n t e d  b y  X - r a y  dif-  

f r a c t i o n  s tud ie s ,  o f  th i s  m e c h a n i s m  f o r  b a c t e r i a l  ce l lu-  

lose,  a n d  to  i n d i c a t e  t he  p o s s i b l e  s i g n i f i c a n c e  o f  t h e s e  

o b s e r v a t i o n s  fo r  t he  p r o c e s s  o f  ce l lu lose  b i o s y n t h e s i s  

in  o t h e r  o r g a n i s m s .  

Material and Methods 

Preparation of Particulate Enzyme 

Cellulose-free cell suspensions of A. xylinum (N.R.C. 17005, for- 
merly A.T.C.C. 10245) were prepared as described by Hestrin and 
Schramm (1954) to give a final concentration of ca. 5 x 109 viable 
cells/ml. These suspensions were then used to prepare the particu- 
late enzyme preparations by sonication as described by Glaser 
(1958) except that the final pellet of particles carrying the enzyme 
was suspended and washed in the buffer twice, rather than once, 
in order to remove a greater proportion of the phosphatases pres- 
ent. The suspensions of particulate enzyme were frozen and stored 
in liquid nitrogen until used. Their activity remained unchanged 
for more than a year under these conditions. 

Incubation of Particulate Enzyme with UDPG 

Incubation of the particulate suspensions with UDPG was essen- 
tially as described by Glaser (1958), with the following modifica- 
tions. No cellodextrins were used as primers because they would 
have interfered with observations by electron microscopy and be- 
cause previous work showed that they were unnecessary (Kjosbak- 
ken and Colvin 1975). No carrier cellulose was added to the suspen- 
sions at the end of the incubation period unless it was required 
for the purpose of the experiment. Whenever this was done it 
is so stated explicitly. Temperature of incubation was 35 ~ C, not 
28 ~ C, in order to accelerate the reaction, and the usual length 
of incubation was 40 min. 

For observations on the incorporation of glucose into alkali- 
insoluble material from radioactively labelled UDPG, the incuba- 
tion mixture was as follows : 1 ml of buffer of the following compo- 
sition, 0.05 M tris (hydroxymethyl) aminomethane (Tris), 0.01 M 
MgC12 and 0.001 M ethylenediaminetetraacetic acid, pH 8.2; 
0.7 ml of a particulate enzyme preparation; 0.5 mg of non-radioac- 
tive UDPG (Calbiochem, San Diego, Cal., USA) ; 20 gl of a solu- 
tion of radioactive UDPG, the glucose being uniformly labelled 
with 14C (50.0 gCi in 2.5 ml of ethanol-water, 7/3; New England 
Nuclear, Lachine, Que., Canada). The mixture was incubated with 
moderate oscillation (4 cycles/s) in a water bath. The reaction 
was stopped at appropriate times by adding 0.2 ml of glacial acetic 
acid and the products were treated with 1 M NaOH, followed 
by washing, as described by Glaser (1958). The insoluble residue 
was transferred to a scintillation vial, dried, and its radioactivity 
estimated by a liquid scintillation counter (Model LS-250, Beckman 
Instruments; Fullerton, Cal., USA) using 2,5-diphenyl-oxazole, 
6 g/1 in toluene, as the scintillation fluid. 

Electron Microscopy of Glaser's Particles 

Preparations of the particles were fixed for 1 h at 0 ~ C in 6% 
glutaraldehyde in 0.01 M phosphate-citrate buffer, pH 6, and post- 

fixed in 2% osmium tetroxide in the same buffer. After ethanol 
dehydration, solvent exchange into propylene oxide, and embed- 
ding in Epon 812, (Fisher Scientific Co., Fair Lawn, New Jersey, 
USA) sections (about 50 nm thick) were cut with a diamond knife 
and stained for 30 min with uranyl nitrate (Watson 1958) and 
3 min with lead citrate (Reynolds 1963). 

Electron Microscopy of Microfibril Formation 

For observations on the physical mechanism of formation of the 
cellulose-like microfibrils, the incubation mixture was as follows: 
2 ml of the same buffer as described in the preceding paragraph; 
20 gl of Glaser's enzyme preparation; 1 mg of non-radioactive 
UDPG. The mixture was incubated with moderate oscillation (4 
cycles/s) in a water bath and aliquots (0.1 ml) withdrawn at chosen 
intervals by pipette. As in the other series, the reaction was stopped 
by adding the aliquot to 0.9 ml of 0.1 M acetic acid. Drops of 
this acetic-acid solution were dialyzed for 24 h on formvar films 
(Ladd Research Industries, Burlington, Vermont, USA) floating 
on 1% formaldehyde to remove all dialyzable, water-soluble com- 
ponents. The drops were then mounted on electron microscope 
grids covered with a carbon film, shadowed with palladium-gold 
(60/40) and examined in a Siemens (West Berlin, Germany) electron 
microscope, Model 101. 

When the effect of dilute solutions of NaC1 on the formation 
of microfibrils was investigated the method was as follows. The 
aliquot (0.1 ml) from the reaction mixture was added to 0.9 ml 
of a solution of NaC1 of the appropriate concentration to bring 
the final molarity to the desired level and the suspensions were 
immediately frozen and lyophilized. The dried residue was then 
re-suspended in 1 ml of distilled water, drops of this suspension 
dialyzed, mounted and examined as above. 

For observations by the electron microscope on the effect 
of trypsin or glusulase on the cellulose-like microfibrils produced 
by Glaser's enzyme particles in the presence of UDPG, the incuba- 
tion mixtures were dispersed on formvar-carbon films as described 
above. After drying, the appropriate side of the grids carrying 
the dispersed material was placed on the surface of a solution 
of trypsin (Mann Research Laboratories, New York, N.Y., USA) 
or glusulase (a mixture of carbohydrases, including cellulase; Endo 
Laboratories, Garden City, N.Y., USA) for the indicated interval 
at 30 ~ C. Glusulase was necessary because purified cellobiase or 
endoglucanases do not attack cellulose. For trypsin solutions the 
concentration was 1% (w/v) in Tris buffer, pH 8,2, described above. 
The glusulase was diluted, 1 volume to 9 of distilled water, immedi- 
ately before use. On completion of digestion, the grids were washed 
5 times in distilled water, dried, shadowed, and observed as above. 

X-Ray Diffraction 

For preparation of samples for X-ray diffraction, the method of 
Glaser (1958) was used except that the radioactive tracer, the cello- 
dextrins and the carrier cellulose were omitted. Hydrolysis of a 
sample was with 1 M NaOH at 100 ~ C for 10 min. Mercerization 
of a sample was by 18% NaOH at room temperature (ca. 25 ~ 
overnight. Cellulose II was prepared by dissolving bacterial cellu- 
lose in dimethylsulfoxide-paraformaldehyde (Johnson et al. 1976) 
and re-precipitating with water. All samples and residues were 
thoroughly washed with water before examination. 

X-ray diffraction patterns of powdered samples were recorded 
by a Norelco microeamera (North American Philips Co., New 
York, N.Y., USA) fitted with flat film in a Hilger and Watts 
(London, U.K.) generator, Nickel-filtered Cu K c~ X-radiation of 
a wavelength 1.54 A (1 A =  0.1 nm) was employed with a specimen- 
to-film distance of 15 mm. This short distance in the microcamera 
was imposed by the limited quantities of material available. Expo- 
sure times varied from 20 to 50 h, depending upon the mass of 
the sample. 
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Table 1. Repetition of Glaser's experiment on the incorporation 
of radioactivity into insoluble cellulose residues in Acetobacter xy- 
linum 

Time of Radioactivity 
incubation (min) incorporated (cpm) 

0 36 
10 268 
20 434 
40 727 

Results 

Activity of Enzyme Preparations 

To verify that the non-soluble enzyme preparations 
were active for the synthesis of cellulose, preliminary 
trials of the rate of incorporation of radioactive glu- 
cose into the alkali-insoluble product were held for 
each preparation under the conditions of Glaser 
(1958) including addition of cellodextrins and carrier 
cellulose. A typical result is shown in Table 1. Over 
a period of 40 min ca 1% of the total radioactivity 
was incorporated into alkali-insoluble products, 
which is about twice the rate for Glaser's (1958) pre- 
parations. 

Microstructure of Glaser's Particles 

As a preliminary phase to this study, the microstruc- 
ture of undried Glaser's enzyme particles and their 
micromorphology when dried on a film were deter- 
mined. Fig. 1 is a typical micrograph of a thin section 
of the particles, fixed when wet. The suspension is 
composed of globules or ovoids (50-250 nm long) 
which are surrounded by a unit membrane and of 
fragments which appear to be derived from the 
ovoids; that is, short segments of unit membranes, 
as well as amorphous material. The interior of the 
ovids contains a structureless matrix which stains 
darkly with lead and uranium. Fig. 2 is a photograph 
of a suspension of Glaser's particles which were dried 
on a film after incubating in only buffer (without 
UDPG) for 40 min. During the incubation period, 
the ovoids tend to clump as does the amorphous, 
smaller material. In these dried preparations the parti- 
cles were approximately one half of the above dimen- 
sions and there was no evidence of fibrillar material 
of any size, of ordered organelles or of mature cellu- 
lose microfibrils. 

Formation of Cellulose-Like Microfibrils 

When incubated in the presence of UDPG,  the parti- 
cles are initially isolated and dispersed (Fig. 3), with- 
out fibrillar material, among the fragments of the 

suspension. After 1 min incubation with the sugar 
nucleotide, they tend to become aggregated into small 
clumps. Wisps of a fine, linear, fibrillar material, 
which were not detectable before, become visible be- 
tween the clumps at that time (Fig. 4). These wisps 
are not visible by negative staining with phospho- 
tungstic acid because they adsorb the heavy ion. After 
4 min incubation, the wisps are longer and wider and 
the aggregated, fibrillar material begins to resemble 
nascent cellulose microfibrils (Leppard et al. 1975). 
By 10 min, the process of nascent microfibril forma- 
tion is well advanced (Fig. 5), with some strands more 
than 30 gm long and with cellulose microfibrils of 
normal width interspersed among smaller, shorter 
wisps. There is no evidence of terminal attachment 
of the Glaser's enzyme particles to the wisps or to 
the ends of the nascent microfibrils, other than be- 
cause of chance superposition (Fig. 5). It should be 
noted also that in local areas the microfibrils tend 
to lie parallel to each other as if there were a general, 
orienting influence (Fig. 5). After more than 10 min 
of incubation, the microfibrils become enmeshed 
(with themselves and the Glaser's enzyme particles) 
in large irregular clumps from which only an occa- 
sional tip extends (Fig. 6). These tips have the typical 
appearance of mature, cellulose microfibrils (Colvin 
1972). After 40 min incubation, areas which contain 
non-entangled microfibrils are relatively rare but the 
morphology of the strands in these areas is similar 
to that observed for samples incubated for only 
10 min (Fig. 5). After this time, the average width 
of the microfibrils does not increase. 

Digestion of Microfibrils by Hot Alkali, 
Trypsin and Glusulase 

The foregoing observations demonstrated that when 
particles carrying Glaser's enzyme were incubated in 
the presence of U D P G  a fibrillar substance is pro- 
duced after 40 min which is indistinguishable in mor- 
phology from cellulose microfibrils. Although there 
is no evidence that cultures of A. xylinum or their 
derivatives produce any similar, non-soluble, fibrillar 
product other than cellulose, it was necessary and 
prudent to determine the effect of hot, aqueous alkali, 
of trypsin and of glusulase on this fibrillar substance. 
Fig. 7 is a photograph of Glaser's enzyme particles 
which were incubated with U D P G  for 40 min, dried 
and then treated with 1 M NaOH at 100~ for 
10 min. The particles which carry the enzyme were 
degraded by the hot, aqueous alkali to amorphous 
material but  the microfibrils enmeshed in this sub- 
stance resisted the treatment (Fig. 7, arrows). 

Digestion with trypsin for 30 min had no effect 
on the microfibrils formed during 40 min incubation, 
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other than to accentuate their appearance (Fig. 8), 
presumably by removal of encrusting proteins. 

On the other hand, incubation of the microfibrils 
with glusulase rapidly degraded them, first to short 
segments and later to amorphous material (Fig. 9). 
It is instructive to compare Fig. 6 with Fig. 9 because 
the original samples were both incubated for 20 rain. 
Digestion with trypsin followed by glusulase removed 
all the fibrillar material except a small number of 
short, thin rods (Fig. 10). These short, thin rods may 
be the residue of crystallites which are more resistant 
to enzymatic action (see Bikales and Segal, 1971). 

Repeated attempts failed to detect any evidence 
for an activating effect of trypsin digestion on cellu- 
lose microfibril formation, similar to that observed 
for chitin (Ruiz-Herrara et al. 1977; Duran and Ca- 
bib 1978). 

The preceding observations on the morphology 
of the microfibrils produced by the enzyme particles 
and UDPG led, by chance, to the detection of an 
unexpected effect of salt concentration upon the for- 
mation of microfibrils. Fig, 11 is a photograph of 
cellulose-like microfibrils in the product of incubation 
which was dried from 0.01 M NaC1. The same prod- 
uct of incubation dried from water or from 0.02 M 
NaC1 did not show microfibrils. This specific effect 
of salt is easily reproducible and may be related to 
an effect of buffer concentration on whole-cell frac- 
tions (Forge 1977 a). 

Powder X-Ray DifJ?action Studies 

The molecular order of the microfibrils was studied 
by powder X-ray diffraction of the dried product of 
incubation of Glaser's enzyme particles with UDPG, 
of the alkali-insoluble residue from this product 
(Hyd.) and of the residue from mercerization of the 
product (Mer.). The appropriate patterns are shown 
in Fig. 12, A and B, together with patterns of Cellu- 
lose I and Cellulose II. The untreated dried product 

of incubation showed no detectable evidence of crys- 
tallinity, even after long expsoure (Fig. 12A). The 
alkali-insoluble residue and the residue from the mer- 
cerization of the product showed at least five discrete 
reflections which were the same (Fig. 12A) and which 
resembled those of Cellulose II (Fig. 12B). 

The parameters of the reflections from Fig. 12 
are listed in Table 2. The spacings for Cellulose I 
agree with those reported by Forge (1977a). All the 
spacings for Cellulose II are consistent with those 
observed by Hunter and Dweltz (1979) for fibre dia- 
grams of regenerated cellulose. The chief differences 
between the patterns for Cellulose I and Cellulose 
II are the relative intensities of the reflections for 
the 0.60- and 0.52-nm spacings, which are much 
weaker for Cellulose II, and the nearly complete loss 
of the 0.25-nm reflection in Cellulose II. Taking into 
account the variability of the intensities of individual 
reflections in Cellulose II (Hunter and Dweltz 1979), 
the patterns and the spacings for the hydrolyzed and 
the mercerized residues resemble those of Cellulose 
II more than those of Cellulose I. 

Effect of Drying 

The preceding observations and their implications for 
the physical mechanism of bacterial cellulose microfi- 
bril formation indicated that there should be a detect- 
able effect of drying upon the degree of incorporation 
of radioactive glucose from UDPG into the insoluble, 
fibrillar residues because drying would promote the 
formation of irreversible, inter-chain, hydrogen 
bonds. In addition, there should be a substantial effect 
of addition of carrier cellulose to the mixture after 
incubation upon the degree of incorporation of ra- 
dioactivity, because the intermediate, 1--,4-fi-glucans 
would be strongly and irreversibly adsorbed to the 
microfibrils of the carrier cellulose. They therefore 
would be less likely to be removed by subsequent 
alkaline treatment. 

Fig. 1. Cross-sections of fixed Glaser's enzyme particles from Ace- 
tobacter xylinum (arrows) and their fragments. Note the structureless 
matrix within intact particles, the unit membrane which surrounds 
them and the segments of broken membranes. • 40,000 

Fig. 2. Clumps of dried Glaser's enzyme particies and their frag- 
ments, after 40 min incubation without UDPG. Note the complete 
absence of any fibrillar material and the tendency of the ovoids 
to aggregate. It may be necessary to emphasize that there is no 
trace of cellulose microfibrils in these preparations, x 40,000 

Fig. 3. Dispersion of Glaser's enzyme particles in the presence 
of U D P G  after a very short time of incubation (0-10 s). Note 
that the whole particles are generally dense, single, isolated and 
heterogeneous in size (arrows). The fragments of broken particles 
and membranes can be seen on the left hand side. The sickle-shaped 
membrane fragment was the only one observed, x 40,000 

Fig. 4. Wisps of fine, linear, fibrillar material (small arrows) after 
1 min of incubation of the Glaser's enzyme particles with UDPG. 
Note also that the particles or ovoids have begun to aggregate 
(large arrow). Substitution of Pt shadowing for Pd-Au did not 
improve resolution of these wisps, which are aggregates of 1 -+4-/~- 
glucans 

Fig. 5. Microfibrils of bacterial cellniose of typical morphology 
formed after 10 rain of incubation. Note that there is no evidence 
of special attachment of the ovoid particles to the microfibrils. 
Note also that fine, globular material, which may be protein, is 
adsorbed to the microfibrils, x 40,000 

Fig. 6. Edge of a large clump of ovoid particles and microfibrils 
tangled together after 20 min incubation. Several ends of microfi- 
brils extend from the clump (arrows). x 40,000 
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Fig. 12. A Powder X-ray diffraction patterns of (a) the alkali- 
insoluble residue from the product of incubation of Glaser's en- 
zyme particles from Acetobacter xylinum with UDPG (Hyd); (b) 
the mercerized product (Met) ; (c) the dried product at two degrees 
of exposure. Note that there is only amorphous scattering from 
the dried product and that the patterns of the hydrolyzed and 
mercerized residues are the same. B Powder X-ray diffraction pat- 
terns of (a) the alkali-insoluble residue from the product of incuba- 
tion of Glaser's enzyme particles from A. xylinum with UDPG 
(Hyd); (b) the mercerized product (Mer); (c) of Cellulose I; (d) 
of Cellulose II. Note that the patterns of the hydrolyzed and mer- 
cerized residues resemble that of Cellulose II. The intensity of 
the 4.5-A spacing in both patterns varies from weak to strong, 
depending upon the sample. Such variability of specific intensities 
has been attributed to varying disorder along the chains (Hunter 
and Dweltz, 1979). The sample chosen here shows a weak intensity 
for that reflection. Although a spacing at 7.5 A is sometimes consid- 
ered diagnostic for Cellulose II, note that this reflection is absent 
in the pattern from an authentic sample of bacterial Cellulose 
II prepared by precipitation from dimethyl sulfoxide-paraformal- 
dehyde. Obviously, the presence or absence of this spacing is less 
reliable than supposed 

These expectations were tested by incubating four 
series of samples of particulate enzyme plus radioac- 
tive UDPG, each series containing four replicates. 
Each series was treated in an identical fashion except 
as below: the first series was centrifuged and treated 

with hot 1N NaOH immediately after stopping the 
reaction; the second series was centrifuged and taken 
to dryness before being heated with 1N NaOH; 10 mg 
of carrier cellulose was added to the mixtures of the 
third series immediately after the reaction was 
stopped and then the contents of the tubes were cen- 
trifuged and heated with 1N NaOH; the contents 
of the tubes in the fourth series were taken to dryness 
immediately after stopping the reaction, then 10 mg 
of carrier cellulose was added, the whole resuspended 
in water, centrifuged, and hydrolyzed. The results of 
one such experiment, which are typical of four others, 
are shown in Table 3. Clearly, drying of the mixture 
prior to treatment with hot alkali tends to promote 
incorporation of ~radioactivity (approximate increase, 
10%) into the final, insoluble product, probably be- 
cause it accelerates formation, irreversibly, of inter- 
chain hydrogen bonds (Bikales and Segal 1971). How- 
ever, the effect of adding a massive excess of carrier 
cellulose is ca. 4 times greater, probably because the 
initial glucan chains and their aggregates tend to be 

Fig. 7. Microfibrits of bacterial cellulose, from a preparation from 
Acetobacter xylinum which was incubated for 40 rain, then dried 
and hydrolyzed (arrows). The masses of amorphous substance are 
presumably the insoluble remainder of the ovoid particles. • 40~ 

Fig. 8. A clump of bacterial cellulose microfibrils from a prepara- 
tion which was incubated for 40 min, then digested with trypsin 
for 30 min. The trypsin has removed much of the encrusting mate- 
rial, presumably protein, revealing the microfibrils, x 40,000 

Fig. 9. The residue of microfibrils which was produced after incuba- 
tion of a preparation for 20 rain, followed by digestion with glusu- 
lase (30 min). Note that the glusulase has begun to degrade the 

microfibrils (arrows) but not the ovoid, Glaser's enzyme particles. 
x 40,000 

Fig. 10. Residue from bacterial cellulose microfibrils which were 
formed by incubation of UDPG and Glaser's enzyme particles 
for 60 rain, followed by digestion with trypsin and glusulase (each 
for 30 rain). Note that the microfibrils have been degraded to 
short, straight threads (crystallites?). x40,000 

Fig. 11. Product of incubation of Glaser's enzyme particles with 
UDPG, after drying from 0.01 M NaC1. Note the microfibrils 
with the typical morphology of cellulose. The same product of 
incubation did not show microfibrils when dried from water or 
from 0.02 M NaCI. x 40,000 
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Table 2. Powder X-ray diffraction 
parameters of  bacterial cellulose I, 
bacterial cellulose II and of the 
alkali-insoluble product of  incubation of 
Glaser's enzyme particles Acetobacter 
xylinum with U D P G  (m. = medium intensity; 
s .=s t rong ;  w. =weak ;  v .=very)  

Bacterial cellulose I 

Ring diam. Spacing 

Bacterial cellulose II Alkali-insoluble product 

Ring diam. Spacing Ring diam. Spacing 

0.73 cm (m.) 0.65 nm 
0.88 (m.) 0.54 
1.08 (w.) 0.45 
1.21 (s.) 0.41 
1.55 (v.w.) 0.33 
1.95 (v.w.) 0.27 
2.10 (m.) 0.25 

0.80 (v.w.) 0.60 nm 0.76 (w.-m.) 0.63 nm 
0.92 (v.w.) 0.52 0.87 (w.-m.) 0.55 
1.05 (s.) 0.45 1.05 (w.-s.) 0.45 
1.18 (s.) 0.41 1.21 (v.s.) 0.41 
1.55 (v.w.) 0.33 - -- 
-- 0.29 - -- 
2.15 (v.w.) 0.25 2,18 (v.w.) 0.25 

Table 3. Effect of  drying and of addition of carrier cellulose upon 
incorporation of radioactivity into insoluble cellulose by Glaser's 
enzyme particles from Acetobacter xylinum acting upon U D P G  

Treatment  Radioactivity 
incorporated (cpm) a 

No drying 179 
Dried 198 
No drying and carrier celluiose 263 
Dried and carrier cellulose 303 

a Average of four replicates 

adsorbed irreversibly to the microfibrils of carrier cel- 
lulose. 

Discussion and Conclusions 

Bacterial Cellulose Biosynthesis 

The foregoing observations show that preparations 
of Glaser's enzyme particles (1958) are a mixture of 
globules or ovoids, 50-250 nm long, and their frag- 
ments with amorphous material. Whole ovoids are 
surrounded by a unit membrane which encloses an 
electron-dense, structureless matrix. Initially there is 
no trace of fibrillar material. However, when the prep- 
arations are incubated with UDPG,  within 1 min 
wisps of amorphous, ill-defined, linear threads are 
observed in the electron microscope which have a 
breadth down to the limit of resolution imposed by 
the shadowing technique. These initial wisps are prob- 
ably aggregates of the 1 ~4-/?-glucans which are re- 
leased by active, whole cells (Colvin and Leppard 
1977). The wisps associate rapidly (less than 20 min) 
to form a network of extended microfibrils which 
have an approximate average width of 10 nm and 
are indefinitely long. The process of association of 
the wisps into microfibrils is promoted by 0.01 M 
NaC1 but not by higher concentrations of the salt. 
When the process is complete (40 min or less) these 
microfibrils have the characteristic morphology and 

dimensions of normally-formed bacterial cellulose 
microfibrils. 

The following facts are relevant to the question 
of the composition of the cellulose-like microfibrils 
produced in the incubation mixture. Glaser (1958) 
showed that the product of incubation was degraded 
by partial acid hydrolysis to cellobiose, cellotriose 
and cellotetrose. After further enzymatic hydrolysis 
only glucose was detected. The present study con- 
firmed that the microfibrils in the product of incuba- 
tion are insoluble in hot, molar alkali and showed 
that they are not affected by treatment with trypsin. 
They were digested by glusulase, a mixture of carbo- 
hydrases which includes cellulase. Taken together, 
these results indicate that the cellulose-like microfi- 
brils are not composed of a protein or of a carbohy- 
drate heteropolymer; they indicate that they are com- 
posed of a glucan which has, at the least, a high 
proportion of 1-,4-/Minkages. All these results are 
consistent with the conclusion that the microfibrils 
are composed of a form of cellulose. 

The observations from X-ray diffraction give addi- 
tional support to the conclusion that the microfibrils 
are a form of cellulose. The pattern of the dried prod- 
uct of incubation shows only amorphous scattering, 
indicating that there is little or no crystalline material 
present initially. However, after treatment with hot, 
aqueous molar alkali or with mercerizing concentra- 
tions of cold alkali, the pattern of the residue of 
the product of incubation from either treatment 
shows at least five reflections which are the same 
as those from athentic bacterial Cellulose II. In each 
case, the alkaline treatment, followed by washing and 
drying, has induced a moderate degree of order which 
was not present in the original, dried product and 
this degree of order resembles that of the second poly- 
morph of cellulose, i.e. Cellulose II. 

From the foregoing, it is reasonable and plausible 
to conclude that the microfibrils which are produced 
in the incubation mixture are a nascent form of cellu- 
lose. No other product produced by A. xylinurn is 
compatible with all the above results and there are 
no observations which are inconsistent with the con- 
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clusion. If the conclusion is accepted, the formation 
of bacterial cellulose microfibrils has been observed 
in vitro, in contrast to the situation for green-plant 
cellulose microfibrils (see review by Delmer 1977). 
Although much detail still has to be determined, the 
general course of formation of these cellulose or cellu- 
lose-like microfibrils can be sketched as follows. Tran- 
sient, soluble 1--,4-fl-glucans are synthesized rapidly 
in an extended form from UDPG by the enzyme 
which is carried in or on the particles of the suspen- 
sion. These extended, transient fl-glucans associate 
longitudinally to form non-crystalline, nascent micro- 
fibrils (Leppard et al. 1975). In whole-cell systems, 
the glucans of these nascent microfibrils will gradually 
and partially crystallize to form the ordered domains 
of Cellulose I of mature microfibrils (for a review 
see Colvin 1972). However, in the incubation product 
of Glaser's enzyme plus UDPG, which is produced 
under markedly non-physiological conditions, extra- 
neous debris from the preparation must be removed 
by alkali before the glucans can associate in an orderly 
fashion. When the glucans do crystallize under the 
influence of the alkali they come together to form 
the Cellulose II structure. 

If the microfibrillar material which is formed is 
cellulose, several important conclusions may be 
drawn. First, because only UDPG and the ovoid par- 
ticles or their fragments, which carry the enzyme, 
are initially present in the incubation mixture, the 
microfibrils of bacterial cellulose are formed (crystal- 
lize) from the synthesized 1 ~4-fi-glucans without the 
intervention of the postulated individual, axial, syn- 
thetic sites on the cell wall of the bacterium (Brown 
et al. 1976; Zaar 1977, 1979) or of ordered, organized, 
granular, enzymatic, terminal complexes (Robinson 
1977). These cell organelles, if they are involved at 
all in bacterial cellulose synthesis by whole cells, must 
play an auxiliary role, not a primary one, because 
they are absent from Glaser's enzyme preparations. 
Even the involvement of single intramembrane parti- 
cles (Forge and Preston 1977) is doubtful because 
there is no evidence that the ovoids or their fragments 
are attached to the microfibrils. Second, there is no 
evidence from this study for participation of extended, 
crystalline, discrete, elementary fibrils in the biosyn- 
thesis of bacterial cellulose (Colvin 1972). Finally, 
there is no evidence for tip growth of cellulose micro- 
fibrils, as usually conceived (Colvin 1972). If the 
threads are cellulose, bacterial cellulose microfibril 
formation may be regarded as an example of rapid 
polymer crystallization in a biological milieu (Atalla 
and Nagel 1974; Petermann and Gluter 1977). 

At this point, it is useful to summarize and evalu- 
ate the conclusions about bacterial cellulose microfi- 
bril formation which have been drawn from extensive 

and heuristic studies on whole cells (Brown et al. 
1976; Forge and Preston 1977; Zaar 1977, 1979). Al- 
though the significance of some of the observations 
may be questioned because they were made on thor- 
oughly washed, glucose-free cells which could not 
have been synthesizing cellulose (Brown et al. 1976), 
each of these investigations suggested that formation 
of the cellulose microfibril was necessarily closely as- 
sociated with the bacterial Cell wall and that an organ- 
ized system of intramembrane particles or pores was 
involved. The conclusion was consistent with the data 
from whole cells but the observations on the simpler, 
more circumscribed, cell-free system demonstrate that 
the cell walls need not be involved and that the role 
of organized pores is doubtful. 

The foregoing experimental observations and the 
conclusions drawn from them are fully consistent with 
the idea of a transient, hydrated, nascent, bacterial 
cellulose microfibril which has been described earlier 
(Leppard et al. 1975; King and Colvin 1976; Colvin 
et al. 1976). Because they are in an aqueous solution, 
the newly biosynthesized 1 ~4-fi-glucans and their ag- 
gregates will be highly hydrated initially and therefore 
the nascent microfibrils formed from them will be 
greater in breadth when observed by freeze-etching 
(Leppard et al. 1975; Colvin and Leppard 1977) than 
when observed after drying for conventional electron 
microscopy, as here. 

The effect of drying and the much larger effect 
of adding carrier cellulose on incorporation of ra- 
dioactivity into the insoluble cellulose-containing resi- 
dues, noted above, are equally consistent with the 
idea of the nascent microfibril. During drying, the 
hydroxyls of the newly synthesized, extended, fi-glu- 
can chains will form a number of irreversible hydro- 
gen bonds with each other as the water molecules 
are removed. A proportion of these dried aggregates 
will therefore no longer be soluble in hot alkali and 
consequently the apparent degree of incorporation 
of insoluble, radioactive, glucose residues will be in- 
creased. To an even greater extent, the addition of 
a gross amount of carrier cellulose will permit forma- 
tion of irreversible bonds between the hydroxyl 
groups of the synthesized fi-glucans and the hydroxyls 
of the microfibrils of carrier cellulose, thereby increas- 
ing incorporation of the radio-isotope into the insolu- 
ble residues. 

Possible Extrapolation to Biosynthesis 
of Cellulose in Green Plants 

The foregoing facts and the conclusions drawn from 
them lead to a picture of bacterial cellulose biosynthe- 
sis which is clearly different from that generally as- 
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sumed hitherto. The question arises whether this 
scheme of microfibril formation is limited to bacteria 
or whether it may be extended to green plant biosyn- 
thesis. Up to now, the most generally accepted hy- 
pothesis of cellulose microfibril formation is that orig- 
inally proposed as a speculation by Preston (1964) 
and supported by subsequent observations. A recent 
summary of the concept and supporting observations 
is given by Preston (1974, pp. 425-456). In brief, the 
concept postulates an ordered array of organized, 
synthetic granules on the outside surface of the plas- 
malemma of plant cells, each granule being capable 
of spinning a microfibril from glucose residues which 
are supplied by nucleotide glucose donors. The pre- 
formed part of the microfibril either moves away from 
the organized granule or the granule moves on the 
surface of the plasmalemma. A superb exposition of 
this notion has been used to interpret observations 
on green plant cells in each of two recent papers 
(Giddings et al. 1980; Mueller and Brown 1980). The 
idea has been markedly heuristic but in spite of its 
intrinsic appeal, complete proof  of the notion is still 
lacking (Preston 1974). Moreover, there is at the pres- 
ent time some reason to doubt that this mechanism 
may operate in any green plants. As stated by Robin- 
son (1977), " I f  plasmalemma particles are involved 
in the synthesis of cellulose then it is disturbing that 
they have been so infrequently and imperfectly dem- 
onstrated with the freeze-etch method." This state- 
ment is still applicable to the conclusions of the two 
careful, painstaking studies mentioned above. In each 
of them, bodies which are assumed to be terminal 
complexes are seen on the inside of the outer leaflet 
of the plasmalemma and are assumed to be in direct 
connection with the ends of impressions of microfi- 
brils which are on the outside of the leaflet. In each 
study, there is no direct, unequivocal demonstration 
of terminal complexes at the ends of cellulose microfi- 
brils in place. Furthermore, there are serious dangers 
of over-interpretation in this kind of work. As an 
example, interior aggregations which are identified 
as terminal complexes by Mueller and Brown (1980, 
Fig. 2) are identical in size and appearance to internal 
projections shown by Giddings et al. (1980, Fig. 8) 
in the middle of impressions of micro fibrils, where 
they cannot be synthesizing terminal granules. Each 
study does not explain how the postulated synthesiz- 
ing organelle can move the microfibril longitudinally 
to permit growth of the thread. At present, it is still 
true that there is no clear, definitive demonstration 
of attachment of cellulose microfibrils in green plants 
to synthesizing plasmalemma particles. 

In contrast, there is one recent investigation of 
the mechanism of formation of cellulose microfibrils 
by tobacco protoplasts which is in complete accord 

with the mechanism proposed above for bacterial cel- 
lulose microfibrils. Grout  (1975)has concluded, from 
an electron-microscopic investigation of regenerating 
tobacco mesophyll protoplasts, that formation of cel- 
lulose microfibrils by these entities is not associated 
with any structured particles on the surface of or 
with apparently differentiated regions in the plasma- 
lemma. He concludes that after biosynthesis of the 
required l~4-fl-glucans the microfibrils of higher- 
plant cellulose may be constructed without the aid 
of an enzyme which has a specific function of assem- 
bly of the chains. This conclusion for green plants 
is completely consistent with the above conclusion 
for bacterial cellulose microfibril formation. 

Finally, although conclusions from analogy are 
often misleading, it is worth noting that the mecha- 
nism of chitin microfibril formation is the same in 
principle as that outlined for bacterial cellulose. The 
effective catalytic agents for formation of chitin mi- 
crofibrils of the fungus Mucor rouxii are spheroidal 
globules about 100 nm in diameter surrounded by 
a membrane (Bracker et al. 1976). These globules 
have been called chitosomes. When chitosomes and 
uridine diphospho-N-acetyl-glucosamine are incubat- 
ed together, coiled polymeric precursors of the chitin 
microfibril appear within the chitosome. The shell 
of the chitosome breaks and extended fibrils emerge. 
On further incubation, slender fibrils associate to 
form larger ones and finally the normal, mature, ex- 
tended microfibril of  chitin is observed. The resem- 
blance of this process to that for bacterial cellulose 
is evident and it is probably not accidental. 

The reason for the formation of Cellulose II, 
rather than Cellulose I, in the hydrolysis of the prod- 
uct of incubation of Glaser's enzyme particles with 
U D P G  is presently under study. 

The author wishes to thank Mr. L. Sowden for skilled technical 
assistance and Mr. R. Whitehead for help with photography. 
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