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Abstract. The orientation of the triclinic phase of cellu- 
lose in the cell wall of Valonia ventricosa J. Agardh was 
investigated by X-ray- and electron-diffraction analysis. 
In addition to the well-documented uniplanar-axial orga- 
nization of the cell wall which requires that the a* axis 
should be always perpendicular to the wall surface, the 
direction of this axis was also found to be pointing out- 
ward from the plasma membrane side of the wall. This 
unidirectionality was persistent throughout  the various 
layers that constitute the cell wall and also for the three 
microfibrillar orientations that occur in Valonia cell 
walls. The unidirectionality of the a* axis indicates, in 
particular, that the Valonia cellulose microfibrils are not 
twisted along their axis. These observations are consis- 
tent with a cellulose biosynthetic scheme where a close 
association exists between terminal-complex orientations 
and those of the cellulose microfibrils. In this context, the 
unidirectionality of the a* axis of cellulose seems to be 
related to the restricted mobility of the terminal complex- 
es which are able to slide in the plasma membrane but 
not to rotate along their long axis. 
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Introduction 

The crystalline organization of native cellulose has been 
the subject of a number of X-ray investigations during 
the last 60 years. So far, these studies have failed to 
provide a unified crystallographic model which would 
satisfy all the cellulose specimens that are encountered in 
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nature. From the analysis of 13C solid-state nuclear mag- 
netic resonance (NMR) spectroscopy data, it was pro- 
posed that in native cellulose two crystalline forms, cellu- 
lose Is  and II3, may coexist (Atalla and VanderHart 1984; 
VanderHart and Atalla 1984). This idea led to the re-ex- 
amination of the crystallography of cellulose by Sugiya- 
ma et al. (1990, 1991). These authors confirmed that the 
electron-diffraction fiber pattern of the highly crystalline 
Valonia cellulose could be fully indexed by describing the 
specimens in terms of a mixture of two crystalline phases 
(Sugiyama et al. 1990). Subsequently, these two phases 
were clearly identified by electron-microdiffraction tech- 
niques in Microdictyon, another alga whose cell wall also 
contains highly crystalline cellulose (Sugiyama et al. 
1991). One crystallographic phase (the Is form) corre- 
sponded to a one-chain triclinic unit cell with parameters 
a = 0.674 nm, b = 0.593 nm, c (chain axis) = 1.036 nm, 

= 117~ fl = 113~ 7 = 81~ The other phase (the If3 
form) was attributed to a two-chain monoclinic unit cell 
with parameters a = 0.801 nm, b = 0.817 rim, c (chain 
axis) = 1.036 nm, 7 (the monoclinic angle) -- 97.3 ~ 

The cell wall of Valonia consists of a superposition of 
successive layers, each of them containing a parallel array 
of cellulose microfibrils (Preston 1974). As schematically 
drawn in Fig. 1, three orientations of these microfibrils 
alternate from one layer to the next to produce a criss- 
crossed structure (Preston 1974). A mature cell contains 
up to 60 layers each of about 3 5 microfibrils thick (Goto 
et al. 1973; Revol 1982). The Valonia cell wall presents a 
characteristic uniplanar orientation (Preston 1974; 
Tanaka and Okamura 1977); two of the four faces of the 
microfibrils, that are square in cross section (Revol 1982), 
are preferentially parallel to the cell wall surface. They 
correspond to the planes having a 0.6-nm d-spacing. The 
other two faces, identified as the planes having a 0.53-nm 
d-spacing, are perpendicular to the cell wall. For the tri- 
clinic component, which is dominant in Valonia cellulose, 
this uniplanar orientation means that the a* reciprocal 
axis is always perpendicular to the cell wall surface. 

The uniplanar orientation has proven to be crucial in 
some aspects of the crystallography of Valonia. It has 
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tr icl inic  a* d i r ec t iona l i ty  in each layer  of  the Valonia cell 
wall  by  means  of  e lec t ron  di f f ract ion and  in the whole  cell 
wall  by  X - r a y  diffract ion.  

0.6 nm 

~ ==: 0.6 nm 

A B 
Fig. 1A-B. A Schematic representation of the organization of the 
cell wall of Valonia. Cellulose microfibrils having square sections are 
organized along three sets of orientation: two major sets consisting 
of three to five layers of cellulose microfibrils and a minor set con- 
sisting of only one to two layers of cellulose microfibrils. The two 
major sets have microfibrillar directions that are nearly perpendicu- 
lar whereas in the minor set the direction is nearly at 45 ~ with 
respect to those of the major sets. B Within each layer, the mi- 
crofibrils are organized in such a way that their 0.6-ran planes: (]-10) 
in the monoclinic phase and (I00) in the triclinic phase, are parallel 
to the wall surface 

a l lowed the de tec t ion  of  the  two oppos i t e  "up"  and  
"down"  d i rec t ions  of  the fibre c-axis. This  de tec t ion  was 
done  by  X - r a y  diff ract ion on the whole  cell wall  (Pres ton  
1974, T a n a k a  and  O k a m u r a  1977), by  e lec t ron  microdi f -  
f rac t ion pe r fo rmed  on u l t r a th in  sect ions  for the ind iv idu-  
al layers  (Revol  and  G o r i n g  1983) and  conf i rmed  by  lat-  
tice imag ing  (Sug iyama  et al. 1985). It is aga in  this  un ip la -  
na r  o r i en t a t i on  tha t  revealed  the t r icl inic  s y m m e t r y  of  
Valonia cellulose.  Indeed  for a monoc l in i c  crys ta l  wi th  c 
as  monoc l i n i c  axis, F h k l  = Fhk-i  = F h k l  = F h k l  and,  
therefore,  the four  q u a d r a n t s  of  a d i f f ract ion d i a g r a m  
con ta in ing  c* shou ld  be equivalent .  On  the o the r  hand ,  
for a t r icl inic  crystal ,  F h k l  is no  longer  equiva len t  to 
Fhk l .  Thus,  a d i s s y m m e t r y  results  be tween  the left and  
the r ight  pa r t  of  the c o r r e s p o n d i n g  d iagram.  Such dis- 
symmet r i c  pa t t e rn  will be m a i n t a i n e d  when the diffrac- 
t ion is f rom a bund le  of  pa ra l l e l  cel lulose crysta ls  only  if 
a cer ta in  degree  of  regis ter  exists a m o n g  them. This  s i tua-  
t ion is the case for the Valonia cell wall,  where  the d i ssym-  
m e t r y  was first r epo r t ed  by  H o n j o  and  W a t a n a b e  (1958); 
they were thus  able  to p rove  by  e lec t ron  diff ract ion tha t  
Valonia cellulose h a d  a tr icl inic character .  

Since, as a resul t  of  the u n i p l a n a r  o r i en t a t i on  in Valo- 
nia, the a* rec iproca l  axis of  the  tr icl inic phase  is pe rpen-  
d icu la r  to the cell wall,  an  i m p o r t a n t  ques t ion  is ra ised 
concern ing  the d i rec t iona l i ty  of  this a* axis. Indeed,  it 
m a y  be po in t ing  o u t w a r d  or  t o w a r d  the p l a s m a  mem-  
b rane  o r  be d i s t r ibu ted  in b o t h  di rect ions .  In real  space,  
these two possibi l i t ies  mean  tha t  the a axis of  the tr icl inic 
phase  m a y  po in t  a b o v e  or  be low the cell wall  surface or  
be d i s t r ibu ted  in bo th  di rect ions .  The  knowledge  of  this 
d i rec t iona l i ty  wou ld  help  in u n d e r s t a n d i n g  the occur-  
rence of  the  u n i p l a n a r  o r i en t a t i on  in Valonia, which m a y  
result  pure ly  f rom an int r ins ic  p r o p e r t y  of the cel lulose 
microf ibr i l s  o r  be d i rec t ly  re la ted  to thei r  biogenesis .  The  
present  w o r k  addresses  this  p r o b l e m  by ana lyz ing  the 

Materials and methods 

Valonia ventricosa J. Agardh vesicles were harvested from the sea 
bed in the Lower Keys, Fla., USA. The fresh cells were slit open and 
their walls allowed to dry by pressing them between two sheets of 
filter paper. The dried walls were scraped with tweezers to remove 
most of the non-cellulosic components. The cell walls were then 
boiled three times for 3 h in distilled water and then three times for 
2 h in 0.I N NaOH under nitrogen. The purified cell walls were then 
rinsed with distilled water, neutralized with dilute HC1, washed 
again with distilled water until neutrality, and dried between two 
sheets of filter paper. 

Electron-diffraction analysis. Fragments of VaIonia cell wall were 
delaminated with sharp needles and mounted on carbon-coated 
grids. Specimens having only one layer of microfibrils were ana- 
lyzed with a model EM 400T electron microscope (Philips, Eind- 
hoven, The Netherlands) operating at 120 kV. Thicker specimens, 
consisting of several layers were analyzed with a Philips CM 30 
operating at 300 kV. All diffraction diagrams were recorded on Mit- 
subishi electron-image plates that were developed in Kodak D19 
developer. 

X-Ray analysis. All experiments were done using a Philips PW 1720 
X-ray generator operated with nickel-filtered Cu-K~ radiation. 
Fragments of purified Valonia cell wall were examined with a stereo- 
microscope under polarized light. Domains where the two main 
microfibrillar directions cross almost at right angles were chosen for 
X-ray analysis. For this, the selected wall area was mounted on a 
0.020-inch X-ray collimator in such a way that its plasma-mem- 
brane side was toward the recording film (Fig. 2). The X-ray dia- 
grams were first recorded with the sample fiat, and the two main 
fiber axes, as well as the third minor one, were identified. A series of 
diagrams were then obtained after orienting the cell wall fragments 
to bring into Bragg position the two 103 diffraction spots corre- 
sponding to the two main fiber directions. To achieve these orienta- 
tions, the two azimuthal directions + 26 ~ and - 2 6  ~ were selected 
off the two main fiber axes, with the result that four directions were 
successively oriented vertically. For each direction, an X-ray dia- 
gram was recorded after rotating the specimen by 14 ~ about a 
horizontal axis. From these four diagrams, only two displayed the 
expected 703 diffraction spot along the vertical axis. 

CW face ~ P M  lace 

Sample 

X-ray generator 

~ lm 

Fig. 2. Schematic diagram showing the geometry of the Valonia cell 
wall with respect to the X-ray generator and the X-ray film. CW, cell 
wall face: facing the exterior of the cell; PM, plasma membrane 
face: facing the interior of the cell 
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Results 

Theoretical diffraction diagrams of Valonia cellulose. 
Given  the a f o r e m e n t i o n e d  d a t a  on the o r i en ta t ion  of Val- 
onia cellulose,  there  are  four  i ndependen t  ways  in which 
a tr icl inic cel lulose microf ibr i l  can be la id  wi th in  a uni-  
p l a n a r  cell wall  layer  of  Valonia, as o p p o s e d  to two for the 
monoc l i n i c  case. These  six modes  are  schemat ica l ly  pre-  
sented  in Figs. 3A (triclinic) and  3B (monoclinic) .  In 
Fig. 3A, the four tr icl inic microf ibr i l s  (1-4) co r r e spond  to 
the two d i rec t ions  for c c o m b i n e d  with  the two d i rec t ions  
for a*. In Fig. 3B, on ly  two i n d e p e n d e n t  monoc l in ic  mi-  
crof ibr i ls  (5, 6) need to be cons ide red ;  they  c o r r e s p o n d  to 
the  two d i rec t ions  for c. 

F igu re  4 A - C  represen ts  the  three  different diffract ion 
d i a g r a m s  tha t  are  expec ted  when the dif f ract ion is per-  

| | | | 

| | 

Fig. 3A,B. The six possibilities that can be distinguished by diffrac- 
tion analysis for laying a Valonia cellulose microfibril within a uni- 
planar cell wall layer while keeping the a* axis vertical. A The 
triclinic case, situations 14 ;  B the monoclinic case, situations 5 
and 6 

fo rmed  on an  ind iv idua l  layer  of Valonia cell wall. These  
d i a g r a m s  can be cor re la ted  to the six poss ible  s i tua t ions  
shown in Fig. 3A,B. The d i a g r a m  in Fig. 4 A  is expected  
for microf ibr i ls  be longing  to s i tua t ions  1 or  3. On  the 
o the r  hand,  the d i ag ram in Fig. 4B co r r e sponds  to ei ther  
s i tua t ion  2 or  4. The  d i a g r a m  in Fig. 4C is unique  for the 
monoc l in ic  case and co r r e sponds  to microf ibr i ls  in ei ther  
of s i tua t ions  5 or  6. 

Experimental diffraction diagrams. W h e n  one layer  of  par -  
allel microf ibr i ls  of Valonia cellulose is examined  by elec- 
t ron-d i f f rac t ion  analysis  (Fig. 5A), the co r r e spond ing  dia-  
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Fig. 4A-C. A, B The two types of diffraction diagram resulting from 
a triclinic cellulose crystal with its c axis vertical and containing the 
503 diffraction spots. A corresponds to crystals as in Fig. 3A, situa- 
tions 1 and 3; B corresponds to crystals as in Fig. 3A, situations 2 
and 4. C The diffraction diagram resulting from a monoclinic cellu- 
lose crystal with its c/c* axis vertical and containing the 110 diffrac- 
tion spot (see Fig. 3B, situations 5 and 6). For clarity, the strong 
equatorial diffraction of cellulose has been indicated by white el- 
lipses in the figures 

Fig. 5. A Electron-diffraction diagram of 
one layer of parallel microfibrils from 
Valonia cellulose with the c axis vertical. 
The diffraction spot indicated by the 
small arrow corresponds to the i03 re- 
flection that is not mirrored in the four 
quadrants of the diagram. B Electron-dif- 
fraction diagram of a thick specimen of a 
Valonia cell wall recorded at an accelera- 
tion voltage of 300 kV. The three mi- 
crofibrillar orientations are marked as Cl, 
c 2 and c3. The small arrows l, 2 and 3 
correspond to the three i03 reflections 
corresponding to the three orientations 
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Fig. 6A-C. A Typical X-ray 
diffractogram of a fragment 
of Valonia cell wall oriented 
as in Fig. 1. The three 
fibrillar directions of the 
wall are marked as c,, c2 
and c 3. B Same as in A but 
rotated by 26 ~ in order to 
bring to the vertical the az- 
imuthal direction corre- 
sponding to the 103 diffrac- 
tion line of the part of the 
diagram having cl as fiber 
axis. The specimen was 
then rotated around a hori- 
zontal axis by 14 ~ before 
recording the pattern. C 
Same as in B but for the 
part of the diagram having 
c 2 as fiber axis. In both B 
and C, the ii4 diffraction 
line, indexed along the tri- 
clinic unit cell is along the 
corresponding fiber axis 

gram displays several diffraction spots that are not mir- 
rored in the four quadrants of the diagram. Typically, this 
dissymmetry occurs on the first and third layer line, and 
the diffraction spot at 0.306 nm, identified as 103 (ar- 
rowed in Fig. 5A) is representative of such a phe- 
nomenon. The diagram in Fig. 5A contains information 
about the 4B type. Therefore, the corresponding speci- 
men has triclinic domains that correspond exclusively to 
situations 2 or 4, indicating that the a* axes point only in 
one direction with respect to the plasma-membrane side 
of the cell wall. Obviously, if the specimen grid was 
turned upside down, the corresponding electron diffrac- 
togram would contain information of the 4A and not of 
the 4B type. 

Figure 5B shows an electron diffractogram recorded 
at 300 kV from a thicker specimen containing several 
layers of a Valonia cell wall. This diffractogram is a super- 

position of three fiber patterns similar to the one present- 
ed in Fig. 5A. These three patterns correspond to the 
three major orientations of the cellulose microfibrils in 
the cell wall. For convenience, the three fiber axes are 
indicated in Fig. 5B as cl, c2 and c3. The patterns corre- 
sponding to c~ and c 2 are rather strong whereas the pat- 
tern corresponding to c 3 is weaker, reflecting this less 
frequent microfibrillar orientation in the celt wall (Pre- 
ston 1974). The small arrows 1,2 and 3 point to the i03 
diffraction spots that belong to the patterns 1,2 and 3, 
respectively. Thus, it is clear from this diffractogram that 
the three patterns belong to the 3B family. This means 
that the a* direction is the same in the several layers 
examined in Fig. 5B. 

The thickness of the whole cell wall does not allow 
observation by transmission electron microscopy. For 
this reason X-ray diffraction is needed to obtain informa- 
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Fig. 7. The two possibilities for the orientation of the triclinic com- 
ponents of Valonia cellulose with respect to the plasma membrane. 
In both cases, the a* axis is pointing outward from the plasma 
membrane side of the cell wall and the c axis is parallel to the plane 
of the plasma membrane 

Fig. 8. Model (adapted from Itoh and Brown 1984) of a Valonia 
microfibril assembling in association with a TC. The a* axis of the 
triclinic component of the microfibril is vertical and upward. The c 
axis is along the microfibril direction but its directionality with 
respect to the TC remains to be determined. PM, plasma mem- 
brane; TC, terminal complex 

tion on the crystalline structure of whole Valonia cell wall 
fragments. Figure 6A shows an X-ray diffractogram cor- 
responding to a specimen in which the plasma-mem- 
brane side of the cell wall faces the X-ray film (Fig. 2). As 
in Fig. 5B, the three main orientations of the Valonia cell 
wall are clearly identified and the three corresponding c 
axes outlined. The triclinic character of the patterns is 
revealed by orienting the specimens successively about  
the four directions described in the Materials and meth- 
ods. From these four directions, only two gave patterns in 
which the 103 spots could be detected as shown in Figs. 
6B and 6C. In both cases, the i03 spot occurs on the 
right-hand side of the corresponding fiber axis. There- 
fore, in the two main fibrillar orientations the a* of cellu- 
lose triclinic crystals always points outward from the 
plasma membrane.  This experiment cannot  be done for 
the third minor  fibrillar orientation since the correspond- 

ing i03 diffraction spot is hidden behind the diffraction 
spots of the two stronger patterns. 

Discussion 

The results presented in this study demonstrate  that, for 
the triclinic component  of Valonia cellulose, the corre- 
sponding crystals are organized with their a* direction 
pointing outward from the p lasma-membrane side of the 
cell wall (Figs. 7, 8). This phenomenon is not limited to 
one layer of microfibrils, nor  to one of the sets of orienta- 
tion, but is persistent throughout  the wall thickness and 
for the three orientations. In addition, our observations 
indicate that within each layer the microfibrils are essen- 
tially laid flat and are not twisted around their axes. In- 
deed, twisted microfibrils would alternatively present 
their a* axis upwards and downwards, resulting in a mix- 
ture of diagrams such as those shown in Fig. 4A and 4B. 
Such mixed patterns are not found, as only patterns like 
that in Fig. 4B are observed. 

The architecture of cellulose microfibrils in the cell 
wall of Valonia is extraordinary in its precision and orga- 
nization (Preston and Kuyper  1951; Preston et al. 1953; 
Cronshaw and Preston 1958; Preston 1974). Indeed, with 
the exception of the first-synthesized cellulosic lamella, a 
growing Valonia cell maintains the ability to lay down 
microfibrils in three specific directions and no others 
(Preston 1974). At the surface of the Valonia plasma mem- 
brane, each cellulose microfibril was shown to be in close 
association with a terminal complex (TC; Itoh and 
Brown 1984). By freeze etching, these authors were able 
to observe TCs with lengths up to 600 nm (average length 
350 nm), not only on the outer leaflet of the plasma mem- 
brane (EF face) but also on the interior leaflet of the 
plasma membrane (PF face). According to the fluid mo- 
saic model for cell membranes,  the Valonia TCs are ex- 
pected to have a freedom restricted essentially to two-di- 
mensional translational motion (Singer and Nicolson 
1972). Other modes of motion such as tumbling or rota- 
tion around the long axes of the TCs are unlikely. Thus, 
we can tentatively correlate the absence of twisting in 
Valonia microfibrils with the restriction in the degree of 
freedom of the TCs, on the one hand, and their close 
association with the emerging microfibrils, on the other. 

Knowledge of the orientation of the a* axis with re- 
spect to the plasma membrane is not sufficient to deter- 
mine completely the orientation of the cellulose unit cell 
with respect to the TC (Fig. 8). In order to know whether 
the c axis is pointing towards or outward from the corre- 
sponding TC, one would need to obtain electron-diffrac- 
tion patterns and corresponding images of cellulose mi- 
crofibrils attached to their synthesizing TCs. So far, this 
observation has not been possible as the TCs invariably 
deteriorate when they are extracted from their living en- 
vironment. This lack of data explains why only one of the 
unit cell axes of cellulose can be drawn with certainty in 
Fig. 8. 

Our diffraction experiments are informative only for 
the triclinic component  of Valonia cellulose. The mono-  
clinic domains which account for almost 40% of the total 
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sample (Debzi et al. 1991) are crystallized in a more  sym- 
metrical way. In such domains,  the data  resulting f rom 
diffraction experiments are unable to differentiate be- 
tween the two directionalities of  a*. In particular,  it is 
impossible to detect by  electron diffraction whether  the 
cellulose microfibrils were twisted in the monocl in ic  do-  
mains. However ,  since it has been demons t ra ted  in one 
case that  the triclinic and  the monocl in ic  domains  alter- 
nate a long the same microfibrils (Sugiyama et al. 1990), it 
is likely that  the crystalline or ienta t ion of cellulose is 
mainta ined  in bo th  domains.  It remains to be explained 
why  two crystal lographic phases occur  dur ing the 
biosynthesis of such perfect cellulosic cell walls as in Val- 
onia. 

The above  observat ions  are so far limited to the Valo- 
nia ventricosa cell wall. For  other  green algae, such as 
Chaetomorpha megalonium (Nieduszinski and Atkins 
1970) and Microdictyon tenuius (Sugiyama et al. 1991), 
the X-ray-  and electron-diffraction pat terns that  were 
recorded perpendicular  to the wall surface also clearly 
indicate a unidirectional character  for the a* axis of  the 
triclinic phase. However ,  these X-ray  pat terns were not  
referenced with respect to the p lasma membrane  of  the 
cor responding  cells. It is therefore not  possible at this 
stage to decide whether  the above p h e n o m e n o n  occurs 
with these specimens. Also its universality in other  green 
algae that  display a Valonia-like type of  lamellat ion 
should be established. Work  is presently in progress to 
address this problem. 

This work was initiated during a visit of J.F.R at Grenoble in the 
framework of a France-Qu6bec exchange program. J.S. was recipi- 
ent of a CNRS fellowship. The diagram in Fig. 8 was kindly drawn 
for us by Miss Yukie Saito from the Department of Forest Products, 
the University of Tokyo. 
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