
Utilization Research .Laboratories; and 
W. G. De Pierri, 13. D. Vessel, Y .  
Shimura, T. K. Dykstra, J. C. Hill, T. 
Shono, R. A. Malzahri, and J. L. Comp. 
who have served as research associates on 
the contracts at  the University of Illinois 
and the University of Arizona. 

Without the financial support of the 
four Utilization Research Laboratories 
of the U .  S. Department of Agriculture, 
this Xvork would not have been possible. 

Literature Cited 

(1) Adicoff, A., Buselli, B., J .  Polymer 
Sci. 21, 340 (1956). 

(2) Chapin, E. C., H[am. G. E., Mills, 
C. K., Ibid., 4, 597 (1949). 

(3) Doak, K. W., J .  Ani. Chem. Soc. 70, 
1525 (1948). 

(4) Ford>-ce. R. G., Chapin, E. C.? 
Ham. G.  E.! Ibid.. 170, 2489 (1948). 

(5) Haas. H. C., Emerson, E. S.? 
Schuler. N. W., J .  ,Pol)mer Sci. 22, 291 
(1956). 

(6) Lewis, J. B., Hedrick. G. W.. J .  . .  
Org. Chem. 25, 623 (1960): 

(7) Lyness, W. I., Quackenbush, F. W., 
J .  Am. Oil Chemists' Soc. 32. 520 (1955). 

(8) Malzahn, R. A., Griffith, J. H'., 
Marvel, C. S., Hedrick, G. W., Lewis, 
J. B., Mobley, C. R., Magne, F. C., 
J .  Polymer Sci. A2, 5047 (1964). 

(9) Marvel, C. S., De Pierri, W. G., 
Ibid., 27, 39 (1958). 

(10) Marvel, C. S., Dykstra, T. K., 
Magne, F. C., Ibid., 62, 369 (1962). 

(11) Marvel, C. S., Hill, J. C., Cowan, 
J. C., Friedrich, J. P., O'Donnell, J., 
Ibid., A2, 2523 (1964). 

(12) Marvel, C. S., Shimura, Y. ,  Magne. 
F. C., Ibid., 45, 13 (1960). 

(13) Marvel, C. S., Vessel, E. D., 
Magne, F. C., Ibid., 36, 35 (1959). 

(14) Mayo, F. R., Walling, C., Lewis, 
F. M., Hulse, W. F., J .  Am. Chem. SOC. 
70, 1523 (1948). 

(15) Parkin, B. A., Hedrick, G. W., 
J .  Org. Chem. 25, 1417 (1960). 

(16) Port, W. S., Jordan, E. F., Jr., 

W 0 R L D- W I D E IR E S E A R C H 

Fine Structure of the Cytoplasm in 
Relation to the Plant Cell Wall 

Hansen. J. E., Swern. D., J .  Polymer , ,  

Sci. 9, 497 (1952). 
117) Port. W. S.. Jordan. E. F.. Jr.. 
' Palm, W. E., LGittnauer,' L. P., '"an: 

sen, J. E.? Swern, D.,  Ind. Eng. Chem. 
47, 472 (1955). 

(18) Scholfield, C. R., Cowan, J. C., 
J .  Am. Oil Chemists' Soc. 36, 631 (1959). 

(19) Shono, T., Marvel, C. S., J .  
Polymer Sci. A l ,  2067 (1963). 

(20) Teeter, H. M.? Jackson, J. E., J .  
Am. Oil Chemists' Soc. 26, 535 (1949). 

(21) Weil, J. K., ,4ult, W. C.,  Ibid., 25, 
365 (1948). 

(22) Wittnauer, L. P., Watkins, N., 
J .  Polymer Sci. 20, 213 (1956). 

Receioed for review October 20, 7964. Accepted 
Ju1.v 6 ,  1965. Dioision of Agricultural and 
Food Chemistry, 748th Meeting, ACS, Chicago: 
Ill., September 7964. Partial report of work 
done under contracts with four Utilization 
Research and Development Dicisions, Agricul- 
tural Research Seroice, U. S. Department of 
Agriculture, and authorized by the Research and 
Marketing Act. Contracts supervised by J .  C. 
Cowan of the .Vorthern Division. 

M Y R O N  C. LEDBETTER' 

The Biological laboratories, 
Harvard University, 
Cambridge, Mass. 

Our present knowledge of the disposition of microtubules in the cytoplasm of plant cells is 
summarize!d. The reports to date indicate that the orientation of the microtubules of the 
cell cortex mirrors that of the cellulose microfibrils in the adjacent wall, and it i s  suggested 
that the tirbules in some way dictate the orientation of the microfibrils. An examination 
of the fine structure of the microtubule reveals that its wall is made of elements which are 
aligned in 13 files parallel to the long axis of the tubule. This structure is compared to 
that reported for the tubular component of sperm tails from animals. 

A \ Y  characteristics of plant prod- M ucts-such as fruit texture, fiber 
strength in cotton, structural properties 
of wood-are relai ed to chemical 
make-up and architecture of the plant 
cell \\all. The means by which the 
protoplast of the cell may determine its 
\\all morphology is of interest to agrono- 
mists as nrll as students of cell differentia- 
tion. 

Over a century ago Crhger (3) de- 
scribed a curious relationship of the 
cytoplasm to the deposition of patterned 
I\ all thickenings. He examined the 
behavior of certain ciills ivhich develop 
spiral thickenings and saw, prior to any 
detectable secondary 5% all growth, bars 
of streaming cytoplasm under which the 
\\all thickenings subsequently appear. 
In a contemporary study of the physical 
make-up of the cell \tall, Nageli used 
polarized light to demonstrate its crys- 
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talline nature, a fact which eventually 
led to the discovery that the long cellu- 
lose molecules of the wall are grouped 
together into microfibrils. 

During some 80 years which followed 
Cruger's work, similar observations were 
made by others; and the hypothesis 
gained acceptance that secondary 
thickenings and the orientation of cellu- 
lose microfibrils in the wall are deter- 
mined by streaming patterns of the 
cytoplasm. The discovery of some 
exceptions led van Iterson in 1942 (6) 
to the postulate that anisotropy of some 
component of the ectoplasm (or the 
cortex of the protoplast) is in some way 
responsible for the orientation of cellulose 
micelles. 

A recent study (8)  of the fine structure 
of the cortex of plant cells actively 
engaged in wall synthesis revealed an 
array of units which renders the cortex 
anisotropic. The elements are tubular 
in form, of minute dimensions, and 
abundant in the interphase cell cortex 

and in the mitotic spindle. These micro- 
tubules from plant cell cortices have 
been characterized in some structural 
detail (9) .  The report which follows 
summarizes our knowledge of the re- 
lationship of these cytoplasmic elements 
to orientation of the cellulose microfibrils 
in the cell wall and the structural similar- 
ity of the plant microtubules to similar 
elements found in certain animal cells. 

Materials and Methods 

There is reason to believe that the 
basic mechanisms of cell wall formation 
are essentially similar in various species 
of higher plants and even in diverse cell 
types. This permits us a wide choice of 
materials for investigation. 

For this study we examined the cell 
cortices in root tips of Phleum pratense L. 
and Juniperus chinensis L., and the nec- 
taries of Euphorbia Mili i ,  Ch. de Moulins. 
These tissues were fixed in glutaralde- 
hyde, a preservative which has proved 
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superior in the preservation of fine 
structure, and postfixed in osmium 
tetroxide (7, 74). After the tissues were 
dehydrated and plastic-embedded, thin 
sections of the cells were cut with a 
diamond knife, stained with heavy metal 
salts, and observed in an electron micro- 
scope. 

Tilting of the section to aid in interpre- 
tation of fine structure of the micro- 
tubule was accomplished with a stereo 
device of the microscope. 

Results 

The microtubules which have been 
observed in the cell cortex have a diam- 
eter of about 230 to 270 A., and are of 
undetermined length. Same have been 
traced for several microns in a single 
section, and it was not evident that the 
ends were contained in the section. 
From cross and longitudinal sections 
they appear to be tubular in form, being 
made of a wall some 70 A. thick en- 
closing a lumen about 100 A. in diameter. 

In  the interphase cell the microtubules 
are most abundant in a cortical zone 
about 1000 A. thick just subjacent to the 
plasma membrane (Figure 1). Examina- 
tion of the side walls in a barrel-shaped 
meristematic cell of root tips shows that 
the microtubules are oriented circum- 
ferentially around the cell, much as 
hoops around a barrel. Thus, in cross 
sections of root tips the tubules adjacent 
to side walls of the cell lie within the 
plane of sectioning (Figure 1) while in 
longitudinal sections of the root tip the 
microtubules may be cut transversely 
(Figure 2),  displaying their tubular 
nature as circles of high density. At the 
end walls of these meristematic root tip 
cells the microtubules are in a more or 
less random array (9).  Along both the 
side walls and end walls of these cells, 
the microtubules mirror the orientation 
of the cellulose microfibrils in the adja- 
cent wall. 

The tubules have not been observed 
in contact with one another or with ribo- 
somes. There is a zone of low density 
around each microtubule (Figure 2), 
from which some structures seem to he 
excluded. However, contacts are found 
between the tubules and the plasma 
membrane, the tonoplast (Figure 4), and 
the “pectin vesicles” of the phragmoplast 
(Figure 3). During formation of the 
phragmoplast a fine fibrous material 
is associated with the microtubules 
(Figure 3). 

When the cell enters mitosis the micro- 
tubules are no longer seen in its cortex. 
The “spindle fibers” which develop in 
the mitotic apparatus are made of 
tubular elements having a morphology 
similar to the cortical microtubules 
though possibly smaller in diameter (S). 

In  cross-sectional view it is occasionally 
possible to see that the wall of the micro- 
tubule is composrd of small units. 
This is particularly evident in certain 

Figure 1. Electron micrograph of 
cortical cytoplasm from Juniperus root 
tip in transverse section with micro- 
tubules (arrow), plasma membrane, 
PM, adjacent tocell wall, CW 

X47.000 

Figure 2. Microtubules (dense circles) 
and plasma membrane, PM, adjacent 
to cell wall, CW, with middle lamella, 
ML, from longitudinal section of 
Juniperus root tip 

x51.000 

Figure 3. Portion of phragmoplast 
from Juniperus with pectin vesicle 
(arrow), fibrous material, F, along 
microtubules 

X65.000 

Figure 4. Microtubule (arrow) at- 
tached to tonoplast, J ,  of vacuole, V, 
in nectary of Euphorbicr 

X123,OOO 

cells of Juniperus and Euphorbia. The 
contents of these cells are extraordinarily 
dense, imparting a natural “negative 
staining” to some structures, especially 
the cortical microtubules. In  our first 
studies of the tubules seen in this way 
Markham’s rotation technique was used 
to show that the wall of the microtubule 
is probably composed nf 13 subunits (9) .  
Subsequent images at  improved resolu- 
tion (Figure 5) permit direct confirma- 
tion of these results. 

In the electron microscope it is possible 
to tilt the specimen to obtain views of an 
object from various angles. Figure 6 
shows microtubules from two aspects 
which differ by 10’. It is evident that 
this amount of tilt from the optimum 
viewing angle prohibits us fromseeing the 
details of fine structure in the wall of the 
tubule. 

Discussion 

The orientation of these tubular ele- 
ments mirrors that of the adjacent 
cellulose microfibrils not only in the 
meristematic cells examined here, but 
also in the secondary thickenings of cells 
examined by Hepler and Newcomb 
(5). In these cells cytoplasmic streaming 
is known to occur in bands over the 
developing secondary thickenings (75) 
in a manner similar to those reported 
by Criiger (3). It may be that the 
orientation of cellulose microfibrils is 
generally correlated with cytoplasmic 
movement, a t  least in the outermost 
cortical layer of the cytoplasm. Excep- 
tions have been noted in Nitello and the 
stamen hairs of Tradescantia, where the 
direction of observable cytoplasmic 
streaming does not coincide with the 
orientation of cellulose microfibrils. I t  
is well known that in Nitello the outer 
cortical layer of cytoplasm, in which the 
chloroplasts are buried, behaves dif-’ 
ferently from the inner portions of the 
protoplast, where streaming is sn evident. 
Movements of the cytoplasm near the 
growing wall may be minute and 
transversely oriented as are the long axes 
of the microfibrils. In Trodescentio, 
wall growth by deposition of transverse 

Figure 5. Microtubule from Juniperus 
in “natural neaative stainina.” showina 
13 files of elen 
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Figure 6. 
which differ by 10" 

Microtubules from Juniperus seen from aspects 

Clear image. 0, blurred when tilted, 0';  blurred image, b, becomes clear 
when tilted, b'. X220,OOO 

cellulose microfibrils may be complete 
prior to the observed longitudinally 
oriented cyclosis. The mechanism by 
which cytoplasmic streaming or the 
presence of microtubules might orient 
the microfibrils of cellulose is difficult to 
fathom, especially since the locus of 
cellulose synthesis is unknown. In  this 
connection, the intimate association of 
the microtubules with the membranes is 
of interest. Information may he trans- 
mitted in some way by the plasma 
membrane to the growing cell wall. 

In their general morphology and 
details of fine structure the microtubules 
in cells of higher plants are similar to 
units found widely distributed in plants 
and animals (2, 4, 5, 8-77, 73, 76). It is 
evident from the results reported here 
that the wall of the tubule as viewed in 
transverse section is composed of 13 
units and that the axis of the tubule 
must coincide with that of thP elertrnn 
b V 

~~~~ .~ .~~.  ..... 
earn of the microscope to within a ver 
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expect to find in the cytoplasm some 
anisotropic mechanism for this control. 
The system of cortical microtubules 
described here fulfills this expectation far 
better than any other structure of the 
cell cortex known to us. 
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