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CURRENT PROBLEMS IN RESEARCH 

Organelle Systems and 

Biological Organization 

Structural and developmental evidence leads to a new 
look at our concepts of biological organization. 

Charles F . Ehret 

What are organelle systems and pre
cisely how do they relate to the higher 
and lower levels of biological organi
zation? Are traditional definitions of 
organelles as elements or as units of the 
cell structure still possible or desirable? 
Or, if our concept of the organelle has 
changed, then what difference does 
this make to theories in biology con
cerning the "living matter" and the 
"cell"? These are some of the critical 
questions under examination and at 
least partially answerable at the pres
ent time ( / ) . Before the invention of 
the electron microscope such questions 
were naturally of a hypothetical nature, 
yet even now precise interpretations of 
living cells in terms of their constituent 
elements continue to present formidable 
difficulties to the biologist. However, 
in the past ten years, through contri
butions from electron microscopy, bio
chemistry, and microbial genetics, a 
sufficient degree of common order has 
emerged to permit a distinction of two 
supramolecular hierarchies below the 
cellular level of biological organization: 
that of the macromolecular aggregate 
and that of the organelle. Classical 
cytology, through light microscopy in 
its various forms, has provided the 
background for the contemporary out
look, and Wassermann (2) has re
viewed the contributions of early work
ers in the field. It appears at present 
that the few concepts of subcellular 
particles that have arisen to date are 
fragmentary at best. 

While from the present data we can
not expect a revolutionary overthrow 
of classical cell theory, its decline in 
some borderline and otherwise diffi
cult areas (discussed below) appears 
inevitable. For an understanding of 
the borderline cases as well as for an 
understanding of the cell in the clas
sical sense, at least two supramolecular 
hierarchies of structural organization 
appear to be necessary, and may in
deed be sufficient. The first level has 
been nebulously termed lattice, pol
ymer, crystal, colloid, or macromolec
ular aggregate by the solid-state physi
cist in or out of biology. The second, 
composed of the first and, in turn, com
posing the cell, has been similarly 
termed organelle (5 ) . Organelles reside 
uniquely in the biosphere and have not 
yet been synthesized outside of it. It 
is particularly to the second level that 
I here address my attention. 

Some Systems of Organelles 
in a Single Cell 

One of the many instructive organ
isms for these studies has been the 
ciliated protozoan Paramecium. The 
apparently unique and complex cell 
surface of this little animal has been 
the subject of study and controversy 
for nearly 100 years. Zoology textbooks 
have long presented elaborate diagrams 
of the "fibrillar systems" of pellicle and 
gullet as figures worthy of study by the 

elementary student. The lesson has 
been essentially to point out how dif
ferent this is from other cells: the 
fibers and ridges in the shape of 
chicken wire, the cell-mouth in the 
form of a woven cornucopia, and the 
bank of trichocysts militantly arranged 
behind the walls, ready to fire away at 
the enemy. 

Today, another view, summarized 
in Figs. 1 and 2, prevails. The recon
struction techniques applied here are 
similar to those routinely used in 
studies of embryonic development, but 
in this case they are applied to single 
cells, by means of the electron micro
scope (4). The pellicle system of the 
cell surface is composed of two sets 
of closely packed organelles: the ciliary 
corpuscles and the trichocysts. In this 
simple repetitive-unit construction re
sides the physical basis for the ridge-
and-wire patterns; the junction edges 
of the packed corpuscles give rise to 
those hexagonal and rhomboidal pat
terns on the surface. Beneath the sur
face and between the corpuscles, the 
trichocysts are located. Along the line 
of trichocysts, the cilia are found. Each 
corpuscle contains either one or two 
cilia; to the right of each ciliary base 
(or kinetosome) is a small pocket 
known as the parasomal sac. Only one 
sac is seen in a corpuscle, whether one 
or two cilia are present. From the 
anterior filaments of the kinetosome 
(the posterior kinetosome in cases 
where there are two), a kinetodesmal 
fiber extends anteriorly the distance of 
three or more corpuscles and laterally 
to the right, between the columns of 
corpuscles, and forms a bundle of 
fibers by overlapping (4-6) or spiral-
ing around (4) other fibers of the same 
column (see Fig. 1, sections A -A and 
C-C). The hexagonal and rhomboidal 
complexes of organelles together form 
a portion of the cell surface known as 
the pellicle system, which, but for a 
small gap, entirely contains the liquid 
phase and inner envelope systems of 
the cell. Another system of similarly 
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packed organelles, the gullet or food- 
intake system, closes this gap. The 
gullet cilia are much more closely 
spaced than those of the pellicle, with 
zbout 0.46 micron between the centers 
of the kinetosomes (see cover photo- 
graph and Fig. 3 A ) .  However, instead 
of one or two cilia per parasonla1 sac, 
these are four. Since the unit organelle 
of the gullet system bears four cilia 
and one sac, three colun~ns of about 
90 of these quadriciliated units bear 
the approximately 1000 cilia that nearly 
fill the food-intake cavity. A fourth 
organelle complex to complete the 
gullet system of organelles is the non- 
ciliated ribbed wall, in which the inter- 
rib distances are similar to the inter- 
ciliary distances of the other three 
complexes. 

Comparative Anatomy of Organelles 

as Units and in Groups 

From studies such as these, several 
rather remarkable relationships between 
the components that make up the cell 
soon became apparent. The first and 
most striking is that just below the 
cellular level of organization there are 
a number of anaton~ically characteristic 
components that are identifiable as 
such in nearly all cells. The second is 
that these components, these organelles, 
pack together into simple and orderly 
arrays. To  treat of the first relationship, 
the organelles include cilia, mito- 
chondria, and certain laminated and 
concentrically layered or vesiculated 
objects. We shall now center our at- 
tention on some of the roles that are 

SECTION A - A  

SECTION C-C 

VIEW E 

Fig. 1. Sections through plan, elevation, and profile orientations of the cell surface of 
Parameciz~m. The reconstruction view E is of two ciliary corpuscles and two trichocysts. 
The parasomal sac is evident on the hemisectioned forward corpuscle. Planes of section- 
ing are shown on the outline of the cell in the center of the figure. [From Ehret and 
Powers, 41 

played by one class of organelles. thc 
cilia. 

Cilia are built in the same way wher 
ever they are found in the plant or 
animal kingdom (7, 8 ) .  Of equal im- 
portance has been the discovery that 
many organelles, bearing little super- 
ficial resemblance to cilia, are never- 
theless built upon the same ultrastruc- 
tural ground plan-are as similar to 
one another as the isotopes of an ele- 
ment. A striking illustration of this 
second point is given in Fig. 4, in which 
a mammalian cilium (9) is seen closely 
to resemble the connecting fibers (cf) 
between segments of the rods (OS.  
outer segment; IS, inner segment) (10) 
in the retina of the eye, with their nine 
sets of concentrically arranged fila- 
ments. Numerous equally remarkable 
examples of "organellar isotopy" upon 
the cilium ground plan can be given. 
The plantlike stalk of another proto- 
zoan, the colonial ciliate Opercularin, 
is con~posed of bundles of cilium-like 
fibers (11) ; the hair cells of the organ 
of Corti in the cochlea or inner ear of 
the guinea pig are tufted with cilia 
and cilium-like fibers (12) ;  the tip of 
the trichocyst is cilium-like, although 
a clear count of 9 or 18 perimeter fila- 
ments has not been resolved (4) ;  a 
broomstick-like structure in the proto- 
zoan Lophonzonas (the axostylar fila- 
ment) looks superficially unlike a 
cilium (13),  yet it is composed of 18 
(9 x 2) radially arranged plates about 
a central fiber, and each plate has a 
period of about 400 angstroms, like 
that of the typical kinetodesmal fiber 
(5). 

Thus. in one form or another this 
versatile organelle performs a wide 
variety of tasks in the lowest as well 
as in the most complex forms of life. 
In man, not only does the cilium propel 
the male spermatozoon; it also guides 
the female ovum into the oviduct, 
helps keep the lungs free of dust, is a 
receptor point in vision, hearing, and 
balance, and is a part of the division 
apparatus [the centriole (8, 14)]  in 
nearly every cell of the body. 

The ciliary corpuscles and trichocysts 
of the pellicle system and the cilia of 
the gullet are, of course, excellent ex- 
amples of the packing together of 
organelles into orderly arrays. It is 
interesting to find cil ia~y con~plexes in 
certain renal tumors of the hamster 
[Fig. 3B (15)] that are very similar to 
the gullet complex of Paramecium 
[Fig. 3A (16)l. In each case, the 
packed cilia appear to compose consid- 
erable portions of the cell surface and 
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sometimes appear highly conlpacted, as 
in the footlike cirrus of the protozoan 
Euplotes (17).  Whether diffuse, conl- 
pact, or a composite of both patterns, 
sheets like these of two-dimensionally 
packed organelles are seen in many 
free-living cells to surround the cyto- 
plasm entirely, thereby forming the 
outer envelope of the cell. Inner en- 
velopes of two-dimensionally packed 
nonciliated units (pore complexes) 
(18) similarly conlpose the nuclear 
envelope of most cells (19). Arrays 
of three-dinlensionally packed units, in 
some dimensions (20) quite like those 
of the pore conlplex, are seen in the 
cytoplasm and are called ergastoplasm 
or endoplasmic reticulunl (21 ) . 

Similar considerations of the homol- 
ogies anlong units and of the packing 
or developmental patterns of units 
could be, and indeed have been, made 
for other organelles and their com- 
plexes-particularly for the mitochon- 
drion and structurally distinct cyto- 
plasmic organelles (22). On the other 
hand, it is now well known that some 
organisn~s are totally devoid of such 
characteristic cytoplasnlic organelles as 
true cilia and mitochondria-notably, 
the bacteria. All available evidence 
seems to indicate that bacteria are 
simple one-envelope systems, and that 

the larger organelles nornlally asso- 
ciated with the outer envelope of 
typical cells are absent. In this sense, 
bacteria are more like free-living nuclei 
than they are like typical cells. Even 
the most complex bacterial organelles 
-for example, the tubular and lamel- 
lated photosynthetic organelles of 
Rhodospivillunz (23)-are small and 
simple as compared to typical mito- 
chondria; along with chromatin, these 
tubular and lamellated organelles share 
the same "karyoplasm" and are en- 
cased by the same envelope. 

As a sunxnlary to this brief exposi- 
tion of the simple and orderly arrays 
of organelles in living systems, Fig. 5 
associates graphically and extends some 
of the ideas just discussed. The list of 
terms on the right is a much ab- 
breviated compilation of a few of the 
noncon~n~ittal names given to objects 
that we find in and around cells (com- 
pare the decision-tree in 3). On the 
left are the simple space groupings 
appropriate to these. For example, 
mitochondria and multivesicular bodies 
(24) as they are found normally in 
cytoplasnl are, like points, spatially 
restricted groups. As they are found in 
the spermiunl, mitochondria are chains 
or one-dimensional groups of points 
(the spiral filament, 25) .  Pore corn- 

plex units ( IS )  exist as two-dimcn- 
sional sheets of points in the nuclear 
envelope. The nebenkern (26) ,  old 
nucleolus (27), and endoplasmic re- 
ticulunl (20, 21 ) are three-dimensional 
lattices of mitochondrial, nucleolar, or 
pore-complex-like units, respectively. 
Of particular interest is the manner 
of employment of sheets as envelopes- 
in the case, for example, of the nuclear 
and outer envelopes of cells-as well 
as several interesting properties of the 
isopoly conibinatorial systems of all 
groupings. 

It may be noted, for example, that 
in the division of a two-envelope sys- 
tem, the inner envelope is usually lost 
at mitosis, and a cyclical transition 
from a two-envelope to a one-envelope 
system occurs. Similarly, virus propaga- 
tion occurs through cyclical transitions 
from a one-envelope to a zero-envelope 
system. In each case, at organellar 
replication, the inner envelope system 
is lost. These parallels between nuclei 
and infected bacteria provoke the ex- 
perimental question: Is a specific lysis- 
inducing enzyme or "lysozyme" re- 
leased by metazoan nuclei just before 
fission to disrupt the fabric of the 
inner envelope, as in the case of bac- 
terial lysis (28)? A rare but plausible 
example of a defective two-envelope 

Fig. 2. Reconstruction of a region of pellicle surface composed of 18 corpuscles and attendant trichocysts. Bundles of kinetodesmal 
fibers link the ciliary bases and confer polarity on the whole structure. [From Ehret and Powers, 41 
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Fig. 3. The formation of two-dimensional sheets by organelle complexes in the gullet of Paramecium (A, from Ehret and Powers, 
16) and in a renal tumor cell of the hamster (B, from Mannweiler and Bernhard, 15). 

Fig. 4. An illustration of organellar isotopy, showing the cilium of mammalian tracheal mucosa on the left (from Rhodin and 
Dalhamn, 9) and the connecting fiber (cf) of the retinal rod on the right (from DeRobertis, 10). 
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system is also on record, in the case of 
the mammary tumor virus. Bernhard 
(29), for example, has shown that such 
a virus, wrapped in an inner envelope 
picked up earlier in its passage through 
the nuclear membrane of the host cell, 
can then acquire an outer envelope in 
its passage through the cell membrane. 
It is logically satisfying to find even 
the "trivial" or "improbable" mathe- 
matical possibilities nevertheless rep- 
resented. 

Definitions, Formulations, Perspectives 

What is an organelle? The term it- 
self suggests a miniature organ and 
has been casually applied to many cell 
parts without much regard for homol- 
ogy or comparative topology. A rig- 
orous definition at this time might 
prove to be unduly restrictive and has 
been difficult to achieve for even such 
well-established units as atoms and 
~nolecules. Some characteristic prop- 
erties are, however, worth consider- 
ing. In the first place, we may classify 
organelles according to structure: mito- 
chondria contain tubules, plates (la- 
mellae), or ridges (cristae); cilia con- 
tain nine oriented sets of filaments, and 
this number itself may be regarded as 
a space-filling constant. Less effective 
are functional classifications according 
to action, enzymatic capacity, or cyto- 
chemistry, since some organelles lack 
these attributes. For example, Ephrus- 
si's petite mutant of the yeast cell still 
contains structurally typical mito- 
chondria, while lacking respiratory en- 
zymes (30). Therefore, while synthetic 
functions may be performed upon 
organelles at the chemical level (3) ,  
the primary role of organelles is best 
described as a niche-filling or space- 
filling one. In this way, organelles are 
structurally supportive (for example, 
ciliary corpuscle or pore complex), 
or kinetically active (cilium or flagel- 
lum), or mechanically translational 
(cochlear hair). It appears probable 
that they have additional purely physi- 
cal functions, such as transmission, 
diffraction, oscillation, and reception 
of electromagnetic energy (31 ) . 

If we think of the organelle as an 
ordered laminate of heterogeneous 
macromolecular aggregates, we may 
find its prototype best exemplified by 
the plant and bacterial viruses, with 
their protein wrappers and nucleic acid 
cores (32). A structurally similar lami- 
nate of lipopolysaccharide and protein 
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is the receptor site unit of the bacterial 
cell wall for the bacterial virus T-5 
(28). Analogous laminates of other 
macromolecular aggregates such as 
lipids and protein were proposed as 
the ultrastructural basis of membranes, 
even before the invention of the elec- 
tron microscope, especially from results 
with polarized light and x-ray diffrac- 
tion methods. Along these lines, the 
pioneering studies of Frey-Wyssling 
(33) ,  Seifriz et al. (34),  Davson and 
Danielli (35), F. 0. Schmitt (36),  and 
many others have been substantiated 
and extended (31, 37 ) ,  and the princi- 
pal continuing emphasis in electron 
microscopy is quite justifiably at this 
lower level of the n~acromolecular ag- 

gregates. However, it is equally neces- 
sary at the organelle level to character- 
ize the consequences of multiplicities 
and groupings of organelles in the for- 
mation of the large space-filling and 
macrokinetic devices of the cell. 

The way in which these components 
may be used in quantitative formula- 
tions of cell structures is shown in 
Fig. 6. In this treatment, each of the 
organelles of the surface is regarded 
as an isotope of a "type cilium" and 
is symbolically represented by roman 
letters and appropriate superscripts. In 
the case of the ciliary corpuscles, the 
superscripts refer to the number of 
cilia per unit; the units c', c', and c', 
despite differences in ciliary count, 

Chromomere 
Nucleolus 

a. Spatially Restricted Groups (Points) V i rus  
Pore complex 

0 
Multi-vesicular body 

0 
Mitochondrion 
Other granules 
C i l ium and homologues 

b. I- Dimensional Groups (Chains) 

m 0 

0 
cI 2-  Dimensional Groups (Sheets) 

Chromosome 
Spiral fi lament 
K i  nety 

Nuclear membrane 
Inne r  envelope 

C i r rus  
B rush  border 
Hexagonal complex 
Rhomboidal complex 

Pell icle system 
Peniculus complex 
Ribbed wall complex 

Gullet system 
Outer envelope 

d. 3 - Dimensional Groups (Lattices) Old nucleolus 
V i rus  "crystal" 
Endoplasmic ret iculum 
Golgi apparatus 
Nebenkern 

b 1 C Nissl substance 
.H 

Plastid grana 
0 C'hromomere 

e. Iso-poly Systems of a -  d 
Zero envelope 
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Mu l t i  -envelope 
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Bacterium; Red-blood "cell" 
Typical nucleated cel l  
M u l t i  - nucleated cel l  

Fig. 5. The organelles, alone and in bunches: the formally simplest packing groups of 
organelles and some of their cytological and etymological consequences. 



possess single sacs, occupy closely com- 
parable areas of the surface space, and 
appear to arise in each case from single 
C h n i t s .  The forces that hold these 
units to one another are represented by 
valence bond lines. Ultrasonic disrup- 
tion ( 5 ) ,  as well as compression- 
decompression studies ( 3 8 ) ,  suggest 
that the weakest of these bonds is that 
binding trichocyst to corpuscle, and the 
strongest, that binding corpuscle to 
corpuscle by way of the kinetodesmal 
fibers. The central diagram of the hex- 
agonal complex (c't),&,~y) of the pellicle 
system of the cell surface shows the es- 
sential relationships between bonds and 
the approximately 28,000 units in- 
volved. For simplicity, the curved lines 
representing bonds between corpuscles 
by way of the kinetodesmal fibers are 
shown to influence only longitudinally 
adjacent corpuscles; in reality each 
corpuscle is bound by such forces to 

three or more posteriorly and anteriorly 
located corpuscles. The relationship of 
t's to c's is shown only in profile view. 
The force diagram of the disposition 
of trichocysts along the surface suggests 
that even if no other function is served 
by them, they must at least contribute 
to the structural strength of the pellicle 
system by serving as footings and 
trusses between the hexagons and the 
viscous gel of the cytoplasm. Para- 
mecium has thus solved, in an ingenious 
fashion not yet patented by the con- 
struction engineer, the problem of truss- 
work among the hexagons of a non- 
rigid geodesic dome ( 3 9 ) .  The supcr- 
ficial resemblance between such a dia- 
gram and the cytologist's pictorial 
equivalent (Fig. 1) arises only out of 
topological necessity. In this way it also 
resembles the conventional formula- 
tions of molecules in terms of their 
constituent elements. From such sys- 

I The Hexagonal Complex i c  t)lqOOO 

Organel te St ructure Symbol 

Aciliated 0 c 0 

One c i l i um  4 c I 

Two c i l ia  4 2 

Four c i l ia  4 c 
4 

Profi le 

Valence Bond 

c--c Between corpuscles 

c Between fibers 

c-t  Between corpuscles 
and trichocysts 

Outer Envelope System of Paramecium 

1 I 1 I 
Hexagonal Rhomboidal Peniculus R W  

v -' - 
Pellicle Gul let  

Fig. 6. Systems forinulations in terms of organelles: the representation of cytological 
structures in a single cell by means of equations for, and graphs of, its constituent 
organelies. 
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tems forn~ulations it should be possible 
for an anonymous investigator, given 
the properties of the units and their 
bonds, to specify the properties of the 
whole figure, including its "appear- 
ance." 

Such formulations are justified be- 
cause they can describe biological or- 
ganizations not only for the exposed 
surfaces of Paraineciunz but also for 
analogous configurations in the nuclear 
envelope, in the organ of Corti, and 
in the Hamster renal tumor. Further- 
more, most of the genetic mappings 
of the past 50 years are once-removed 
transformations of similar structural 
formulations. This perspective also 
clarifies the dual physical basis for 
genetic maps. The first, the subject of 
viral genetics, is at the n~olecular level 
and is associated with the transposi- 
tion and alteration of extremely short 
sequences of nucleotides (40). The 
second, the subject of the bulk of clas- 
sical genetics, is at the organelle level 
and is associated, accordingly, with 
much larger "chromomeric" transpo- 
sitions. Each is of importance, and the 
primitive organisms that lack the second 
are deprived of a whole range of re- 
combinational potential acquired by 
higher organisms through their chromo- 
somes. Genetics is, therefore, basically 
a structural science concerned with the 
linear ordering of particles at two 
levels, and whether he admits it or not, 
the geneticist is a morphologist at heart. 

Statics versus Dynamics 

If the ultimate justification for this 
kind of approach is a better understand- 
ing of the dynamically active living 
organism ( d l ) ,  how can this under- 
standing be derived from the frozen- 
points static concept described above? 
First, let us recognize that all particle 
concepts suffer from illusions of the 
reality of a static point, and the molec- 
ular-submolecular even more than the 
supramolecular concepts discussed here. 
With the long interfission times of cells, 
the actual disposition of organelles may 
remain architecturally unchanged and 
essentially as shown in Fig. 2 and Fig. 
6 for hours or days; yet at the molec- 
ular level, within the very substance of 
these organelles the interacting particles 
of the metabolic cycles have relatively 
infinitesimal lifetimes. But as fission ap- 
proaches, drastic changes occur in the 
organelle groupings of the nucleus and 
cytoplasm of the cell. The mechanisms 
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of deoxyribonucleic acid and of chro- 
mosomal duplication have been under 
extensive study recently, and I will men- 
tion them only briefly here. Suffice it 
to say, for comparative purposes, that 
in each of the several interpretations 
that have been applied to the data (42) 
the essential genic and chromosomal 
material does not appear to grow and 
split in two (division) but, rather, ap- 
pears to be synthesized and ordered de 
novo on a template provided by thc old 
(replication). 

How do extranuclear organelles com- 
pare? Our own approach to the prob- 
lem has been to isolate and observe 
single cells just before cell division. The 
most interesting changes have occurred 
by the time the fission furrow is even 
faintly visible, and most published ac- 
counts of gullet "budding" in Para- 
~nec ium are actually descriptions of 
these stages in displacement of already 
well established new organelle systems 
from the old ones. But these are late 
stages. The first signs of the new gullet 
appear at the pellicle surface in the 
region of the vestibulum, many microns 
removed from the old gullet. An align- 
ment into three colun~ns of about 90 
granules per column occurs. From each 
granule, four cilia sprout, and the cell 
is now equipped with three ribbons of 
cilia, still essentially at the surface and 
more specifically influencing the swim- 
ming than the feeding of the organism. 
Invagination and posterior displacement 
occur in much slower succession than 
do  the preceding stages, a fission furrow 
forms, and the cell divides. The fission 
furrow is also filled with granules, from 
which one o r  two cilia appear to sprout. 

Most of these events are established 
only through phase-contrast micros- 
copy, and the full description of dctails 
observed with electron microscopy is 
in progress. Daughter cells resemble 
one another and their conlmon parent 
not as mirror images but directly; this 
appears to be the consequence not of 
a template-replica mechanism but, in- 
stead, of a developmental process in 
which the new organelle systems are 
ordered by less specifically shaped but 
sufficient environmental forces. Jn 
each daughter cell nearly half of the 
old organelle systems are preserved in- 
tact and without gross change-like 
the old section of a building to which 
a new wing has been addcd. T o  clate, 
no satisfactory evidence of the division 
of ciliary bases (kinetosomes) has ap- 
peared (but see 6, 43, 44),  and the 
alternative hypothesis that these orga- 
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A~ A n  'I - n 
MACROMOLECULAR AGGREGATE ( C 1 Molecules and  non-MI  s: 
(r ibonuclease; D N A  

M~ Mn A ~ -  n 

ORGANELLE (0 )  Macromolecular aggregates 
( v i r u s ;  chromomere; c i l i u m )  and non-C's: CI CZCn MI  - 

ENVELOPE SYSTEM 
TWO ENVELOPE ( S " )  ONE ENVELOPE ( S ' )  Organelles and  non-0 's :  
(ep i the l ia l  ce l l  (bacter ium ) 

'1 '2 On - n 

TISSUE (T")  (T'  ) Envelope systems and  non-S t  s: 
(ep i the l ia l  t i ssue)  (bacter ial  colony) 

'1 s~ 'n 'I - n 
Fig. 7. Relationships between components and systems of urganelles: some molecular 
and supramolecular sets of the bios. 

nelles arise neither by division nor by 
replication but de novo (by biosynthesis 
and development from suborganellar- 
level pools) is strongly favored by the 
Parnrnecizlnz studies. The alternatives 
remain to be resolved empirically but 
are best understood in the first place 
within the framework (Fig. 7, discussed 
below) of the choices open to the units 
that compose the organism at each ap- 
propriate level of complexity. 

From Macromolec~~les to 
Envelope Systems 

Quite recently a vigorous concern for 
relational schemes and levels of bio- 
logical organization has been shown by 
a number of usually empirically 
oriented biologists (44-46). A crux of 
their problem is invariably resident in 
our inadequate notions of the ultra- 
structure of living systems. In Fig. 7 1 
have tried to relate such components 
to one another in the sin~plest possible 
hierarchal fashion. Despite the simplici- 
ty of this scheme, the physical basis 
for each of the relationships discussed 
abovc is represented here, thc gap be- 
tween the molecular and cellular levels 
is realistically bridged, and some inter- 
esting properties of the products of 
components are implied. (Below the 
molecular level, and abovc the tissue 
level, particles and atoms, and organs 
and organisms, might also appear as 
component elements of the bios.) Each 
set is composed not only of its immedi- 
ately inferior subsets but also of more 

remotcdly inferior components. Thus, 
free radicals or  negatively charged par- 
ticles may be subset components of a 
particular macromolecular aggregate or  
n~olecule. The scheme thereby allows 
for a wide variety of hybrid sets that 
fit no simple specification M, C, or  0. 
The composition of a tendon, for ex- 
ample, might better be considered a 
C-M structure [of the protein collagen 
in a relatively diffuse molecular matrix 
of n~ucopolysaccharide n~olecules (46)l 
than an organelle, which is a laminated 
aggregate of C's. Since the term cell is 
more appropriately applied to a uni- 
nucleated two-envelope system, the 
more general class "envelope systems" 
is recognized as the component that 
makes up tissues. Two classes of tissues 
are therefore recognized, those derived 
from one-envelope systenls and those 
derived from two-envelope systems. It 
is the latter line, with its manifold pos- 
sibilities for recombination of compo- 
nents, that provides the stem-line for 
the higher forms of plant and animal 
life. (It is interesting to note that sani- 
tation and fermentation biologists havc 
noted the equivalent of S'-T' "organs" 
in their vats and sludges.) 

Above the 0 level, examples can be 
cited for sets possessing the divisional 
property: the two split members of the 
set are isomorphic or  horneomorphic 
to one another and to the unsliced par- 
ent set. Below the C level it is not pos- 
sible to divide and preserve homeomor- 
phy of the parent and the fission 
elements. A practical consequence in 
metazoan biology is that identical twins 
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resemble one another not because they 
or their tissues or cells are replicas of 
one another but because of a remote 
event subsequent to gene sequence 
replications in their common zygote. All 
superior systems were synthesized 
uniquely and developed epigenetically 
de novo, as in the equally nonreplicative 
case of ice-crystal patterns on a cold 
windowpane or of gullet development 
at another surface. From this example 
and from microbial data it appears that 
at only one point on the scheme does 
replication enter the picture from neces- 
sity rather than fancy: at the C level, 
in the inheritable sequences of viral or 
chromoson~al nucleotides. 

When Is an Envelope System 
Not a Cell? 

One of the most interesting distinc- 
tions highlighted here is the distinction 
existing between single- and multiple- 
envelope systems, in which the object 
conventionally and restrictively termed 
"cell" is regarded as a special case of 
the latter grouping and bacteria are re- 
garded as prime examples of the for- 
mer. Are bacteria then not cells? Some 
people insist that bacteria are cells be- 
cause the cell is the basic unit of life 
and, as everyone knows, bacteria are 
alive! Others say, looking back to 
Hooke, that they are cells because they 
are shaped like cells, which are tiny 
rooms inhabited by monks. Still others 
say they are cells because they have 
deoxyribonucleic acid, ribonucleic acid, 
and a quite respectable genome. Need- 
less to say, each argument is either cir- 
cular or insufficient in itself to catego- 
rize uniquely the organizational stratum 
that is appropriate to a bacterium. 
More cogent reasons would be the pres- 
ence of a typical nucleus within a typ- 
ical cytoplasm. What is typical? The 
contemporary experts agree unanimous- 
ly that ultrastructurally the bacterial 
flagellum is not a typical flagellum 
[lacking the cilium-like filamentous 
order ( 4 7 ) l ;  that the bacterial mito- 
chondrion is not typical [being orders 
of magnitude smaller, though not nec- 
essarily lacking some form of lamel- 
lated or tubular ultrastructures not 
unique to cytoplasm (48)l;  and that 
the bacterial nucleus is not typical 
[lacking the characteristic nuclear en- 
velope (49)l. When we speak of a 
"bacterial this-or-that" we deliberately 
so modify our object as to remove it 
from the framework of rigorous struc- 
tural homology with other objects not 

so modified (whereas set theoretic 
terms point up the likenesses as well as 
the differences among categories). Be- 
cause atoms have nuclei, as do ethnic 
social groupings, it would be prepos- 
terous to presume rigorous structural 
homologies to be present between them 
and cellular nuclei, even though they 
all may share in common interesting 
topological properties. It is, therefore, 
quite an unfortunate, though an under- 
standable, etymological turn of events 
that two distinctly different biological 
objects share nearly the same name, to 
the point of confusing all but the non- 
experts in the field. 

The homely term cell will and should 
continue to be used both colloquially 
and specifically by the biologist. How- 
ever, in restrictive matters, when prop- 
erties of the units are claimed or sought 
(such as "nuclei" and "mitotic-spin- 
dles"), then his units should be un- 
ambiguously defined, preferably in op- 
erational systems-theory terminology. 

Transcendency of Levels 

It would be premature to declare, 
"the proof is in, all bacteria are one- 
envelope systems and are therefore 
homologous to the archaic 'nucleus.' " 
The point that I make is this: the prop- 
erties of the bacterial species, as well as 
of those actinomycetes adequately stud- 
ied to date, seem to indicate that they 
fit the one-envelope level of organiza- 
tion better than any other. Is it not 
conceivable that some species are multi- 
enveloped or even zero-enveloped? In- 
deed, is not a transcendency of levels 
formally plausible, so that within a life 
cycle many levels might be manifested 
by a single organism? Perhaps the fil- 
terable forms of bacteria, including the 
so-called L-forms and pleuropneumo- 
nia and pleuropneumonia-like organ- 
isms, are a manifestation of such tran- 
scendency from the zero- (virus-like, 
filterable elementary bodies) envelope 
level to the one-envelope level of or- 
ganization. Certainly this capacity for 
transcendency in levels superior to the 
cellular is one of the splendid evolu- 
tionary innovations of the metazoa, 
and its counterpart ought to be sought 
elsewhere. Most important, a formal 
realization of the general phenomenon 
is provocative: What are the limiting 
rules of the game, within what bound- 
aries may the phenomenon operate? 
The answers are beyond most biologists' 
present competence, but the questions 
may sharpen us to the task. 

Within this reference-frame of un- 
derstanding, the cell ceases to occupy 
a central location as a fundamental 
unit of life. It appears, instead, as a 
special case among the single- and 
multiple-envelope systems that com- 
prise all forms of life. The typical inter- 
phase cell is a two-envelope system 
whose inner envelope contains an intact 
genome resident upon the linearly 
packed chromomeres, and whose outer 
envelope encases the distinctive cyto- 
plasmic organelles. However, other 
mathematically plausible possibilities 
are also found. The inner envelope is 
frequently represented many times, as 
in multi-nucleate protozoa and mam- 
malian muscle. The inner envelope is 
sometimes lost or absent, as in mam- 
malian red cells and certain mutant 
protozoa and typical cells in meta- 
phase. Examples of organisms whose 
"outer" envelope is absent are the bac- 
teria and actinomycetes (50). Being 
one-envelope, "inner-envelope" sys- 
tems, these protobiotes are drastically 
distinguished not only from plants and 
animals but also from cells. Finally, 
certain deficient two-envelope systems 
are recognizable in the form of some 
of the mammalian viruses, and zero- 
envelope systems, in the form of the 
bacterial viruses-neither of which is 
capable of reproduction without the in- 
tact genome of another inner-envelope 
system. 

The synthetic biologist is at nearly 
the same stage in the development of 
his science that the synthetic chemist 
had reached in Dalton's day, and no 
one has as yet constructed organelles 
from their constituent macromolecular 
aggregates. However, some promising 
attempts have been made at virus de- 
velopment in vitro, and the transplan- 
tation of entire inner-envelope systems 
into different outer envelopes has be- 
come routine in some laboratories (51). 
It is not unreasonable to expect to see 
certain of the simpler cell organelles 
synthesized in many laboratories within 
the next few years; their assembly into 
single- or multiple-envelope systems will 
indeed present a more difficult, but ex- 
citing, challenge. 

In one sense, despite the combined 
efforts of hundreds of microscopes, 
thousands of investigators, and count- 
less research papers, we have barely 
scratched the surface of the biotic land- 
scape, and there is much work ahead. 
In another sense, we have some cause 
to rejoice, as did the tunnel-diggers 
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who joined hands in the middle of the 
mountain when the first rays of light 
hroke through. Electron microscopy 
has succeeded in forming a thin but 
actual join between the molecular and 
cne cellular levels of biological organ
ization. In so doing, it has united form 
with function and has established the 
foundations of a mathematically rigor
ous morphology (52). 
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Apparatus 

The capillary electrode is normally 
a tube 8 centimeters long and 5 to 6 
millimeters wide with an inner bore of 
0.05 to 0.1 millimeter (Fig. 1), from 
which the drops of mercury fall off 
every 3 to 6 seconds, according to the 
height of the mercury reservoir, which 
is about 40 centimeters above the tip 
of the capillary. 

In order that the current passing 
through this electrode may be entirely 
governed by the composition of the 
solution surrounding it, the second 
electrode has to be indifferent, unpo-
larizable, and of a constant potential; 
most suitably, it is the layer of mer
cury at the bottom of the electrolytic 
vessel (Fig. 2). 

To apply the external voltage to the 
cell we use a potentiometric arrange
ment, shown in Fig. 2. From a 2- or 
4-volt lead accumulator, an increasing 
voltage E is branched off, and the cor
responding current is determined by 
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