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When feeding, the cells of most cellular slime molds, or Acrasina, are 
small soil amebae, living a solitary existence and ingesting bacteria. After 
the food supply has been depleted, the cells, attracted by acrasin, form 
aggregates, which then behave as unitary organisms, or "grex"; these 
can move over the ground or partly through the air, and finally differen-
tiate into stalked, fruiting bodies (Bonner, 1959). A great deal has been 
learned of the factors that orient the individual cells and the aggregates, 
but until recently, the cells had maintained their "black-box" status 
virtually intact. The attempt to deprive them of this status was motivated, 
among other things, by the difficulty of understanding certain features of 
movement within aggregates. Cells streaming toward aggregation centers 
stick together end to end in chains. The tip of a cell that has approached 
such a chain from the side receives no guidance if it makes contact with 
the middle of a cell in the chain, but is turned in the direction the chain 
is advancing when the back end of this cell moves past it (Fig. 1; Shaffer, 
1962). This behavior, which has been called "contact following," can be 
readily explained if a cell's surface remains stationary relative to the 
ground along its sides, and is created at its front end and removed at the 
back end. I f this is so, we can suppose that the tip of the incoming cell is 
not guided by a surface to which it adheres as long as this is stationary, 
but follows it if it recedes. Yet the mere existence of cell chains seems 
incompatible with a stationary surface. How can the cells hold on to one 
another unless the surface is relatively permanent and moves along with 
a cell? It seems especially unlikely that the regions of intercellular con-
tact should be areas of maximum surface turnover. 

The fact that the adherent cells in an aggregation stream are com-
monly not in a single file but lie many abreast does not raise any addi-
tional mechanical problems, whether the lateral cell surfaces are station-
ary or carried along with the cells. However, in an old aggregation stream, 
several layers of cells may lie on top of one another, and a grex may be 
up to about fifty cells high (Raper, 1940). Electron microscopy shows that 
the cells in a grex are closely packed together (Mercer and Shaffer, 1960); 
and we also know that they move forward by their own individual efforts, 

387 



388 Β. Μ. SHAFFER 

and that, though they may change position, the majority of them main-
tain the same velocity relative to the ground (Raper, 1940; Bonner, 1952; 
Bonner et al., 1953). T o account for this it has been commonly assumed 
—though without any evidence—that the cells are miniature editions of 
the large solitary amebae, such as Amoeba proteus or Chaos chaos—which 
I may perhaps be permitted to refer to as conventional amebae—and 
that their casings of gelled ectoplasm constitute a sufficiently rigid sta-

α b c d e 
FIG. 1. Contact following, (a) A cell has been attracted to an aggregation stream, 

perpendicularly to the long axis of the stream, and has just made contact with the 
middle of the lateral surface of a stream cell, (b) The incoming cell can turn either 
upstream of downstream, or, as represented here, in both directions, (c-e) It is guided 
in the right direction toward the aggregation center only when the back end of the 
stream cell to which it is adhering moves past it. (c) This guidance first affects the 
most upstream part of the anterior end of the incoming cell. 

tionary framework for each cell to crawl forward over the side surfaces 
of its neighbors just as it would do over the ground. But, of course, this 
raises yet again the controversy, started by Wallich exactly a century ago 
and still going strong (Griffin and Allen, 1960; Goldacre, 1961; Wolpert 
and O'Neill, 1962), as to whether the side surface of a conventional ameba 
is stationary or advancing. This has already been fully discussed in this 
Symposium. There is no dispute that, if the surface does travel forward 
with the cell, it must be temporarily stationary in some regions if in-



Movement and Locomotion of Slime-Mold Amebae 389 

ternally generated motive power is to be transmitted to the ground. 
However, it is not too obvious how a three-dimensional network of such 
stationary regions could provide an adequate mechanical skeleton for an 
aggregate built of cells that behaved in this way. Even if the cell surface 
had the properties ascribed to it in the Goldacre (1961) model, it might 
well not have sufficient rigidity to support the propulsion of an over-
lying cell, except at the rear, where it adhered to the granuloplasm. And 
if this were the case within an aggregate, the rear ends of all the cells 
would presumably have to lie on top of one another. No one who has 
examined sections of a slime-mold grex has reported this to be the case. 
These reflections led to an attempt to observe the behavior of the slime-
mold cell surface directly. 

The surface movement of the conventional ameba has been conven-
tionally examined with particles of various sorts (Bütschli, 1892; Jen-
nings, 1904; Schaeffer, 1920; Pantin, 1923; Mast, 1926; Griffin and Allen, 
1960); and despite the multiplicity of hypotheses and corresponding ob-
servations, the majority view is that most such particles move forward as 
fast or faster than the cell, though Goldacre (1961) has claimed that such 
movements are due to electrophoresis and not to the motion of the sur-
face itself. However, with underwater, temporarily monopodial, slime-
mold cells (Polysphondylium violaceum), it is quite clear that all particles 
of all sorts and sizes, after attaching to any part of the cell surface except 
the extreme anterior tip, do not significantly move either forward or 
backward relative to the ground until they arrive almost at the rear end. 
They then begin to travel forward, though more slowly than the cell 
itself, until they reach the rear extremity, where they collect as a cloud 
that is towed along behind the cell. This behavior essentially mimics con-
tact following, but as the particles are passive, they provide clearer 
evidence that the lateral surface of the cell must be stationary. 

This conclusion applies to a cell in a monolayer. But would the 
surface resist deformation sufficiently for other cells to move on top of it 
as if they were on the ground, if it had the so-called fluid or at least al-
most unbelievably passively extensible structure often postulated for the 
conventional ameba, especially as any backward slip of the top surface 
of a cell relative to the bottom surface could be summated from one cell 
layer to another? Conceivably an inherently deformable surface could be 
made rigid enough if it everywhere adhered to an underlying gel. Is this 
in fact the situation? 

The best conditions for phase microscopy obtain in sandwich prepara-
tions, in which the cells lie between glass and a thin sheet of agar and 
move more nearly as they do on an ordinary agar plate than they do 
under water. In sandwiched cells, unlike conventional amebae, no hya-
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line layer can usually be seen between the granuloplasm and the side 
surface. As this remains true even when a new hyaline pseudopod is being 
produced at the expense of an old one at the other end of the cell, it must 
be easier for the hyaloplasm to pass through the granuloplasm than to 
penetrate between it and the surface, although limited parts of the sur-
face obviously must become detached from the granuloplasm whenever 
a new pseudopod is formed. However, even if the surface adheres to the 
granuloplasm, does this really have a stationary, outer gel layer to provide 
the necessary rigidity? 

The smaller inclusions of the granuloplasm are in constant agitation, 
and often the internal movements are more noticeable than the locomo-
tion of the whole cell. The most striking behavior is shown by appar-
ently aqueous vacuoles, a dozen or so per cell, ranging in diameter from 
about 0.4 μ down to the limits of visibility. They are not part of the con-
tractile-vacuole system, nor is there any clear indication that they are 
produced by pinocytosis. They continuously dart about the granuloplasm 
with equal facility in all directions, on their longer excursions traveling 
in fairly straight lines as much as a third the length of the cell or even 
further, and taking about a second to do so. As the cell's velocity is at 
least several and often many times less than this, the forward component 
of vacuolar movement associated with the cell's advance is relatively in-
appreciable. Small granules of unknown nature and of about the same 
size as the motile vacuoles also are continuously perturbed, but their 
average excursions are much shorter; and the mainly rod-shaped mito-
chondria, 1-2 μ long, move about less than the granules. The free move-
ment of all these inclusions throughout the length and breadth of the 
granuloplasm—within the limits of resolution, right up to the boundary 
with the hyaloplasm at the front and up to the cell surface at the sides 
—shows that the granuloplasm, unlike that of the conventional ameba, 
neither undergoes a regular circulation nor as an appreciable outer layer 
of different consistency. 

Apart from the light they throw on cell locomotion, these movements 
have their own intrinsic interest. What is their basis? The motile vacu-
oles are displaced very much farther than are extracellular particles in 
Brownian movement in water. Moreover, the contractile vacuoles, even 
when as small or smaller than the motile ones, are static in a stationary 
sandwiched cell, and occupy a zone of relatively constant position in the 
middle of a cell that is continuously moving in a particular direction. 
Any hypothesis must account for the fact that motile vacuoles traveling 
in opposite directions may pass one another, without collision, at a dis-
tance that can hardly be resolved, and that the granules occasionally 
suffer as great displacement as the vacuoles. The inclusions might be 
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moved by adhesion to submicroscopic motile fibrils or reaction from them 
(Jarosch, 1958), by electrical forces, or by asymmetrical exchanges of some 
kind with their environment. 

Since the hyaloplasm freely flows out of the granuloplasm whenever 
a new pseudopod is formed, and flows in again almost quicker than the 
eye can follow when a suitable sandwich preparation is jarred, why do 
not the inclusions in the granuloplasm penetrate into the hyaloplasm, and 
perhaps even get stranded there if that environment does not support 
movement? One obvious but not unilluminating observation is that the 
granuloplasm never fragments into pieces separated by hyaloplasm, nor 
does a zone of hyaloplasm ever segregate in the middle of the granulo-
plasm. This implies that the granuloplasm, despite its fluidity, porosity, 
and ability to change shape, is, nevertheless, a unit, presumably being 
kept together by a sufficiently strong boundary or by containing some 
sort of fibrillar felt. However, such a felt can hardly prevent the inclu-
sions from escaping, since they can move through the granuloplasm so 
readily, unless the felt is itself motile and they move by adhering to it. 
If it is the boundary that traps them, it must be continuously intact; for 
there is no cycle, as there is in a conventional ameba, in which the 
granular material periodically invades the hyaline cap and rushes for-
ward right up to the plasmalemma at the tip. In a very thin or starved 
cell, the inclusions are markedly more concentrated in the anterior half. 
But if the boundary is filtering them off, why do they not pile up against 
it? The answer may be that when a cell is continuously moving in one 
direction, although material for the new surface must ultimately be 
supplied to the hyaloplasm from the granuloplasm and must presumably 
bear some direct or indirect relation to the surface material removed at 
the rear end, the total flow through the granuloplasm may be volumetri-
cally insignificant and quite unable to overcome the dispersive effect of 
the inclusions' own movements. However, when a pseudopod is being 
produced from the opposite end of the cell, the smaller inclusions do 
move predominantly toward it, rushing past the nucleus and contractile 
vacuoles on a tide of hyaloplasm and then slowing up when they reach 
the leading part of the granuloplasm. Unfortunately, perhaps partly 
because of the lability of the hyaloplasm of separate cells, electron micros-
copists studying these organisms have not primarily directed their atten-
tion to the difference between hyaloplasm and granuloplasm and the 
nature of the boundary between them. But unpublished photographs of 
aggregated cells by Mercer and Shaffer do show cytoplasmic areas free 
from all visible structure except for the smallest unattached granules, 
and areas that are packed with organelles, without any membrane being 
apparent in-between. This agrees with Wohlfarth-Bottermann's (1960) 
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description of Hyalodiscus. Conceivably the inclusions could be held back 
not by a membrane, but by an electric field. 

Let us return to the question of locomotion. We suggested that the 
cells within a grex would be able to obtain the requisite traction even if 
the cell surface were inherently highly deformable, if this were made 
fairly rigid and inextensible by adhesion to a stationary underlying gel. 
But we now find that the outer part of the granuloplasm is not gelled, 
and that instead the whole of it moves forward, with nearly uniform 
velocity, inside an apparently stationary cell surface. Moreover, although 
we cannot determine the consistency and behavior of the interior of a 
hyaline protrusion by the same methods, it is improbable, considering its 
greater mobility, that much of it is a gel, and it is doubtful whether it 
could give adequate support for intragrex movement even if it were one; 
direct evidence that it is not will be presented later. 

It is conceivable that the grex cells could move through permanent 
rigid tunnels of secreted "slime" if this filled the 200 A space between 
their lateral surfaces; but if they did, it is difficult to see how they could 
so readily overtake one another, and it would scarcely be expected that 
the space between adjacent plasma membranes would be the same at 
the front and back of the cells as along the sides, as in fact it is. The 
much more probable conclusion is that the sides of the slime-mold cell 
are encased in a surface layer that is below the limits of resolution of the 
light microscope, and is not only stationary but is itself highly resistant to 
deformation. 

Is there any other evidence of such rigidity? An underwater cell 
gently detached from the substratum keeps its shape, floating with its 
pseudopods held out quite stiffly. Before reattachment, mechanical re-
action to pseudopodial growth often makes the cell spin round as a whole, 
with its processes maintaining their relative positions. As the same rigid-
ity is shown by all parts of the cell, whether containing granuloplasm or 
only hyaloplasm, it seems reasonable to attribute it to the cell surface. 
Moreover, a fluid cell surface would hardly be compatible with the cells' 
ability to survive and to move and even aggregate fairly normally when 
floating at an air-water interface. 

What then is the motive power for cell locomotion? Contraction on 
a large scale is shown by underwater aggregation streams, especially those 
encased in slime sheath, that are still flowing into an aggregation center. 
Immediately after they are severed peripherally and detached from the 
substratum they start to shorten and thicken, and within a minute or 
two are a fraction of their original length. This also demonstrates that 
a stream is prevented from contracting by attachment to the substratum. 
What part of the cell, if any, contracts actively and how could it produce 
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locomotion? If there were contractile fibrils in the granuloplasm, they 
could squeeze out hyaloplasm, but how could the resultant hyaline 
pseudopods progress any further? The granuloplasm could still be im-
portant in propulsion if it could drive itself forward by actively shear-
ing on the rigid cell surface. But this could not explain how a hyaline 
pseudopod could be withdrawn from one end of a cell and protruded at 
the other, while the granuloplasm hardly changed its position. Moreover, 
if the granuloplasm did push the cell forward, one would expect it to 
displace any hyaloplasm ahead of it—considering that this can so readily 
flow right through it—and lie flush against the advancing tip. Indeed, 
any satisfactory theory of cell locomotion must explain why the leading 
part of the cell is always hyaloplasm. 

Let us consider the movements of the hyaline pseudopods. Those of a 
normal unaggregated cell on agar in air advance discontinuously and 
only over the agar. Not only do pseudopods in different parts of the cell 
advance more or less independently and in any sequence, so too do 
limited sections of the leading edge of a single broad pseudopod. A cell 
that is covered with water is far less constrained and can protrude many 
pseudopods from all over its surface up into the water; this makes locomo-
tion much more irregular. And as large parts of the surface may be out 
of contact with the substratum, much of the cell is often rounded up. A 
single hyaline pseudopod can produce many cylindrical subpseudopods, 
which may be called "pseudodigits"; these are not confined to one plane 
but can stick out in any direction from any part of its surface. They all 
advance discontinuously and in any sequence, some advancing but once, 
others several times. Successful pseudodigits are followed and enlarged 
by the main mass of the pseudopod, and eventually, if locomotion con-
tinues in the same direction, by the granuloplasm. Unsuccessful digits 
are withdrawn. 

Paradoxically, often one or more very fine filaments are abruptly shot 
out from the tip of a digit in the first stage of withdrawal (Fig. 2). Their 
spikiness contrasts with the rounded profiles of all extensions that are 
capable of further growth. A digit may be completely withdrawn before 
the granuloplasm reaches it. But if a filament is attached to the substra-
tum at its outer tip, withdrawal may be considerably delayed. Not in-
frequently it remains quite stationary, sticking out from the side of the 
cell until the whole of the rest of the cell has moved past it. Then its 
base is jerked round after the cell, the rest of it follows, and it is dragged 
along behind the cell much like a particle stuck on the outside, though 
once free from the substratum it is soon withdrawn. This again shows 
that the side surface of the cell is stationary, for there is no static internal 
structure to which the withdrawal thread can be anchored, and the rest 
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of the surface could hardly flow round its base without displacing it. This 
is shown even more clearly by those withdrawal threads that stick up 
stiffly into the water. Because they are unattached to the substratum, they 
are much shorter-lived, but nevertheless do not move forward with the 
cell. 

One pseudodigit may be withdrawn at the same time as another on 
the same hyaline pseudopod is extending. This proves that a pressure 
generated by the granuloplasm cannot be the sole propulsive force, 

FIG. 2. Polysphondylium violaceum cells in a layer of water. The rigid filose cell 
processes have all been extruded as the first stage in the withdrawal of pseudodigits. 
In some cases they extend between cells, but they have also been formed by the 
separate cells. 

unless the extension of a pseudodigit is an elastic deformation of the sur-
face, which can occur at the expense of withdrawal elsewhere. That this 
is obviously not the case is shown, for example, by the shape of the 
digits, by the fact that withdrawal is not a simple reversal of extension, 
and by the fact that it is never partial but always complete (unless a 
growing digit invades the shrinking one). We must conclude that at 
least some of the motive force is generated within the pseudodigits them-
selves. 

One could postulate some complicated structure for the hyaline core 
to account for this. One possibility would be a modification of Kavanau's 
(1963) model of pumping endoplasmic reticulum. The layer of reticulum 
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would have to be attached to but separable from the actual surface, and 
the whole cycle of breakdown and repair at the tip would have to occur 
within the hyaloplasm without the intervention of the granuloplasm; 
but other objections apart, it seems improbable that much reticulum will 
be found in the hyaloplasm. 

Kamiya (1962) and Jarosch (1958) have presented considerable evi-
dence that the propulsive force both for cytoplasmic streaming and for 
the movement of certain cell organelles is generated at the boundary of 
some rigid structure, respectively, a cytoplasmic gel layer and the organ-
elles themselves. It is tempting to suppose that the hyaloplasm and per-
haps the granuloplasm too of the slime-mold ameba could be propelled 
forward by a force generated at its boundary with the cell surface, but 
considering the known turbulence of the granuloplasm and the probable 
consistency of the hyaloplasm, it is not obvious why such a force should 
advance the cell rather than merely circulate its contents. Instead we 
may postulate that locomotion is produced by one or more changes tak-
ing place within the substance of the rigid surface layer rather than at 
its boundary with the cytoplasm: active contraction of area, by rearrange-
ment of material, or by removing it; or active enlargement, by the produc-
tion or liberation of new surface material at the tip, as Bell (1961) has 
suggested happens in the conventional ameba, and also perhaps by the 
expansion of material after its entry into the surface. 

This reminds one of the long-standing controversy as to whether or 
not growth of plant cell walls is dependent on turgor pressure (Bur-
stöm, 1961). In any case, both in fungi and in higher plants, it is a 
question of extending a structure of considerable rigidity, a property 
emphasized by the word "wall." In slime-mold cells too, the surface must 
be a sort of wall, if either its contraction or its growth is responsible for 
locomotion: if the surface were "fluid" or almost indefinitely deformable, 
any amount of material introduced at the front of the cell could be 
transported backward wherever the surface was not adherent to the sub-
stratum, and then contracted and removed, without its advancing the 
cell (Fig. 3a). It must, therefore, be impossible to displace the surface 
on one side of a monopodial cell backward relative to that on the other 
sides. This is an independent reason for believing that the surface has 
the mechanical properties we have already ascribed to it. 

The shape of pseudodigits that are being withdrawn is obviously not 
determined by surface tension, as is especially clear from the unbeaded 
filaments they form, some of which are at least as thin as can be resolved 
with the light microscope. This shows that the rigidity of the surface is 
retained during retraction. This process cannot easily be accounted 
for by the removal of the fluid core as a result of negative hydrostatic 
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pressure generated by the extension of the surface elsewhere. So it is 
probable that the surface of the shrinking digit actively contracts, forc-
ing out most of the hyaline core. It is even plainer that the initial 
lengthening of the filaments cannot be due to a negative pressure inside 
them; and we may suppose that constriction of the digit traps some of 
the fluid core in its distal end, and this—or at least the surface material 
in it—is then squeezed out to make new surface. The rigid, contracting, 
surface layer cannot be more than half as thick as the resultant thread; 
that is, in the thinnest ones visible, it cannot be more than 500 A thick. 
This is an upper estimate in that there is no reason to suppose that the 
whole of the fluid hyaloplasm can be converted into surface, and the 
withdrawal threads may well still contain a fluid core. During the next 

a b c 
FIG. 3. (a) If the cell surface were fluid or so deformable that any part of the 

lateral surface that was not attached to the substratum could be displaced backward 
relative to the rest of it, material (solid line) could be introduced into the surface at 
the front of the cell and contract or be removed at the rear without moving the cell 
forward, (b) In contrast, if the surface is rigid, new material introduced at any point 
must produce a bleb, (c) A rigid cylindrical projection formed by continuing to add 
new surface in a limited region. 

stage of withdrawal a thread shortens while remaining quite stiff. The 
shorter the thread becomes, the more likely it is to pivot stiffly about its 
base till it lies flat against the neighboring cell surface. Withdrawal must 
involve not only contraction of the surface but also the eventual return 
of its substance into the fluid hyaloplasm in the main pseudopod. It is 
important to note that all this can occur at what is still the anterior end 
of the cell. 

If the surface actively contracts, motive power would not be generated 
only at the front. Indeed, the roughly triangular profile of a separate 
monopodial cell on an agar plate—the apex at the rear of the cell—is 
difficult to explain if the surface resists passive deformation, unless the 
surface does contract progressively as it approaches the rear. We may 
suppose that in normal locomotion, contraction of the surface at the 
back of the cell increases the internal hydrostatic pressure; that when 
this is high enough, the surface suddenly starts to grow at its weakest 
point; and that consequently the pressure falls and growth stops. Thus 
the pseudopods advance in spurts. It would be slightly more difficult to 
explain the abrupt, discontinuous nature of locomotion if all the motive 
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FIG. 4. Pseudodigits applied by aggregating Polysphondylium violaceum cells to 
the sides of adjacent cells. Magnification: χ 2500. 

this digit is short, but as it lengthens, being free except at its tip and its 
base, it arches outward. Often one sees two free digits with their tips ad-
hering to one another, continuing to lengthen and thereby growing into 
loose coils. Bulges and kinks in either of these digits move away from its 
tip, showing that new rigid surface is being produced there. More un-
expectedly, they gradually approach its base, and disappear when they 
reach it. From the fact that the smallest irregularities share this fate, there 
can be no doubt that there is an actual translocation of the surface and 
not merely a propagation of symmetrical or asymmetrical contractions 
and relaxations. The surface must, therefore, be simultaneously removed 
at the base. This is confirmed by the behavior of particles adhering to 
the outside: these are carried to the base and then become stationary. 
New material for the surface must continuously travel up the interior of 

power came from extension of the surface. But this is not to say that none 
of it does. However, the surface may perhaps expand not because work is 
done on it, but because energy is not expended to keep material con-
tracted or excluded. This is a possible explanation of the very large 
number of hyaline blebs formed by a cell poisoned with dinitrophenol, 
which uncouples oxidation from phosphorylation. 

The most interesting type of locomotory behavior is seen in sandwich 
preparations in which there is enough water in the sandwich layer to 
allow the cells to produce cylindrical pseudodigits in this plane. A 
member of a chain of aggregating cells frequently produces a lateral 
digit which it applies to the side of the cell ahead of it (Fig. 4). Initially 
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the digit, and this proves that the interior is more fluid than the outside 
—as we have already supposed—for otherwise it would be impossible 
for kinks to move toward the base. The individual digits look rather 
similar to those described by Holtfreter (1946) in amphibian cells. They 
also resemble myelin bodies, which Holtfreter (1948) used as models to 
illustrate his theory of cell movement, though they are undoubtedly 
more complex. A digit, which is completely hyaline when observed in 
the light microscope, behaves very much like an entire conventional 
ameba that cannot obtain traction on a substratum: some or all the 
fluid axial material moves forward to the tip, is incorporated into a rigid 
external tube, moves backward, and is returned to the fluid interior. 

Perhaps the most illuminating point is that surface can be removed 
at an annular site encircling the base of a growing digit. Clearly, varia-
tion in the shape and position of the sites where surface material is added 
and where it is removed, and perhaps where it contracts and where it 
expands, can give a cell a large repertoire of movements. But just as sur-
face propulsion requires that the surface should have certain mechanical 
properties, so these in turn impose certain geometrical limitations. For 
example, surface addition or expansion can occur along any extent of 
the edge of a flattened cell; but in some small circular area or "point" 
on the upper surface, it would necessarily produce a small bleb, and in 
a linear area it would form a ridge (Fig. 3b). If further growth is limited 
to a small area of the surface of the bleb, a cylindrical structure will 
result (Fig. 3c). Rapidly changing patterns of high points and ridges are, 
in fact, seen projecting up into the air from the upper surface of some 
particularly large and active Dictyostelium discoideum cells. If such a 
cell is covered with water, it presents an astonishing sight as a forest of 
long papillae leap up all over it. 

It is theoretically possible for an annular source or an annular sink 
to encircle any part of the cell without deforming any other region of 
the surface (Fig. 5), if we ignore restrictions imposed by the environment. 
Surface material could be added to or removed from either or both sides 
of such an annulus, depending on local intra- and extracellular con-
ditions. 

Of course, the surface may be altering over much larger areas than 
this. The separate cells have no permanent rear, unlike conventional 
ameba, but nearly the whole of the surface covering what is temporarily 
the back is normally contracting, though even here there may be limited 
areas of surface growth. Almost the whole surface contracts in sand-
wiched cells that round up in response to jarring. And when a pseudodigit 
is "exploded" by the rest of the cell entering it, new material must be 



Movement and Locomotion of Slirne-Mold Amebae 399 

introduced over all its surface. All these possibilities mean that mechan-
ical rigidity is coupled with extreme behavioral flexibility. 

What determines the sites of all these activities? We have little 
enough information about this, and even less space to discuss it in. 
Whereas a conventional ameba changes direction in response to such 
factors as light (Mast, 1932) and a microdissection needle (Goldacre, 1952) 
only when they impinge on the granuloplasm, it is easy to see that the 
hyaline pseudopods and pseudodigits of a slime-mold cell can turn in 
response to chemotactic and mechanical guidance by local differentials 
in their rates of advance; and, indeed, given their method of locomotion, 
it could hardly be otherwise. We may suppose that positive chemotactic 
agents act directly on the surface, presumably by weakening or plasticiz-

FIG. 5. Annular sources and sinks of surface material could encircle any part of 
a cell without deforming other regions of the surface. 

ing it, and so promote the introduction of new material. Contact follow-
ing can be accounted for if mechanical tension has the same effect. 

We can now return to the problem posed initially of how cells hang 
together in chains. The lateral surface, if it is stationary, must be made 
at the front and removed at the back; but this seems to imply that the 
surface at the front of one cell must be moving in the opposite direction 
from that at the back of the cell ahead of it, and therefore shearing on 
it (Fig. 6a). However, we have seen that both with whole aggregation 
streams and with the withdrawal threads on individual cells, contraction 
and removal of the cell surface is hindered by attachment to another 
surface—though obviously this hindrance cannot be complete or move-
ment would be impossible. Attachment may also be expected to 
strengthen the cell surface and so hinder its expansion. We may, there-
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fore, assume that the adherent end surfaces of two cells will tend to stabi-
lize each other, and so to be relatively permanent and to travel along with 
the cells. This can be reconciled with the requirement of a stationary 
lateral surface if the surface sources and sinks are annuli encircling the 
cells (Figs. 6b and 7). If we made a model of such a cell chain out of a 
column of cylindrical tin cans, it would be held together by sticking the 
permanent top of each can to the permanent bottom of the next one. The 
source of the side surface would be the rim round the top, and the sink, 
the rim round the bottom. It is easily understandable that the tension 
generated by movement should affect the source and the sink differen-

FIG. 6. (a) In an aggregation stream, the front of one cell, if it were the source 
of the surface, would apparently have to shear on the rear of the cell ahead of it, 
if this were the site of surface removal, (b) The end surfaces of stream cells could 
be fairly permanent and easily adhere to one another if surface formation and removal 
were limited to the lateral regions of these surfaces. The side surface is stationary. 

tially, because the surface is in a different state in these areas. The me-
chanical relations between adherent cells tend to eliminate the spurts 
characteristic of the locomotion of separate cells; this occurs most com-
pletely when a small number of cells are arranged in a closed ring. 

What is the relationship between the type of locomotion described 
here and that of the conventional ameba? We have all long ago aban-
doned the notion that the conventional ameba has a particularly simple 
organization, but what has perhaps not been so generally appreciated is 
just how specialized it is—perhaps, in its own way, as much as are the 
plasmodial slime molds. By Nature's standards it is unconventional in 
its surface coat and its nuclear membrane (Pappas, 1959; Mercer, 1959), 
and I suggest, above all in its locomotor apparatus, if, as is generally 
believed, this is in the interior. These specializations are all doubtless 
due to its relatively gigantic size. The slime-mold arrangement with 
the motor in the surface, where it is subject to immediate environmental 
control, certainly seems both simple and efficient. If it is, indeed, primi-
tive, what evolutionary path has led to the large solitary ameba? Pre-
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sumably, the thin surface layer proved inadequate to move so large a mass, 
and virtually the whole interior was pressed into service for this task, the 
granular ectoplasm carrying out essentially the same cycle as the slime-
mold cell surface. We may note parenthetically that the detachment of 
this ectoplasm from much of the ameba's surface, possibly because of the 
production of a large volume of syneresis fluid, raises the problem of how 
the motive power is to be transmitted to the ground. This is especially 
acute if it is true that the surface from which the static ectoplasm may 
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FIG. 7. Hypothetical behavior of the surface while a cell in an aggregation stream 
advances its own length. Top, the cell is represented as seen from slightly ahead; 
bottom, from slightly behind. The surface originally present is stippled, new surface 
is white. The end surfaces are permanent and travel along with the cell. The lateral 
surfaces are stationary relative to the ground, and continuously made at the annular 
source and removed at the annular sink. 

be separated by a fluid layer is itself fluid or extremely extensible and 
moving forward. It would seem that the ectoplasm would have to adhere 
to the plasmalemma in exactly the same regions as this adhered to the 
ground; this suggests that one of these adhesions locally alters the plas-
malemma so as to induce the other adhesion on the opposite side of this 
membrane. If adhesion to the ground were the primary factor, this would 
ensure that the ectoplasm attached itself to the plasmalemma on the side 
of the cell next to the ground. 

It seems not improbable that many types of solitary ameboid cell of 
about the same size as the slime-mold ameba will be found to use essen-
tially the slime-mold method of locomotion. But of more general signifi-
cance will be to discover to what extent this is used by metazoan cells. 

Fauré-Fremiet (1929) observed ruffled membranes on the hyaline parts 
of invertebrate choanoleucocytes while the granuloplasm was quiescent; 
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and Holtireter (1946, 1948) published extensive observations showing 
that the various pseudopodial movements of all types of cells from early 
amphibian embryos could occur when the granuloplasm was inactive or 
even absent, from which he concluded that the cell surface provided the 
force for locomotion. Holtireter assumed a fairly permanent surface that 
carried the cell along with it by its contraction and relaxation. How-
ever, it is not too clear how a permanent surface of this kind can be 
capable of deforming itself into long thin projections and yet be able 
to transmit the force for cell movement. Ambrose (1961) has supposed 
that fibroblast movement is due to patterns of contraction and relaxation 
just under the surface. In his model, this layer does not enter the sur-
face undulations and ruffles. If the surface is relatively rigid, inexten-
sible, and permanent, the proposed contraction could doubtless throw 
it into lamellate folds that were able to transmit sufficient force to the 
substratum to advance the cell. But again, such a surface would seem 
incapable of forming filose projections, although very many types of 
cells can do so. Sea-urchin mesenchyme cells project and subsequently 
contract narrow cylindrical pseudopods to move themselves into position 
during development (Gustafson and Wolpert, 1961). And in the bug 
Rhodnius, the epithelial cells can use very fine pseudopods as much as 
150 μ long to pull tracheoles toward themselves (Wigglesworth, 1959), 
though we have no information about how these processes are extended 
and withdrawn again. Pseudopods of this and a variety of other kinds 
could be produced by the slime-mold mechanism. 

We may conclude that in slime-mold cells, the locomotive force 
is generated by one or more of four processes: contraction or relaxa-
tion of surface material in situ, or its addition or removal; that the 
surface is rigid; that addition and removal can take place, with certain 
geometrical restrictions, in any region of the cell; that the surface can 
be a patchwork of new areas and permanent ones; and that all these 
changes can have been taking place in a cell that appears in the 
electron microscope to be enclosed in a continuous "unit" membrane 
and to have this membrane everywhere as closely adherent to those of 
adjacent cells as it would be in an undifferentiated metazoan tissue. 
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DISCUSSION 

DR. ALLEN: I would like to point out a similarity between slime-mold amebae 
and certain small species of marine and fresh-water amebae which I and several 
others here have studied. 

It seems to be generally true of the smaller ameba with extensive hyaloplasmic 
regions that these regions have a higher refractive index and a greater electron density 
than the cytoplasm in which the inclusions are contained. This may mean that this 
material is not a simple fluid at all, but rather a gel capable of various kinds of 
contractile movements. Presumably it is more or less homogeneous except for the 
presence of fibrillar material as observed by Professor Wohlfarth-Bottermann. 

In most of these small ameboid cells, this hyaloplasm is characteristically located 
toward the advancing front of the cell; for example, in Hyalodiscus, a semicircular 
sheet of this material advances in all directions within a 180-degree arc. This is in 
contrast to the situation with the large amebae, in which the hyoplasm is a low re-
fractive index material, which is probably produced by syneresis. This latter hyaline 
fluid appears periodically only in a restricted area of the cell. 
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DR. BOVEE: Dr. Allen has hit upon exactly the thing I wanted to mention. Most 
of the amebae I showed in my film had hyaline pseudopods, particularly the one 
having the long structured pseudopod with the coiled tip. I find it hard to believe 
that all hyaloplasm should necessarily be fluid. In fact, I would suspect the opposite. 

DR. SHAFFER: I entirely agree. The pseudopods and pseudodigits of my cells pos-
sess considerable rigidity. My point was only that the surface is more rigid than the 
interior, for which the best evidence is perhaps the fact that a pseudodigit can con-
tinue to grow at its tip while bends in it and particles adhering to its surface move 
toward its base. But the surface material is derived from the hyaline interior. 

DR. REBHUN: I noticed a number of phenomena in your cells. First, the vacuoles 
undergo this jumping or saltatory movement, but the elongated dark particles also 
sometimes displayed rather long, saltatory jumps. In many of your cells there were 
rows of particles on the inner part of the surface which did not change position 
relative to each other, as if they were being held rather rigid in some form of layer 
which was not visible. 

Next, there were areas in your cells in which the particles did not seem to move 
relative to each other but around which a fair amount of movement was taking place. 
However, having seen the film just once, I do not know how widespread this is in 
your material. It would certainly suggest there is considerable structure, although 
one can't say if it has anything to do with movement of particles or cells. 

DR. SHAFFER: Yes, the particles do sometimes undergo as extensive movements as 
do the motile vacuoles. As for your other points, there is indeed evidence of consid-
erable structure in the granuloplasm. The inclusions do not saltate in perfectly 
straight lines, and the contractile vacuoles generally maintain their station in the 
middle of the cell. It is also true that small areas of the granuloplasm may be rela-
tively quiescent, though only temporarily. However, it is not true that the particles 
nearest the surface commonly are fixed in position. Whatever organization the granu-
loplasm has, it differs fundamentally from that of the large amebae in that there is 
no regular circulation of the inclusions, and no consistency difference between the 
core and the exterior. 

DR. WOLPERT: If the cells in the aggregate do move, would they have the front-
to-back contact? Would you be able to put the annular regions on the side? What 
about the side cells? Isn't the contact there just as good and strong? 

DR. SHAFFER: The entire surface of a cell within an aggregate is closely adherent 
to that of its neighbors. The model proposed allows by far the greater part of the 
cell surface—front, rear, and sides—to be stationary relative to the surface with which 
it is in contact. Of course, contact has to be broken whenever surface is removed, 
but at any instant the surface sinks occupy only a small fraction of the total surface 
area. Withdrawal of the surface is, indeed, hindered by adhesion to a nonliving sub-
stratum, as several observations show; but obviously it cannot be entirely prevented 
by it, or movement would be impossible. Presumably this applies also to adhesion 
to other cells. 

DR. GRIFFIN: The large carnivorous amebae will follow oil drops on their surface, 
as Dr. Marsland discussed, and can become trapped behind large internal vacuoles. 
The behavior of one of your amebae might be accounted for by a similar response 
to the tail of the ameba in front, caused by a contact reaction or a posterior secre-
tion of acrasin. 

DR. SHAFFER: Undoubtedly cells show strong Chemotaxis toward rear ends of ag-
gregating cells, if these are not masked by other cells. Once cells are in contact in a 
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chain, surface growth may be regulated not only by acrasin but also by nondiffusible 
factors, including mechanical ones. 

CHAIRMAN MARSLAND: I have frequently observed perfectly hyaline pseudopodia 
coming out, particularly from the back end of Amoeba proteus; they appear just as 
stable to pressure as granular pseudopodia. I think the idea that hyaline material 
has the capacity to gelate or assume some sort of structural arrangements is perfectly 
valid. 


