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l. Introduction

Ciliate protozoa of the genus Stentor have proved to be the most oper-
able of all cells. We can now perform many of the classical experiments
of grafting, transplantation, and transposition on a unicellular organism
whose form should be completely definable and capable of total sur-
veillance in any experimental situation. The mode of morphogenesis,
analysable by such interferences, will be simple and specialized because
it involves neither cellularization nor intercellular relationships; but
since the problem of the development of form is still so much a mystery
we should look for clues in any direction. Whether by contrast or com-
parison, ciliate studies may supply such hints. Using as our example the
large and exquisite species S. coeruleus, we shall describe the form and

T This investigation was supported by research grant C-3637 from the National Cancer
Institute, U.S. Public Health Service.
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2 VANCE TARTAR

morphogenetic behaviour of this animal and indicate resemblances with
other types of development.

Il. Development of New Individuals in Stentor

A. The Normal Form
Form may be described as a set of specific parts integrated in certain
geometric and proportionate relations to each other. The shape of
Stentor is roughly that of a cone. On the sides of the cone, running from
base to apex, are about 100 pigmented stripes of graded widths alter-
nating with rows of body cilia associated with contractile fibres (Fig. 1a).

Fia. 1. Morphology of S. coeruleus and its transformation into two individuals at
division. (z) Form in morphostasis. n—chain macronucleus; g—coiled gullet; m—mem-
branellar band with membranelles drawn on far side only; ff—frontal field; b—buccal
pouch; cv—contractile vacuole. (b) Early division stage, with lateral oral primordium p,
nuclear nodes coalescing, and new contractile vacuole appearing. (c) Later stage, with
anlage cut into the posterior daughter by the fission line, primordium coiling inward to
form the mouthparts, and nucleus clumped in one compact mass. (d) Incipient separation
of daughter cells, with renodulation and division of the macronucleus. Original striping
in anterior daughter shows herringbone pattern from cutting out and shifting posteriorly
of the anlage; constriction forms new tail pole. Original and multiplied striping within
curve of the primordium is carried forward to form new frontal field for the posterior
daughter.

A whorl of similar concentric stripes covers the broad end. It has been
found that cell shape is largely a function of the cortical pattern, for
when this pattern is disarranged the relaxed cell shape is correspondingly
abnormal (e.g. Fig. 10b). At the apex of the cone where the posterior
ends of the stripes converge the holdfast is formed; this is a temporary
pseudopodial organelle which can be taken down as the animal detaches
itself and swims away. Located at the broad end are the feeding organ-
elles: these consist of a nearly complete circle of ciliary membranelles
terminating in a set of mouthparts consisting of buccal pouch, coiled
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gullet, and cytostome. The contractile vacuole is invariably found to the
left of the gullet and an anal pore lies nearby. The macronucleus is a
string of nodes lying underneath the ectoplasm and is located with great
regularity as shown in the sketch (Fig. 1a). Numerous micronuclei lie
along the macronuclear chain but they are entirely dispensable for all
cell functions except conjugation (Schwartz, 1935). For brevity we can
simply refer to the macronucleus as the nucleus, mindful that it origi-
nates in conjugation from chromosomal micronuclei.

Electron microscopy has revealed an extraordinary fine structure in
the parts enumerated. For example, in the related S. polymorphus each
of the 250 membranelles consists of three rows of from 20 to 25 cilia,
each cilium arising from a kinetosome which also gives off a fibre to the
interior, all these ciliary rootlets being neatly packed together to form a
fan terminating in a stalk which is connected with the stalks of adjacent
membranelles (Randall and Jackson, 1958). Like other highly complex
ciliates and flagellates, Stentor is notable for the variety and number
of organelles within a single cell.

B. Origin of Two Stentors from One in Division

Stentors reproduce by converting one form and individuality into
two which are then separated by cell division (Fig. 16—d). The original
feeding organelles and contractile vacuole pass to the anterior daughter,
the tail pole and holdfast remaining as part of the posterior offspring.
This direct inheritance makes for a certain disproportion in the progeny
which is soon adjusted by subtle changes (Morgan, 1901; Weisz, 1951).
The posterior daughter acquires a new contractile vacuole and set of
feeding organelles. As the oral primordium develops it cuts off an area
of lateral striping which is carried forward as the new broad end or
frontal field of the posterior daughter, and most of this striping is newly
developed within the curvature of the anlage. For the anterior daughter
a new tail pole is produced by constriction of the division furrow which,
in proceeding forward around the primordium, cuts out a section of
lateral stripes so that when the anterior stripes come together they form
a herringbone pattern contributing to the conical shape. The cortical
structure which forms the lateral striping is therefore simply cut across
by the fission line and divided between the two daughters. During this
process the beads of the macronucleus coalesce into a ball which then
extends into a sausage-shaped organ and is cut in two by the cell con-
striction, the separate parts renodulating, each to about the original
number of nuclear beads.

Sub-cortically, granular carbohydrate reserves located toward the
posterior end of the cell are also divided equally between the two
daughters (Weisz, 1949a). Half the granules stream forward and the
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posterior boundary of this anterior mass defines precisely the future
division furrow which thus separates this mass into the anterior cell
(Tartar, 1959a). The precise translocation of this material reminds one of
the migration of granules and polar plasm in early development of cer-
tain eggs.

In the production of new individuals, therefore, as much as possible
of the old is passed on directly, with new.parts formed only when un-
avoidable, and this is generally true for ciliates and flagellates. There is a
direct inheritance of parts which go to make up the form, different for
each of the two daughter cells, together with a true epigenesis or elabora-
tion of new parts, notably in the development of the oral primordium
for the posterior cell.

C. Reorganization of an Individual

Occasionally stentors produce a new set of feeding organelles replac-
ing the mouthparts and adjacent membranelles of the original set which
are then resorbed. Although there may be other causes, this replace-
ment occurs if for any reason the original feeding organelles are too
small in proportion to the cell though perfect in their construction, for
these organelles apparently never increase in situ but only through
primordium formation and development. Alternatively, reorganization
may occur if the nucleus is too small, as when all but one or two of the
nodes are excised; for oddly enough the nucleus is unable to undergo
compensatory hypertrophy except as an accompaniment of primordium
formation (Schwartz, 1935). ‘Reorganization’ is therefore something of a
misnomer because there is no widespread re-organization; nor is there
good evidence that this process is to replace worn-out ingestive struc-
tures, as was once thought. Rather should we note that it quickly
registers whether any of the parts which make up the total form are
disproportionate ; reorganization is one of the means for correcting dis-
proportionality, of which others will be discussed later.

D. Regeneration

Regeneration in Stentor is of wide range. Excised holdfasts are re-
placed in about one hour, even without benefit of the nucleus. This is
understandable because according to Andrews (1945) the holdfast is
merely a modification of the posterior ends of the lateral stripes and
therefore should not demand synthesis of new parts, which apparently
requires the presence of the nucleus. It has also been found that new
posterior poles and holdfasts can arise in a novel way, seldom if ever
occurring in nature (Tartar, 1956b). Aboral halves, produced by cutting
the cell in two longitudinally, fold upon themselves to heal. The striping
is rather sharply bent at the fold (Fig. 2). If this configuration is main-



MORPHOGENESIS IN STENTOR 5

tained, in which original anterior and posterior polar regions are now
adjacent, then the striping is cut across at the bend by a fission line, and
the cut ends are gathered together as a new posterior pole where a hold-
fast develops. This process is therefore like that by which a new ‘tail’

Fic. 2. Unusual manner of tail-pole formation in folded longitudinal halves. (a) Half-
cell folds on itself to cover wound surface, bringing head and tail poles together. (b)
Striping cut by fission line along the bend. (c) Gathering of cut ends to form new tail pole.
(d) New pole formed, old tail pole regresses and feeding organelles in process of regenerat-
ing. () Commoner occurrence, in which original polarization is preserved and head and
tail poles separate by growth between them of new striping (x). (After Tartar, 1956b.)

is produced for the anterior daughter in division, except that the strip-
ing of the posterior half also participates, regardless of the fact that its
original polarity is ‘incorrect’ for this formation. However, this is not
the only way of resolving the morphological dilemma. Usually new
stripes grow between the head and tail remnants which are therefore
moved apart until they become polar opposites again (Fig. 2e).

Lateral striping can be slashed through repeatedly and indiscrimi-
nately without provoking the formation of an oral regeneration primor-
dium. Cut edges of the ectoplasm simply come together and heal, and
the ciliary rows and pigment bands realign and join. Feeding organelles
can also be cut through the region of the mouthparts or the membranellar
band and they simply heal together; but if the parts are far displaced so
they cannot join, or if all or any portion is entirely removed, then a new
set is regenerated through primordium formation which largely replaces
the old, though an aboral portion of the old membranelles, if present,
may remain intact and join with the new. The more of the original feed-
ing organelles left intact, the more delayed the regeneration. This indi-
cates that all portions of these organélles participate in an inhibition of
primordium formation; yet the inhibition is apparently not a simple
chemical one since, when cut and displaced, all parts of the feeding
organelles are present yet regeneration eventually occurs because the
parts are no longer joined in their proper relationships.

Calkins’ (1933) distinction between basic and derived parts of the
protozoan cell may be useful in the present connection. The lateral
striping with its ciliary rows or kineties is apparently basic, i.e. never
regenerating de novo, passed on by direct inheritance to daughter cells,
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and increasing only by growth in length and by multiplicative replica-
tion of new stripes. Formation of new pigment bands by splitting of the
old ones indicates this and can be observed. Another indication is that
nucleated endoplasmic spheres, deprived of the entire cortex with its
lateral striping, persist for two or more days without disintegration but
never regenerate, being unable to produce striping (and kinetosomes?)
de novo (Tartar, 1956¢). Other parts are derived from the lateral striping.
The holdfast is clearly such an elaboration of posterior stripe-ends.
Feeding organelles are the most conspicuous elaboration, arising from a
primordium appearing within the lateral striping and intimately corre-
lated with its pattern, as we shall see. In the related Fabrea (Villeneuve-
Brachon, 1940) silver staining indicates that the ciliary basal bodies of
the anlagen originate from multiplication of these kinetosomes in the
adjacent lateral ciliary rows. Hence there is genuine epigenesis of the
derived structures, while the fundamental organization grows only from
its like.

The macronucleus is also a derived structure, originating from products
of the micronuclear syncaryon after conjugation. The micronucleus is
basic, new ones arising only by replication of the old. (Chromosomes as a
set are basic parts of a nucleus, for if one type of chromosome is lost it
cannot be regenerated from the remainder.) Yet in the vegetative life of
Stentor the macronucleus behaves as a basic part. Theoretically it should
be replaceable from the scattered micronuclei; but surprisingly enough
emacronucleated stentors never do this, remaining functionally enu-
cleate (because the micronuclei are ineffective in vegetative life) and die
in a week. After partial enucleation, the macronuclear chain is regener-
ated only if at least one node is left. Regeneration is by growth from the
remainder, for if the node is pre-labelled with radioactive phosphorus,
activity is uniformly distributed throughout the regenerated chain (de
Terra, 1958). This compensatory nuclear increase occurs only after
primordium formation in regeneration or reorganization.

Even tiny nucleated fragments only 135 the size of the largest speci-
mens can regenerate feeding organelles and tail poles in proportion to
their size. Here we may speak of a complete individualization in which a
small part becomes a whole, for the accomplishment is even greater than
in cell reproduction. The fragment heals and thus survives because it
maintains the cell type of organization. It retains that portion of the
original striping which it bears and which undoubtedly determines the
polarity of the regenerant as well as producing the derived organelles.
A normal Stentor therefore potentially can form about 125 individuals,
presuming each cut fragment can be supplied with a nuclear node. And
in some ciliates like Ichthyoptherius (Mugard, 1948) multiple division
occurs in which the lateral striping is autonomously broken into tiny
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patches which become separate cells and individualities. In either case,
the part becomes a whole when it is no longer in intimate structural
relation with other parts.

lll. Adjustment of Proportionality and Arrangement of Parts

Lateral striping is prevented from becoming abnormally long by the
onset of fission in which the stripes are cut in two, and if there are too
few stripes new ones are added by rapid stripe multiplication. A small
fragment begins with short stripes far less in number than the normal
complement of about 200 but the stripes then multiply at the line of
healing and increase in length as the tiny Stentor grows until a fully
normal complement is restored. Similarly, longitudinal halves of sten-
tors, with half the normal number of stripes do not remain permanently
narrow, for compensatory stripe multiplication occurs; but this increase
stops when the normal number is achieved. Evidently there is some
means for controlling the upper limit, and such a control is inferred
from the finding that of several salts tested lithium chloride alone pro-
duces an increase in the number of stripes above normal, the treated
cell becoming extraordinarily broad and even transforming into a doublet
stentor (Tartar, 1957a). It is of course most interesting that the lithium
ion has enduring morphogenetic effects on stentors as well as on embryos.

Stentors are capable of many other minor adjustments, always tend-
ing toward the normal form. Morgan (1901) found that when stentors
are cut in two transversely, the too-large feeding organelles of the an-
terior fragment somehow decrease in size, as does the disproportionate
tail of the posterior piece. Much more striking is the behaviour of excised,
nucleated heads (Fig. 3). These discs fold to cover the exposed endo-

Fia. 3. Reconstruction in an excised, nucleated head. Feeding organelles and frontal
field excised as indicated. Head folds on itself to heal. Membranellar band gradually
reduces in length and mouthparts in size as lateral striping grows out, producing a perfect
tiny stentor of normally proportionate parts.

plasm and in the course of several days the enormously disproportionate
feeding organelles are gradually reduced to proper size, resorbed parts
apparently furnishing the material for outgrowth of lateral striping to
produce the normal tail and cell shape (Tartar, 1960a). By a remarkable
morphollaxis the bizarre fragment is thus remodelled as a tiny normal
Stentor.
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In grafts of two animals, or when extra heads or tails are transplanted
on to a single individual, the duplicate parts usually fuse together; and
just those portions of the membranellar band or of the cortical striping
between the duplicated tails are resorbed as is required for unification.
Indoublet stentors the normal form is often begun by resorption of one set
of mouthparts. If the head is circumscribed and merely rotated through
180°, healing is very neat and feeding continues. Only the pattern of the
cell is changed in a subtle way, yet the mistake is eventually corrected
(Fig. 4). Mouthparts become detached from the membranellar band,

Fic. 4. Response to minor alteration of the cell pattern. Head is circumscribed and
rotated through 180°. Ends of the membranellar band meet and fuse, with mouthparts
separating into the frontal field. Old mouthparts resorbed as primordium forms in proper
location and part of peristome is resorbed to permit new parts to enter the frontal field,
restoring the normal pattern and relation of parts.

move into the frontal field and are resorbed, whereupon an oral primor-
dium appears on the opposite side in the normal primordium site and a
section of the old band is dissolved to permit entrance of a new set of
mouthparts, now in the proper location (Tartar, 1960a). Departures
from the normal form and pattern generally elicit appropriate means for
their correction.

Cell pattern can also be disarranged by circumscribing a Stentor and
rotating the anterior half through 180° on the posterior portion. Again
we have a subtle alteration which does not appear to interfere with
normal functions yet is never tolerated. When the incision is at the mid-
level of the axis or somewhat forward and regeneration is induced, the
cortical structures of the anterior part are resorbed as those of the pos-
terior part extend and take over (Tartar, 1956a). When the cut is made
posterior to the mid-line, it is the posterior stripes which disappear
(Uhlig, 1959). When the cut is made in the middle and regeneration is
not induced, certain stripes in each half penetrate through those of the
other and a doublet stentor is produced, yet this doublet will eventually
revert to the single form (Tartar, 1959b). Whether directly by resorp-
tion or by the circuitous route of doublet formation, these specimens
eventually return to the normal pattern.

In spite of these remarkable tendencies to revert to normal, extreme
abnormalities of form develop in some strains of S. coeruleus without



