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Discontinuities and overlaps in patterning within single cells

By J. FRANKEL anD E. M. NELSEN
Department of Zoology, University of Iowa, Towa City, Towa 52242, U.S.A.

Ciliates such as Tetrahymena manifest longitudinal vegetative growth and periodic
equatorial subdivision. Evidence is presented suggesting that this subdivision involves
the formation of discontinuities associated with the fission zone that closely resemble
expressions of the segment border in multicellular organisms. Unlike latitudes, cellular

- longitudes can potentially maintain clonal continuity. Features of the system of
longitudinal positioning of contractile vacuole pores (c.v.ps) in wild-type cells are
suggestive of a circular positional system wrapped around the cell circumference, with
a reference border coinciding with the axis of oral development. This border marks a
discontinuity that, unlike the fission zone, can be clonally propagated. A recessive
mutant, janus (jan), brings about alterations in c.v.p. positioning that suggest that a
second longitudinal reference border is located about 459, of the cell circumference
to the cell’s right of the first. This second border, along which abnormal oral structures
sporadically appear, seems to maintain a positional system oriented in a direction
opposite to the primary system. When jan first comes to expression in cells previously
Jan*, the pattern of c.v.p. longitudes changes gradually from that characteristic of
wild-type cells to the jan pattern; this change begins before abnormal oral structures
first appear along the second reference border. We suggest that the two reference
borders, and the positional systems that they control, might be present in wild-type as
well as jan cells. The oppositely directed positional systems are likely to overlap. A
simple model is proposed to illustrate how overlapping positional systems might
cooperate to generate patterns such as those observed.
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INTRODUCTION

The major objective of this study is to explore the field properties of the ciliate surface, with the
aim of learning more about those general properties of developmental fields that might tran-
scend cellularity. Investigations conducted over the span of nearly a century have indicated that
the basic properties of developmental fields are not markedly different in ciliates and multi-
cellular animals (see, for example, Whitman 1893 ; Frankel 1974). The really important dif-
ferences in patterning mechanisms between ciliates and most multicellular organisms may lie
not so much in the absence or presence of cellular subdivision as in the mode of reproduction.
The typical manner of reproduction of multicellular organisms, with their specialized gametic
cells, probably precludes any direct continuity of developmental fields over generations. In
ciliates, sexual acts are dissociated in time from growth and cell division, and all occur in
the same cell. Hence, ciliates can maintain direct continuity of developmental fields across
generations.

This continuity exists along one dimension only. The reason why is illustrated schematically
in figure 1. Growth is mainly longitudinal and cell division is tandem, yielding daughter cells of
identical polarity. A ciliate clone may thus be thought of as a continuously elongating cylinder
(figure 15, inspired by fig. 12 of Tartar (1962)). This mode of growth implies that distinctive
features of cell longitudes can maintain their continuity, while developmental and functional
properties of latitudes must be changing continuously as the clone undergoes its growth and
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526 J. FRANKEL AND E. M. NELSEN

subdivision. The longitudinal continuity which allows the clonal propagation of differences in
number and organization of ciliary rows (see, for example, Beisson & Sonneborn 1965) also
permits large-scale field systems to be clonally inherited (reviewed by Aufderheide et al. 1981).

This paper presents an analysis of expresssions of these two complementary geometrical
aspects of the large-scale patterning of the ciliate surface. We shall here restrict ourselves to one
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FiGure 1. A schematic of clonal growth in ciliates. (a) Two division cycles of Tetrahymena. (b) The same visualized
as a longitudinally growing cylinder that undergoes sequential segmentation. Such ‘chain’ formation is
actually observed in mutants undergoing fission arrest at late stages, e.g. ‘mo3’ (Frankel et al. 1977).

ciliate species, Tetrahymena thermophila. We consider, first, how this ciliate can subdivide itself
into two, and argue that a major pattern-discontinuity analogous to the segment border of a
worm or an insect is generated in every cell cycle. We shall then turn to the longitudinal clonal
axis, and present evidence for the existence of clonally propagated discontinuities that function
as field boundaries governing the proportional positioning of certain landmarks of the ciliate
surface. Finally, consideration of the properties of the longitudinal positioning of these land-
marks in wild-type and mutant cells will lead us to the notion of a dual system of spatial
determination with overlapping expression, and to a tentative model that makes use of this
overlap.

CELL SURFACE PATTERNS IN TETRAHYMENA

Tetrahymena thermophila is a small ciliate averaging 50 pm in length. Its major surface features
are indicated schematically in figure 2. The cell typically possesses 18-21 longitudinal ciliary
rows. An oral apparatus (0.a.), located near the anterior end of the cell, includes four compound
ciliary structures (three membranelles and one undulating membrane). Most ciliary rows
extend from the anterior to posterior pole, but two, known as the postoral rows, have their
anterior terminations near the posterior margin of the o.a. The cell’s right postoral ciliary row
is by convention numbered 1, and enumeration proceeds clockwise around the cell as viewed
from the anterior pole; the highest-numbered ciliary row (‘#’) is thus the left-postoral row.

In growing cells, not all basal bodies are ciliated. The basal bodies of the ciliary rows are
uniformly spaced and almost all ciliated in the anterior third of the cell, whereas on the re-
mainder of the cell surface the spacing is more irregular and roughly half of the basal bodies
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lack cilia. In addition, specialized basal body couplets are located at the anterior ends of ciliary
rows 5 to n—2; the anterior basal body of each of these couplets is unciliated. These couplets
are in register laterally, and jointly make up a ‘crown’ at the anterior cell apex (indicated
diagrammatically in the polar views in figure 2).

The contractile vacuole pores (c.v.ps) are among the most prominent of the various types of
cell surface structures that are organized in definite spatial relations to the ciliary rows. These
pores, which are complex structures (Elliott & Bak 1964), are located immediately to the cell’s
left of the posterior ends of one, two, or three adjacent ciliary rows. These ‘c.v.p. rows’ are
located several rows to the cell’s right of the right-postoral ciliary row.

DIFFERENTIATION OF LATITUDES: SEGMENTATION IN CILIATES

In ciliates, the cell surface pattern duplicates before the onset of cytokinesis. This duplication
begins with the formation of a primordium for the new o.a., which is destined for the posterior
division product. The oral primordium (o.p.) is typically located to the cell’s left of the right
postoral ciliary row (no. 1), approximately at the cell equator. The o.p. appears initially as an
‘anarchic field’ of disordered proliferating basal bodies (not shown), which then acquire cilia
and become organized into the membranelles and undulating membrane (figure 2), eventually
occupying a site in the posterior half of the cell that is equivalent to that of the pre-existing o.a.
in the anterior half.

In exponentially growing cultures, most of the increase in number of basal bodies in ciliary
rows takes place during oral development (Nanney 1975), and the two processes appear to be
temporally coordinated (Nelsen ¢t al. 1981). During most of the cell cycle, formation of cilia fails
to keep up with appearance of new basal bodies, so the proportion of basal bodies that lack
cilia increases (Nanney 1975; Nelsen ef al. 1981). The general pattern of ciliation does not
change, however, until a presumptive fission zone appears at a late stage of oral development
(figure 2). At this stage the basal bodies posterior to the fission zone become ciliated in a way that
suggests a wave of ciliation progressing posteriorly from the presumptive fission site (Frankel
et al. 1981). The basal body couplets that will make up the ‘crown’ of the future posterior
daughter cell develop at the same time. In sharp contrast, the pattern of ciliation of basal bodies
situated anterior to the fission zone remains unchanged. In addition, new c.v.ps appear near
certain ciliary rows, immediately adjacent to basal bodies located just anterior to the fission
zone (Ng 1977, 1979a). These events are all illustrated schematically in figure 2.

Examination of cell division in cells bearing inverted (180° rotated) ciliary rows (Ng &
Frankel 1977) indicates that the spatial orientation of the ciliation wave posterior to the fission
zone, and the appearance of new c.v.ps anterior to the zone, are unaffected by the inversion;
hence the geometry of these events is globally controlled. However, when a temperature-
sensitive mutant (¢daA41) that conditionally prevents formation of the fission zone is incompletely
expressed such that the fission zone develops in some ciliary rows but not in others, the ciliation
wave and new c.v.ps appear in those ciliary rows that manifest fission zones and do not appear in
those ciliary rows that fail to form fission zones. Hence, while the determination of the cellular
subdivision that precedes fission is global, its expression is autonomous within cellular longitudes.
The formation of the fission zone is not itself the direct cause of this coordinated expression, as
under certain circumstances the passage of the ciliation wave and formation of new c.v.ps can
temporally precede the overt appearance of the fission zone (Ng 19794; Frankel et al. 1981).
Thus we are observing various manifestations of the coordinated formation, within each of the
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ciliary rows, of a new latitudinal boundary that separates newly developing structures charac-
teristic of the two polar extremes of the ciliate body.

We believe that this formation of new anterior and posterior cell-ends in immediate juxta-
position to one another, in cells that have not yet begun cytokinesis, is fundamentally a process
of segmentation, homologous to that found in the segmental divisions of certain flatworms
(Child 1903) and perhaps even to insect segmentation. This perspective focuses attention on the
fission zone, which we consider to be an expression of a newly generated segmental border. This
zone is recognized only by a subtle change in the spacing of basal bodies within ciliary rows. A
relatively wide gap appears just anterior to the closely spaced basal bodies that are undergoing
ciliation, and as this gap is typically at the same latitude in all ciliary rows, the fission zone can
be recognized as an equatorial zone of gaps in the ciliary rows. However, the longitudinal
microtubule bands extend uninterrupted across these gaps, and only become broken much later,
during cytokinesis (Frankel ef al. 1981). Hence the cell becomes morphogenetically subdivided .
while the structural continuity of at least some cell surface fibrillar systems is maintained.

The evidence for resemblance between this subdivision of ciliate organization and seg-
mentation in a multicellular organism such as an insect will now be summarized: in both,
similar and repeated organizational patterns appear where there was formerly one. In both,
spatially extreme elements of these patterns develop in close juxtaposition, but without any
change in the polarity of the whole system. In both, analysis of phenotypic mosaics indicates
that the formation of the ‘segment border’ and the expression of the organizational subdivision
are spatially associated (cf. Tokunaga & Gerhart 1976). In both, there are few, if any, cyto-
logically unique features detectable at the ‘segment border’ at the time of its formation (cf.
Lawrence & Green 1975). In addition, the insect segment border (Wright & Lawrence 1981)
and the site of cleavage in the ciliate Stentor (Tartar 1967) can both be regenerated following
total removal, further supporting the notion that the visible border is the expression rather than
the cause of the underlying discontinuity in pattern.

In insects, there is abundant evidence for a repeating segmental gradient with abrupt
discontinuities (‘cliffs’) at the segment borders (Lawrence 1970). While there is no equivalent
body of evidence for sequential repeated gradients in dividing ciliates, there is substantial evidence
for the existence of an antero-posterior gradient of developmental properties in ciliates that are
not actually dividing (Uhlig 1960; Tartar 1964 ; Frankel 1974). It is reasonable to suppose that
when the fission zone develops, this gradient becomes subdivided, with the fission zone marking
the site of the ‘cliff> (Tartar 1968; Frankel ef al. 1981). What is then most remarkable in ciliates
is the ability to develop juxtaposed extremes of this gradient before cellular or even fibrillar
subdivision.

On the basis of our anatomical observations we would predict that the major difference in
distribution of ion-specific mechanoreceptor channels known to exist at the two ends of ciliate
cells (Naitoh & Eckert 1969; Ogura & Machemer 1980) would appear before cell division, on
the two sides of the fission zone. '

CONTINUITY OF LONGITUDES AND THE DUAL SPECIFICATION OF
v C.V.P. POSITIONS
(a) C.v.p. positioning in wild-type cells
The relational system of specification of longitudes at which c.v.ps develop is one of the more

striking manifestations of global patterning in Tetrahymena. We have already seen that c.v.ps
[ 103 ]
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develop anterior to the fission zone, adjacent to certain ciliary rows. These are specific ‘c.v.p.
rows’ that are located several rows to the cell’s right of the ‘oral axis’, defined by the right
postoral ciliary row (no. 1). Nanney (1966a) first recognized that the number of ciliary rows
between the oral axis and the c.v.p. rows is proportional to the total number of ciliary rows in
the cell, or more accurately, to the number of ciliary rows between two oral axes (figure 3).

18—row singlet

22—row singlet

30(2x15)—row doublet

Ficure 3. A schematic view of c.v.p. cytogeometry in wild-type cells, including singlets with differing numbers of
ciliary rows (left and centre) and a parabiotic doublet (right). Ciliary rows are numbered as in figure 2, with
the parabiotic doublet treated as two cells fused side by side. The representation of the constant relative
position of the c.v.p. arc (shaded) is taken from Nanney (19664, figs. 2 and 4B), but modified by replacing
Nanney’s ‘inductive angle’ with a specified level (arrows) in Uhlig’s ‘circular gradient’ (Uhlig 1959).

Nanney also showed that the oral axis itself appears to serve as a reference point in this system.
This is suggested by the subdivision of c.v.p. longitudes in parabiotic doublets (figure 3¢)
created by the lateral fusion of two similar cells (Nanney 1966 a; Nanney et al. 1975). The fact
that a lateral shift in the location of the new o.a. (‘cortical slippage’) brings about an equivalent
shift in the longitudes at which the c.v.ps develop (Nanney 1967a) argues most convincingly
that the oral axis is a crucial morphogenetic boundary. While Nanney (1966a) described the
mode of determination of c.v.p. longitudes in terms of a ‘central angle’, he explicitly recognized
this as artificial and proposed that the cell actually measures a relative surface distance between
oral axes. We shall represent this in the form of a system in which a ‘circular gradient’ (Uhlig
1959) provides the relevant positional values. This gradient model places a single major
discontinuity at the oral-axis reference boundary. This discontinuity, like that which develops
at the fission zone, involves the juxtaposition of extreme positional values without a reversal of
polarity. However, unlike the fission zone, the oral-axis reference boundary is longitudinally
oriented and so can be clonally propagated, and thus need not be formed anew in every cell
cycle.

There is one additional aspect of ‘c.v.p. cytogeometry’ that is of some importance in wild-
type cells, but becomes critical when we consider the evidence offered by janus cells (see below)
for the participation of a second reference boundary in the determination of c.v.p. longitudes.
This is the internal organization of the region in which c.v.ps can form. To make the presenta-
tion clear we shall need some explicit definitions. First, we have already called a ciliary row
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next to which a c.v.p. develops a c.v.p. row. Secondly, we shall define the width of a group of
neighbouring c.v.p. rows as the c.v.p. arc; the c.v.p. arc is bounded by the outermost c.v.p. rows
of the group. Thirdly, we shall designate the longitude of a c.v.p. by the number of its c.v.p.
row.f Finally, we define the c.v.p. midpoint as the mean of the longitudes of all of the ciliary rows
located within the c.v.p. arc.

Using this language, we can state that wild-type cells have one to three c.v.p. rows within a
c.v.p. arc and that the c.v.p. midpoint is a roughly constant fraction, slightly less than 25 %, of
the distance (viewed clockwise from the anterior pole) from one oral axis to the next. The width
of the c.v.p. arc is variable, but is roughly proportional to the total number of ciliary rows from
one oral axis to the next (see Nanney (1966, 19675) for more detailed information). There is,
however, one complexity in the application of this language that poses an interpretive problem
in analysis of the janus cells that we will discuss below. Consider cells in which the c.v.p. arc
comprises three ciliary rows. Either all three may bear c.v.ps, or a central row lacking a c.v.p.
may be flanked by two rows that possess c.v.ps. Nanney (19675) recorded both types as possess-
ing three c.v.p. rows, remarking also that the latter type, with a ‘skipped’ row, is extremely
rare in wild-type cells. But when ‘skipped’ rows become much more common and more than
one row may be ‘skipped’, as in janus cells, it becomes tempting to represent this as a subdivision
of one ‘c.v.p. set’ into two. This was actually done in an earlier publication (Jerka-Dziadosz &
Frankel 1979). Here, however, we shall view the c.v.p. arc as unitary even when there are as
many as three or four ‘skipped’ rows within it. The reasons for this will become more apparent
as we consider the janus c.v.p. configurations.

(6) C.v.p. positioning in established janus clones

A recessive allele known as janus (jan), when homozygous, brings about a substantial change
in oral and c.v.p. cytogeometry. As described in more detail elsewhere (Jerka-Dziadosz &
Frankel 1979; Frankel & Jenkins 1979), cells expressing jan produce one set of basically normal
oral structures and a second set that is highly abnormal. The normal o.a. is located along one
longitudinal axis of the cell, the primary (1°) oral axis, along which new, normal oral structures
are generated much as in wild-type cells. The abnormal o.a., when present, is located along a
secondary (2°) oral axis that is located approximately 45 %, of the cell circumference clockwise
from the primary oral axis (figure 45). New o0.a.s may or may not be produced along the 2° oral
axis, but when produced they are always abnormal; the abnormality may be described in part
as a reversal of global asymmetry (Jerka-Dziadosz & Frankel 1979; Frankel 1982). It should
be emphasized that this condition bears no resemblance to the parabiotic doublet state (figure
3¢), in which the duplex organization is produced by lateral cell fusion, there is no genic
difference between doublets and singlets, and both sets of oral structures are normal and
reliably reproduced except in transient situations when the doublet is regulating back to the
singlet state (Nanney 19664; Nanney et al. 1975).

t This rule differs from Nanney’s procedure of assigning the c.v.p. location according to its actual position,
typically about three-quarters of the distance between one ciliary row and the next. Thus, for a c.v.p. immediately
to the cell’s left of row 5, Nanney assigns a position of 4.75 and we assign a position of 5. The rationale for our
procedure is the recent evidence that the fine-positioning of the c.v.p. is controlled by the adjacent ciliary row
Ng 1977), and that a new c.v.p. is induced in a rigorously defined position adjacent to a basal body within that
row (Ng 19794). In both Nanney’s system and ours, relative c.v.p. location is proportional to true circumferential
distance only if ciliary rows are uniformly spaced, a condition that appears to hold, at least approximately.
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Using the definitions developed in the previous section, we can describe the primary effect of
the jan gene on c.v.p. cytogeometry as a widening of the c.v.p. arc (figure 4). This gives rise to
many permutations of c.v.p. arrangements that are never observed in wild-type cells (figure 5).
Simultaneously, there is an increase in the frequency of ‘skipped’ rows within the c.v.p. arc
(figure 5). This is probably due in part simply to an increase in the total width of the c.v.p. arc

(a)

Ficure 4. Different grades of expression of the c.v.p. arc in janus cells with (a) one o.a. and () two o.as. The normal
primary (1°) oral axis is shown below, the secondary (2°) oral axis with an abnormal o.a. above. The c.v.p.
midpoints are indicated by the heavy line on the left side of each diagram. In each diagram, three c.v.p. arcs
of progressively greater widths (shaded) are represented in parallel. Within each of these three arcs, positions
at which c.v.ps always appear are indicated by solid circles, those at which they may or may not be present
by broken circles. The average distance from each oral axis (right postoral ciliary row) to the c.v.p. midpoint
is indicated as a percentage of the cell circumference.

combined with an inherent limit in the number of c.v.p. rows ‘permitted’ within an arc (never
more than five, rarely more than four). But there is an additional effect of jan that actively
brings about subdivision, since the central row of a three row c.v.p. arc is ‘skipped’ much more
commonly in cells of established jan clones than in wild-type cells (figure 5).

We can now briefly summarize the properties of the expanded set of c.v.ps of jan cells in the
form of a list of general features, with limited supporting documentation. We shall categorize
these into ‘internal’ features that can be ascertained without reference to any cellular landmarks
outside the c.v.p. arc, and ‘relational’ features for which other cellular reference points are
essential.

(a) Internal features

1. No more than five of the ciliary rows within a c.v.p. arc actually bear c.v.ps.

2. All non-c.v.p.-bearing rows are contiguous (e.g. O O——-0Q O, almost never 0O-0-0,
using c.v.p. notation as in figure 5).

3. Non-c.v.p.-bearing rows, when present, tend to be centrally located within the c.v.p. arc
(59 cases of O O—0O O patterns were tallied compared with 5 O O O-0O; 19 cases of O O--0 O
compared with 5 of OO O--0).

4. As the width of the c.v.p. arc increases, both the mean number of c.v.ps in the c.v.p. arc
and the prevalence and size of the central ‘skipped’ region increase (figure 5).
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(b) Relational properties

5. There is little or no directional bias in the positioning of c.v.ps within the c.v.p. arc (22
cases of 1°—(O O—-(0—2° against 31 of 1°— O~ O—2°; 29 cases of 1°—Q O--(O—2° against
22 of 10— (0O--0 0—2°).

6. The width of the c.v.p. arc tends to increase as the total number of ciliary rows in the cell
increases.

7. The average c.v.p. midpoint, measured from the 1° oral axis (as shown in figure 4a), is the
same in jan and wild-type cells.

width of cv.p.arc

2 3 4 5 6
a
1 ° - - - - -
9 - T o-o
w o0 -0 ®--®¢ 0---0 0----0
&
- 11
% 3 = - eoo -0 00--0 o0---0o
B
_g 00-00 00--00
g 4 - - - eo00 000-0 000--0
- —_ - — 000-00
5 oooo0  999-00,
mean no. of cv.p.rows jant 1 2 297 — - -
jan 1 2 244 2.82 3.33 3.64
percentage with skipped rows jan+ (0) (0) 3 - - -
jan  (0) (0) 44 81 93 100

F1Gure 5. C.v.p. patterns encountered in wild-type and janus cells. The configuration of c.v.p. arcs is indicated by
squares (wild-type) or circles (jan) representing c.v.p. rows with c.v.ps, and short dashes indicating ciliary
rows within the c.v.p. arc that lack c.v.ps (‘skipped’ rows). Where gaps are off-centre, only one of the two
possible spatial orientations is shown. The shading within each symbol indicates the commonness of the
indicated pattern relative to others with the same c.v.p. arc. m, @, over 30%; &, 15-30%; 0, 8-15%; O, O,
0-89%; O*, only one case observed. The data tabulated at the foot of the diagram are arranged in columns
that correspond to the width-classes of c.v.p. arc given at the top.

8. The average c.v.p. midpoint is unaffected by variation in the width of the c.v.p. arc.

9. The widths of c.v.p. arcs are mutually uncorrelated, and the c.v.p. midpoints only weakly
correlated (r = 0.2-0.3), in the two presumptive division products derived from the same parent
cell.

10. Both the c.v.p. midpoint and the width of the c.v.p. arc are unaffected by the presence or
absence of a 2° o.a.

11. In the subset of jan cells in which 2° o.a.s are expressed, the average c.v.p. midpoint is
halfway or very near halfway between the two oral axes (figure 6; illustrated schematically in
figure 45).t

t This conclusion is sensitive to assumptions concerning the locations of the c.v.ps and the oral axes. We have
identified the oral axes with the right-postoral ciliary rows, and the c.v.p. longitudes with the c.v.p. rows. Other

assumptions may generate c.v.p. midpoints that may either be somewhat off-centre, or also central, depending on
the combination chosen (cf. Jerka-Dziadosz & Frankel 1979).
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The last two observations, taken together, suggest that the 2° oral axis of jan cells plays an
important role in the positioning of c.v.ps even in cells that are not forming o.as along this axis.
This was visualized earlier as control of the position of the second of two c.v.p. sets by a field of a
handedness opposite to that which controls the position of the first c.v.p. set (Jerka-Dziadosz &
Frankel 1979; Frankel 1979, fig. 9). This reversed direction of determination contrasts markedly

R 8' (6) (5) ///
?ﬂs //// )
TET -
(=] )~
o & (26) (14),/// °

T 6t 2
5 {/i
2 g (82~
25 (36) (oL~
824l =
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5 |

8 12 16

distance between 1° and 2° oral axes

F1GURE 6. Regression of the distance between the 1° oral axis and the c.v.p. midpoint on the distance between the
1° and 2° oral axes. Both sets of distances are expressed in number of ciliary-row intervals. Solid circles
indicate averages of more than one observation (numbers given above each), open circles indicate single
observations. Vertical bars give 95 9, confidence limits. The solid line indicates the best-fit linear regression
computed from the data, while the dashed line indicates the regression line expected if the average c.v.p.
midpoint were always exactly midway between the two oral axes, i.e. a line with a slope of 0.5 and a y
intercept of 0.

to the situation in parabiotic doublets generated by side-by-side cell fusion, where one can
visualize the coexistence of two separate and similarly oriented gradient systems (figure 3¢),
which can be propagated longitudinally without direct mutual interference and with limited
mutual interaction (Nanney ef al. 1975). However, as soon as one reverses the orientation of one
of the two gradients, then the two are likely to overlap. It is hard to imagine how such an over-
lap could be maintained, especially if we viewed the two gradients as having a similar basis. We
shall return to this problem after exploring how the 2° axis is created or altered when jan begins
to be expressed in cells previously expressing jant.

(¢) From wild-type to janus

By employing certain tricks of Tetrahymena genetics, we were able to bring about a syn-
chronous switch from expression of jant to expression of jan in 756-95 %, of a mass population
(Frankel & Nelsen 1982). Secondary o.as first appeared about three fissions after this switch;
within ten fissions the proportion of 2° o.a.s was similar to that in comparable established jan
clones. The very first 2° o.a.s resembled the 2° o.a.s in cells of established jan clones, and
appeared at nearly the usual jan positions in otherwise normal cells that maintained the previous
number of ciliary rows. The appearance of these 2° 0.a.s was unattended by any microscopically
visible structural rearrangement of the cell surface. This mode of ‘insertion’ of a second o.a.
differs fundamentally from the origin of second oral systems in experimentally constructed
doublets, where the duplex condition is a consequence of lateral cell fusion or of regulatory
adjustments after microsurgically generated rearrangements.
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The c.v.p. patterns characteristic of jan emerged gradually. The first c.v.p. arrays unique to
Jjan, generally of the O O O O variety, where observed about two fissions after the switch from
jan* to jan expression. The characteristic jan patterns became more frequent and more extreme
thereafter, but with no cell-by-cell correlation between the breath of the c.v.p. arc and the
simultaneously emerging appearance of 2° o.a.s. The average c.v.p. midpoint remained the
same.

The present descriptive framework, which stresses the breadth of the c.v.p. arc rather than
the degree to which it is interrupted, allows us to recognize that the presence of jan (or absence
of jan*) had begun to affect the c.v.p. pattern even when few or no cells expressed the diagnostic
c.v.p. arc of four or more ciliary rows. Following the jan* to jan phenotypic substitution, the
proportion of cells expressing three (instead of the more typical two) c.v.p. rows increased
significantly within one fission after the substitution, and was dramatically elevated by two
fissions, while in an otherwise parallel cross using the same stocks in which the jan* allele
continued to be expressed, no such increase took place (Frankel & Nelsen 1982). Thus, the
average width of the c.v.p. arc began to increase at or shortly after the time of the switch from
Jjan™ to jan expression, and expanded continuously during the next several fissions until the final
state characteristic of established jan clones was attained, at or before ten fissions.

This increase in breadth of the c.v.p. arc does not, however, provide a full description of the
conversion from a wild-type to a jan c.v.p. pattern. We noted earlier that the c.v.p. pattern of
established jan clones was characterized not only by an increase in the average breadth of the
c.v.p. arc, but also by an increased proportion of c.v.p. arcs with ‘skipped’ rows. As jan came to
expression, the increase in proportion of ‘skipped’ rows started later than the increase in field
breadth. For example, of the cells with a c.v.p. arc of four rows (hence unmistakably expressing
Jjan), only 20%, manifested a (single) ‘skipped’ row at two to three fissions after the onset of
jan expression, compared with 809, that manifested ‘skipped’ rows later on (a percentage
similar to that in established jan clones).

Hence the two major aspects of the expression of jan c.v.p. patterns are, at least to a limited
degree, dissociable. This dissociability is a major reason for describing the effect of jan on c.v.p
cytogeometry primarily in terms of a broadening of the c.v.p. arc rather than the creation of
two c.v.p. sets as was done earlier.

DiscussioN

We wish to advance the notion that all tetrahymenas, not just those homozygous for janus,
possess two longitudinally propagated reference axes of mirror-image asymmetry, and use these
jointly to specify c.v.p. cytogeometry. To render this speculative idea plausible, we shall argue
backwards from the established jan state to the wild-type condition from which it emerged after
the appropriate allelic substitution. We have seen that in established jan clones the c.v.p.
midpoint is roughly equidistant from the two oral axes, suggesting that the 2° oral axis might
serve as a supplementary reference boundary for c.v.p. positioning, with an effect equal in
strength but opposite in direction to that of the 1° oral axis. The independence of c.v.p. para-
meters from expression of the 2° o.a. in jan cells indicates that this referencing function is
independent of expression of the 2° o.a.: the jan allele affects both in a genuinely pleiotropic
manner. One may therefore think of jan clones as maintaining two continuously propagated
reference borders, one occupied by normal oral structures and the other subject to sporadic
appearance of abnormal o.a.s with strong indications of reversed global asymmetry (Jerka-
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Dziadosz & Frankel 1979). Proceeding backwards, when jan first comes to expression, 2° o.a.s
first appear at (or near) the characteristic location. The c.v.p. arc simultaneously ‘spreads’ in
both directions, the spread beginning even before the 2° 0.a.s make their appearance. Hence, if
the second reference border is created by the jan allele (or by the absence of jant), it must be
created within the first two fissions after jan comes to expression, and become progressively
‘strengthened’ thereafter. But the fact that the average c.v.p. midpoint does not change during

FI1GURE 7. A tentative model of determination of c.v.p. locations in janus cells. The shaded areas under the broken
lines represent pairs of independently established normal frequency distributions of a hypothetical c.v.p.
determinant. All of these distributions are identical in size and form, but differ in degree of overlap: (a) total
overlap; (b—¢) incomplete overlap, with means separated by (b) 10 (c) 20; (d) 30; (¢) 407; (f) 50. The solid
curves represent the summed ordinates of the two frequency distributions. The heavy horizontal lines rep-
resent a threshold for c.v.p. formation, which is arbitrary but unchanging. For further explanation, see the
text.

this entire process is consistent with the alternative idea that the second reference boundary was
always there, even before the jant to jan phenotypic substitution. The idea that more than one
reference boundary can participate in determination of c.v.p. longitudes is not new, as it was
proposed by Kaczanowska (1981) for c.v.p. positioning in another ciliate, Chilodonella.

Can one translate this intuition into a concrete model of control of c.v.p. cytogeometry ?
Figure 7 presents an initial attempt, which borrows heavily from Richelle & Ghysen’s (1979)
model of positioning of bristles in Drosophila. We assume that appropriate levels of positional
information could bring about c.v.p. formation by generating a frequency distribution of a
‘porogen’ (cf. Richelle & Ghysen’s ‘chaetogen’). The positional system depicted in figure 3,
whose reference boundary is located at the 1° oral axis and which slopes clockwise, generates
one such frequency distribution. We now assume that an analogous second positional system
with a reference boundary at the 2° oral axis and a counter-clockwise slope generates a second
frequency distribution of ‘porogen’. The two oppositely directed positional systems are distinct
and independent, and hence can overlap without either summing or interfering with each
other. But the ‘porogen’ concentrations that are determined by these two positional systems do
sum, and act additively to promote c.v.p. formation, with a threshold level being necessary to
stimulate a posterior basal body within a ciliary row to act as a generating site for a c.v.p. In
wild-type cells the two positional systems interpenetrate fully, each wrapping around the entire
cell, and the two distributions of the ‘porogen’ overlap totally (figure 74). jan (or absence of
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Jan*) might alter the characteristics of both positional systems, or change the way in which they
are locally interpreted, so that the frequency distributions of ‘porogen’ that were formerly
completely overlapping would begin to separate. This would first bring about a broadening of
the territory in which c.v.ps can develop (figure 75, ¢) and eventually cause a saddle to form
(figure 7d). Once the level of the saddle falls beneath the c.v.p. threshold, ‘skipped’ rows would
begin to appear within the centre of the c.v.p. arc (figure 7¢). More extreme cases of separation
(figure 7f) would approach two spatially separate frequency distributions of porogen, each
specified by its own positional system and each responsible for a separate c.v.p. set. Each set
would, on the average, be smaller than the unitary set produced when the two frequency
distributions overlap completely (compare figure 7f and 74). This condition, however, only
represents one extreme of a continuum of states that are variable even in established jan clones.

This model can accommodate the major features of c.v.p. expression that were listed earlier,
although a probability distribution would probably have to be substituted for the all-or-none
c.v.p. threshold to account for the occasional asymmetric location of ‘skipped’ rows within the
c.v.p. arc. The model does not, however, account adequately for the increase in proportion of
‘skipped’ rows that is superimposed on the broadened c.v.p. field in jan clones. The fact that
when jan first comes to expression the c.v.p. arc widens before the proportion of ‘skipped’ rows
increases suggests that jan may have more than one effect on c.v.p. cytogeometry. We neverthe-
less present this simple model as a suggestion of one way in which apparently overlapping
fields might cooperate to generate a coherent pattern.

We might finally point out that the phenomena of large-scale patterning considered in this
paper, and the discontinuities and overlaps that they appear to entail, are hard to envision in
terms of diffusion gradients, especially in an organism such as a ciliate, which lacks cellular
compartments.

The authors are grateful to Dr Karl Aufderheide, Dr Julita Bakowska, Dr Anne W. Koop-
mans Frankel, and Dr Stephen Ng for a critical reading of this manuscript. The research
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