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19. Interstitial Stern Cells in Hydra 

Charles N. David, Thomas C G . Bosch, Bert Hobmayer, 
Thomas Holstein, and Tobias Schmidt 

Department of Zoology, University of Munich, Luisenstrasse 14, D-8000, 
Munich 2, West Germany 

Interstitial stem cells in hydra constitute a population of multipotent stem 
cells that proliferate continuously during asexual growth of the organism 
while giving rise to a variety of differentiated somatic cell types (nerve cells, 
nematocytes, and gland cells). When asexual polyps initiate sexual differen­
tiation, interstitial cells also give rise to germ cells, either sperm or eggs. 

During the last decade there has been renewed interest in interstitial stem 
cells as a model system for analyzing the control of stem cell proliferation 
and differentiation. Of particular interest is the fact that stem cells exhibit 
strong patterns of cell differentiation within the organism: Nematocytes 
differentiate exclusively in the gastric region, while nerve cells differentiate 
primarily in the head and foot regions. Differentiation of germ cells is also 
spatially patterned: spermatogenesis in the distal gastric region; oogenesis in 
the proximal gastric region. 

DYNAMICS AND COMPOSITION OF THE INTERSTITIAL STEM 
CELL SYSTEM 

Figure 1 outlines schematically cell proliferation and differentiation in the 
interstitial stem cell System. Figure 2 shows micrographs of interstitial stem 
cells and several differentiation products of stem cells as they appear in 
macerations of hydra tissue [David, 1973]. Interstitial cells occur in macera-
tions as single cells or in larger Clusters held together by cytoplasmic bridges 

[Slautterback and Fawcett, 1959]. We refer to these cells by their Cluster size 
as ls, 2s, 4s, and so forth. The ls+2s class includes stem cells and early 
differentiating precursors. 

The interstitial stem cell system constitutes an independent cell lineage in 
hydra that contributes about 75% of all cells in the organism. The remaining 
cells are contributed by two further cell types: ectodermal and endodermal 
epithelial cells. Recent experiments suggest that these two cell populations 
each constitute an independent cell lineage, since no evidence for intercon-
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Fig. 1. The interstitial stem cell system. 

version of ectodermal and endodermal cells has been observed (Gonzales and 
Tardent, personal communication). Thus, hydra consists of three independent 
cell lineages that appear to be related to the ectodermal, endodermal, and 
mesodermal lineages characteristic of metazoan animal tissue. 

Hydra tissue grows primarily by asexual budding. The doubling time of 
well-fed cultures is about 3 days. Both ectodermal and endodermal epithelial 
cells proliferate with a cell cycle of about 3 days coincident with the tissue 
growth rate [David and Campbell, 1972; Bosch and David, 1984]. Interstitial 
cells, by comparison, have a cell cycle of about 1 day [Campbell and David, 
1974] and thus proliferate more rapidly than epithelial cells. The interstitial 
cells, however, do not outgrow the epithelial cells, since, per interstitial cell 
generation, only about 60% of daughter cells remain stem cells, the remain-
der differentiate into nerve cells, nematocytes, and gland cells [David and 
Gierer, 1974; Schmidt and David, 1986] (also, Bode, Fujisawa, personal 
communication). With a self-renewal fraction of 60% (Ps = 0.6) and a cell 
cycle of 1 day, the interstitial stem cell population and its differentiating 
products double in about 3 days, the same rate as the epithelial cells. 

Interstitial cells are located primarily in the ectoderm of hydra where they 
are homogeneously distributed throughout the gastric region (Fig. 3). In the 
hypostome and subhypostomal region, as well as in a region adjacent to the 
basal disc, interstitial cells are present in very low levels. A sharp boundary 
separates these "empty" zones from the main population of interstitial cells. 
A small number of interstitial cells are located in the endoderm and have 
been termed basal reserve cells. Recent experiments, however, indicate that 
these cells, which have no capacity for self-renewal, are intermediates in 
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Fig. 2. Morphology of interstitial stem cells and differentiated derivatives, a: nest of two 
interstitial cells. b: Two sperm. c: Unfertilized egg (darkfield, x25). d: Gland cells. e: Nest 
of 16 nematoblasts. f: Two nerve cells. Cells (a, b, d-f) were prepared by maceration of hydra 
tissue [David, 1973], (phase-contrast, X900). 
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differentiation of nerve cells cells in the endoderm [Smid and Tardent, 1984, 
1986]. 

Nematocyte differentiation is initiated by stem cell proliferation to form 
nests of four, eight, or 16 precursor cells, which are connected to each other 
by cytoplasmic bridges (Figs. 1,2). Subsequently, all cells in a nest undergo 
synchronous differentiation into one type of nematocyte [Lehn, 1951; Rieh 
and Tardent, 1969; David and Challoner, 1974]. Depending on nematocyte 
type, differentiation takes 2-3 days, after which nests break up into Single 
cells that migrate from the gastric region to the tentacles. Mature nematocytes 
are mounted in battery cells of the tentacles. In large hydra containing 3,500 
stem cells, about 1,750 stem cells per day enter the nematocyte pathway 
[David and Gierer, 1974]. 

Nerve cell differentiation occurs directly from the stem cell compartment 
(Fig. 1); there is no evidence of proliferation of nests of precursors prior to 
differentiation. Stem cells, which become committed to nerve differentiation, 
complete the cell cycle, divide, and the daughter cells differentiate as nerve 
cells [Venugopal and David, 1981a]. In large hydra containing 3,500 stem 
cells and 5,000 nerve cells, about 550 stem cells per day initiate nerve cell 
differentiation. 

There is now clear evidence that interstitial cells in the ectoderm are 
capable of crossing to the endoderm and differentiating gland cells [Schmidt 
and David, 1986] (also, Bode, Fujisawa, personal communication). The 
number of interstitial cells differentiating gland cells is about 75 per day in 
polyps containing 1,300 gland cells and 2,200 stem cells. Hence, the level 
of differentiation represents only a small fraction of the stem cell population. 

Differentiation of male and female gametes (Fig. 2) also occurs from the 
interstitial cell population. In both cases stem cells undergo a series of 
synchronous divisions to produce Clusters of 16, 32, and 64 large precursor 
cells, which then undergo meiosis and differentiate sperm in male animals 
[Munck and David, 1985; Littlefield at al., 1985] or fuse to form the egg cell 
in female animals [Zihler, 1972]. 

CLONING INTERSTITIAL STEM CELLS 

Stem cells are defined by their capacity for extensive self-renewal. Under 
suitable growth conditions such cells form clones from Single cells. Using 
cloning procedures, it has been possible to identify interstitial stem cells in 
hydra tissue. Because no tissue culture medium is available for hydra cells, 
the cloning experiments were carried out in vivo in host animals that lacked 
endogenous interstitial cells as a result of chemical treatment [David and 
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Murphy, 1977; Heimfeld and Bode, 1984a; Littlefield, 1985] or as a result of 
mutation [Bosch and David, 1986a]. Single stem cells added to such host 
tissue by a disaggregation-reaggregation technique grow rapidly and form 
clones containing stem cells as well as differentiating nerve cells and nema­
tocytes (gland cells have not been analyzed in such clones). 

Figure 4 shows schematically a cloning procedure designed to analyze 
germline and somatic differentiation in stem cell clones. Low numbers of 
wild type stem cells were added to host tissue of a mutant strain with 
temperature-sensitive interstitial cells. After reaggregation, the host intersti­
tial cells were eliminated by incubation at the nonpermissive temperature 
(24°C) and the regenerated polyps analyzed with respect to their ability to 
self-feed (indicative of nerve cell and nematocyte differentiation) and to their 
sex (male, female, or asexual). 

In 87 out of 92 cases cloned stem cells differentiated both somatic products 
and gametes. Thus, most interstitial stem cells are multipotent in regard to 
somatic as well as germline differentiation. Despite this broad multipotency, 
however, stem cells are restricted in terms of sexual phenotype; individual 
stem cells give rise to clones that differentiate either male or female gametes 
[Bosch and David, 1986b]. Female stem cells retain their female phenotype 
during prolonged clonal growth; male stem cells, however, give rise to 
female stem cells at a frequency of 10~2 per cell per generation. Thus, male 
clones after several hundred generations contain significant numbers of fe­
male stem cells. These female cells do not differentiate because of an 
inhibitor produced by male cells [Bosch and David, 1986b; Sugiyama and 
Sugimoto, 1985; Littlefield, 1984], and thus clones of male cells exhibit only 
male gametogenesis. 

The cloning experiment shown in Figure 4 not only identified the presence 
of multipotent stem cells in hydra but also demonstrated that stem cells with 
restricted differentiation capacity are rare, if present at all. In this experiment 
Aggregates develop either as self-feeders or nonfeeders (Fig.4). Self-feeders, 
by virtue of their behavior, contain interstitial cells that differentiate nema­
tocytes and nerve cells. Nonfeeders, by comparison, could in principle 
contain either stem cell clones with restricted differentiation capacity (and 
therefore aberrant feeding behavior) or no stem cells at all. Analysis of 140 
aggregates with nonfeeder behavior indicated that 116 contained no stem 
cells. Of 24 aggregates with stem cells, seven recovered self-feeding behavior 
while 17 did not recover self-feeding behavior during a period of force-
feeding to stimulate stem cell proliferation. These latter clones, however, did 
contain nematoblasts and hence were capable of somatic differentiation. (For 
technical reasons nerve cells in such aggregates could not be scored.) AI-
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Fig. 4. Procedures for preparation (A) and analysis (B) of stem cell clones. Mutant strain 
sf-l containing temperature-sensitive interstitial cells was used as host; strain ms-1 contains 
temperature-resistant interstitial cells but differentiates aberrant sperm. The mutant strains 
were isolated by Sugiyama and Fujisawa [1978]. 
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though such aggregates could contain stem cell clones that are restricted to 
nematoblast differentiation, it seems unlikely that these clones are different 
from the seven "nonfeeder" clones that did recover self-feeding behavior 
and hence differentiated nerve cells and nematocytes. Thus, these "non­
feeder" clones also appear to consist of multipotent stem cells that, for 
unknown reasons, grow slowly. 

Among 106 stem cell clones that were analyzed by the procedure in Figure 
4, 92 developed self-feeder characteristics and thus contained stems capable 
of nerve and nematocyte differentiation. The remaining 14 clones occurred 
in aggregates that exhibited nonfeeder behavior. As discussed above, these 
clones appear to be, for unknown reasons, slow growers but otherwise 
multipotent. Thus, the cloning results indicate that most stem cells are 
multipotent. If stems cells with restricted differentiation potential exist, they 
occur at less than 1 % of the frequency of multipotent stem cells. 

One exception to the above rule has been observed by Littlefield [1985]. 
She "cloned" cells by treating hydra with hydroxyurea and then analyzed the 
properties of clones that grew out from the rare cells that survived the 
hydroxyurea treatment. Applying this technique to male polyps of H y d r a 
oligactis, Littlefield observed numerous clones of stem cells capable of 
spermatogenesis and incapable of somatic differentiation. These cells were 
four to five times more numerous than multipotent stem cells capable of 
somatic as well as germline differentiation. AI though the sperm-restricted 
stem cells have extensive self-renewal capacity under cloning conditions 
[Littlefield and Bode, 1986], these cells appear to be generated continuously 
in asexual animals [Littlefield, 1986], presumably from the multipotent stem 
cell population. They are thus part of a population that is turning over 
normally. Why such cells have retained the capacity for self-renewal is 
unclear at present; it is also unclear whether these cells express this capacity 
for self-renewal under normal conditions in vivo. 

STEM CELL PROLIFERATION: CELL CYCLE AND P s 

Stem cell proliferation occurs throughout the body column of hydra. The 
rate of stem cell growth is closely matched to that of tissue (epithelial) growth 
so that over many generations of asexual growth the tissue has a constant 
number of stem cells. In asexual animals this equilibrium concentration is 
about 0.3-0.4 ls+2s per epithelial cell in the body column. 

Because the stem cell population continuously gives rise to precursors for 
nerve cell, nematocyte, and gland cell differentiation, it must proliferate 
more rapidly, i.e., have a shorter cell cycle, than the epithelial cells. The 



Interstitial Stem Cells 397 

average epithelial cell cycle is about 3 to 4 days [David and Campbell, 1972; 
Bosch and David, 1984]. By comparison, the stem cell cycle is about 1 day 
[Campbell and David, 1974]. However, since only about 60% of stem cell 
daughters divide to yield stem cells (self-renewal), the stem cell population 
doubles in cell number at the same rate as epithelial cell population [David 
and Gierer, 1974] and thus maintains a constant ratio of stem cells to 
epithelial cells in tissue. 

Because of the striking constancy of the stem cell density (ratio of stem 
cells to epithelial cells) in tissue during extensive asexual growth, it seems 
clear that the density must be regulated, most likely by stem cells themselves. 
Indeed, if the density of stem cells is reduced, e.g., by inactivation of a 
portion of the population [Bode et al., 1976; Heimfeld, 1985] or by reconsti-
tuting animals with experimentally lowered stem cell densities [Sproull and 
David, 1979a], it is possible to observe faster stem cell proliferation and thus 
restoration of normal levels of stem cells. Regulation appears to occur by 
changes in the rate of stem cell proliferation relative to that of epithelial cells. 

In principle there are two mechanisms by which stem cell proliferation 
can be regulated: regulation of the cell cycle and regulation of the fraction of 
daughter cells that remain stem cells (the probability of self-renewal, Ps). 
While doubling the rate of proliferation requires a twofold reduction of cell 
cycle, the same result can be achieved by increasing P s from 60 to 70%. 

Increases in stem cell growth rate of two- to threefold are commonly 
observed when stem cells proliferate at a stem cell densities five- to 50-fold 
lower than normal [Bode et al., 1976; David and MacWilliams, 1978; Sproull 
and David, 1979a]. To achieve such growth rates by changing the stem cell 
cycle would require shortening the cell cycle from 24 hr to less than 12 hr. 
Although cell cycle lengths do vary for hydra cells, such a large effect 
appears unreasonable, and, indeed, in the early experiments, no detectable 
changes in cell cycle occurred during recovery [Bode et al., 1976; David and 
MacWilliams, 1978; Sproull and David, 1979a]. Hence, it appeared that 
^ owth regulation occurred primarily by Variation in P s. Indeed, the expected 
decrease in üV ratio of differentiating cells to stem cells was observed in 
such populations. 

Although previous work in H y d r a attenuata failed to show changes in the 
cell cycle of stem cells, recent experiments with H. oligactis have revealed 
clearly detectable changes in cell cycle associated with rapid stem cell 
proliferation (Holstein and David, unpublished results). When pieces of 
gastric tissue from normal animals are transplanted into the body column of 
hydra treated with nitrogen mustard to eliminate host interstitial cells [Diehl 
and Burnett, 1964], the donor interstitial cells spread out into the host tissue 
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and proliferate rapidly. The growth rate of the population is about twice the 
normal growth rate until the interstitial cell population recovers to normal 
levels. When the stem cell density is further reduced by grafting peduncle 
tissue in place of gastric tissue into the nitrogen mustard hosts, then the stem 
cell growth rate is even higher. Combining the results of a variety of such 
experiments it is possible to demonstrate that population doubling times vary 
from 1.3 to 3.5 days over a ränge of stem cell densities from 0.02 to 0.35 
ls+2s per epithelial cell (Fig. 5). Higher or lower stem cell densities do not 
appear to have further effects on the doubling time. 

Based on earlier results with H. attenuata, it appeared likely that these 
changes in growth rate were due to changes in P s. However, 3H-thymidine 
labeling experiments indicated that the cell cycle also changes under these 
conditions. The labeling index following a 3H-thymidine pulse is 0.75 in 
rapidly proliferating cells and decreases to about 0.5 as the stem cell density 
increases and the growth rate decreases. This increased proportion of cell in 
S phase is also clearly detected in measurements of nuclear DNA content. 
Figure 6 shows a major shift of cells from G 2 phase to S phase DNA levels 
in populations that are rapidly proliferating. Thus, the G 2 phase is clearly 
decreased in length relative to S phase under conditions of rapid proliferation. 
From the results of continuous labeling experiments with 3H-thymidine it is 
possible to estimate that G 2 phase is decreased from about 8 hr to about 3 hr 
in the rapidly proliferating stem cell population. (The slowly proliferating 
population consists primarily of committed precursors to gametogenesis and 
to nematocyte differentiation; Holstein and David, unpublished observa-

4 

0 0.1 0.2 0.3 0.4 

1S+ 2S /EPI 

Fig. 5. Dependence of interstitial cell growth rate on the concentration of interstitial cells in 
tissue. Growth rate is expressed as the population doubling time (in days) of interstitial cells. 
Interstitial cell concentration is expressed as ls+2s per epithelial cell. 
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Fig. 6. Distribution of nuclear DNA contents in interstitial cells (ls+2s). DNA was 
determined microfluorometrically using the DNA-specific fluorochrome DAPI. A: Slowly 
proliferating cells. B: Rapidly proliferating cells. 

tions). Assuming an S phase duration of about 12 hr [Campbell and David, 
1974], then the cell cycle is about 16 hr under conditions of rapid proliferation 
and 21 hr under normal conditions. 

The magnitude of the decrease in the cell cycle is too small to account for 
the two- to threefold increase in the growth rate of the stem cell population. 
Thus, as in earlier experiments with H. attenuata, it is necessary to postulate 
changes in P s to explain the increase in growth rate of the stem cell popula­
tion. Consistent with this expectation, the ratio of differentiating nematocyte 
presursors to stem cells (expressed as 4s/ls+2s) decreases in rapidly prolif­
erating populations and increases with recovery of normal stem cell levels 
and lower stem cell growth rates. The magnitude of the decrease is consistent 
with similar observations in H. attenuata [Sproull and David, 1979b]. 

NERVE CELL AND NEMATOCYTE DIFFERENTIATION 
Spatial Pattern of Differentiation 

The most striking feature of nerve cell and nematocyte differentiation is 
the strong pattern of localization in the body column of hydra. Intermediates 
in the nematocyte pathway are homogeneously distributed throughout the 
gastric region but are absent in the regions subjacent to the hypostome and 
basal disc (Fig. 7). Intermediates in nerve cell pathway cannot be visualized 
at present, and thus it is not possible to localize the sites of nerve cell 
differentiation directly. Indirectly, however, it is possible to localize nerve 
differentiation by labeling the precursor population with 3H-thymidine and 
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Fig. 7. Localization of differentiating nematoblasts (bottom) and differentiating nerve cells 
(top) in hydra. Nematoblasts were stained with a monoclonal antibody specific for differeni-
tiating capsules at a stage just prior to invagination of the tube. The antibody stains all four 
types of nematoblasts (stenoteles, desmonemes, holotrichous isorhizas, and atrichous isorhn-
zas) at this stage. Such nematoblasts occur as Clusters of 2 n cells. Nerve cell differentiation iis 
expressed as labeled nerves (NV*) per interstitial cell (ls + 2s) 24 hr after pulse labeling hydra 
with 3H-thymidine. Micrographs x 150. 
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scoring the appearance of newly differentiated (labeled) nerve cells. Figure 
7 shows the rate of nerve cell differentiation per interstitial cell (expressed as 
3H-thymidine labeled nerve cells) at various positions along the body column. 

Role of Precursor Migration in Pattern of Nerve Cell Differentiation 

Intersititial cell migration along the body column of hydra has been well 
documented [Tardent and Morgenthaler, 1966; Heimfeld and Bode, 1984b]. 
There is, however, as yet no clear evidence of the functional properties of 
the migrating cells, i.e., whether they are stem cells or differentiating pre-
cursors. The absence of such information has led to considerable speculation 
about the nature of migrating cells and their potential contribution to the 
pattern of cell differentiation. In particular, Heimfeld and Bode [1984a] have 
proposed that migrating cells include committed nerve cell precursors and 
thus that the observed pattern of nerve differentiation is the result of precur­
sor migration rather than a pattern of nerve cell commitment. 

In an attempt to investigate the role of migrating cells in nerve cell 
differentiation, Venugopal and David [1981a] labeled nerve precursors with 
3H-thymidine and then compared the pattern of newly differentiated labeled 
nerve cells along the body column in intact animals and in animals that had 
been cut into pieces immediately following labeling. If nerve precursors 
migrate between S phase and time of differentiation then the two patterns 
will not be the same. The results showed quite clearly that the pattern of 
newly differentiated nerve cells was identical in both experiments. Hence no 
redistribution (migration) of nerve precursors occurs between S phase and 
differentiation of the precursors to nerve cells. Since additional experiments 
show that commitment to nerve cell differentiation occurs in S phase [Berk-
ing, 1979; Venugopal and David, 1981b; Yaross et al., 1982; Holstein and 
David, 1986], it appears that the pattern of nerve cell differentiation repre-
sents the pattern of nerve cell commitment in uncommitted stem cells. 

The discrepancy between the above results and results indicating a contri­
bution of migrating cells to the pattern of nerve cell differentiation [Heimfeld 
and Bode, 1984a] led us to carry out another experiment to assay the 
contribution of cell populations from various positions in the body column to 
nerve cell differentiation in the head. To do this we prepared grafts in which 
various parts of body column of H. attenuata were labeled with 3H-thymidine 
(see Fig. 8) and scored the differentiation of labeled nerve cells in the head 
at defined intervals thereafter. The results in Figure 8 show that after 1 day 
all newly differentiated nerve cells in the head are derived from labeled 
precursors in the distal half; labeled precursors in the proximal half make no 
contribution to new nerve cells in the head. However, the increase in labeled 
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Fig. 8. Migration of nerve cell precursors. Hydra were labeled with 3H-thymidine (filled 
symbols) and then grafted to unlabeled hydra (open Symbols) as shown schematically. The 
head tissue was excised from grafts l and 3 days after grafting, macerated, autoradiographed, 
and scored for labeled nerve cells. A: Total number of labeled nerve cells in heads of grafted 
and control animals. B: Distal half grafted to proximal half; C: Distal one-quarter grafted to 
proximal three-quarters. 

nerve cells in heads is the same between 1 and 3 days in graft combination 
irrespective of whether the distal or proximal half is labeled. Thus, the 
precursor pool in H. attenuata must be completely mixed throughout the 
body column after about 1 day in graft combination. Grafts of the distal 
quarter to the proximal three quarters support this conclusion, since the 
increase in labeled nerve cells between 1 and 3 days is directly proportional 
to the amount of labeled tissue. Since there is no migration of precursors 
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between the times of commitment (in S phase) and differentiation [Venugopal 
and David, 1981c], the migrating population appears to consist of uncommit-
ted stem cells. 

Signals Controlling Nerve Cell Differentiation 
The striking localization of nerve cell and nematocyte differentiation 

together with the evidence that stem cell precursors are locally committed to 
nerve or nematocyte differentiation has stimulated attempts to identify endog-
enous factors that control stem cell commitment and that are localized in 
particular regions of hydra tissue. To date our efforts have concentrated on 
nerve cell commitment. To assay for committed nerve cell precursors, we 
have used the procedures outlined in Figure 9. The assays, which are 
modifications of the stem cell cloning procedure (Fig. 4), are based on the 
premise that committed nerve precursors will continue differentiation when 
removed from an environment causing nerve cell differentiation. Under such 
conditions, uncommitted cells will not differentiate nerve cells; rather, they 
will proliferate to form more stem cells. 

To assay for putative committed nerve cells, tissue was dissociated and 
the cells were transferred to a culture system consisting of reaggregated 
hydra cells (Fig. 9A). Donor tissue was labeled with 3H-thymidine to distin-
guish it from host tissue. Most of the transferred cells end up in areas of the 
aggregate that form gastric tissue during regeneration. Since gastric tissue 
does not stimulate nerve cell differentiation, any precursors that continue 

Fig. 9. Procedures for assaying committed nerve cell precursors by reaggregation (A) and 
by explanation (B). Hydra were treated with extracts or head activator and analyzed for 
committed nerve cell precursors. Before treatment open Symbols; after treatment, closed 
symbols. 
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differentiation under these conditions are defined as committed [Venugopal 
and David, 1981a; Yaross et al., 1982]. Uncommitted stem cells form clones 
under these conditions (cf. Fig. 4). 

Because the dissociation/reaggregation procedure is time consuming, we 
have also developed a simplified explantation technique that achieves the 
same effect (Fig. 9B). Tissue pieces are explanted from hydra and simply 
incubated in hydra medium. Such pieces round up and regenerate. Since 
most of the tissue in the regenerate is gastric region (as in the aggregates), 
this procedure also tests the ability of nerve cell precursors to differentiate in 
the absence of Signals stimulating nerve cell differentiation. Committed nerve 
precursors differentiate to nerve cells in such explants in about 18 hr and can 
be scored. 

To identify factors that stimulate nerve cell commitment in hydra, animals 
were treated with extracts of hydra tissue and then cells or tissue pieces were 
isolated from treated animals and incubated to permit differentiation of 
committed precursors. Figure 10B shows that methanol extracts (containing 
Peptides and low molecular weight molecules) of hydra tissue at concentra-
tions of 0.25-0.5 hydra/ml contain a factor that stimulates nerve cell differ-
entation. Further purification of this activity led to its identification as a 
peptide that had been purified previously from hydra tissue by Schaller [1973] 
on the basis of its ability to stimulate head regeneration. The peptide is called 
the head activator. Its sequence has been determined (pGlu-Pro-Pro-Gly-
Gly-Ser-Lys-Val-Ile-Leu-Phe), and synthetically prepared peptide has been 
shown to stimulate head formation [Schaller and Bodenmüller, 1981]. 

Synthetic head activator stimulates nerve cell commitment in the assay 
system at a concentration of 10"13 M (Fig. 10A). Higher concentrations are 
also effective but do not increase the yield of committed precursors. Deter­
mination of the head activator concentration in methanol extracts indicated 
that such extracts, at concentrations at which they are maximally active, also 
contain 10~13 M head activator. Thus, the activity of methanol extracts can 
be completely accounted for by their content of head activator. As expected, 
treatment of methanol extracts with anti-head-activator antibody quantita-
tively removed the differentiation stimulating activity [Holstein et al., 1986]. 

The high rate of nerve cell differentiation in head tissue (Fig. 7) and the 
ability of head activator to induce nerve differentiation (Fig. 10A) suggest 
that head activator is concentrated in head tissue and that it may be the 
endogenous signal that induces nerve differentiation in this tissue. Although 
this simple model is attractive, recent experiments indicate that it is probably 
too simple. Using a monoclonal antibody (Nv-1) it is possible to identify a 
specific subpopulation of nerve cells in tentacles (Schmidt et al., unpublished 
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Fig. 10. Stimulation of nerve cell commitment by synthetic head activator (A) and methanol 
extract (B). Hydra were treated with methanol extract or head activator for 18 hr and then 
pieces of gastric tissue explanted to hydra medium for 18 hr. Explants were macerated and 
scored for nerve cells and epithelial cells (NV/EPI). The concentration of head activator in 
methanol extract was determined by radioimmunassay [Bodenmüller and Zachmann, 1983]. 

observations). Nv-1 nerve cells are not present in the hypostome or body 
column, while there is small concentration of such cells near the basal disc. 
We have used Nv-1 to test for tentacle-specific nerve differentiation in tissue 
that was treated with head activator. Hydra were incubated with head activa­
tor and isolated pieces assayed for Nv-1-positive nerve cells using the Stan­
dard procedure shown in Figure 9B. Although increased numbers of nerve 
cells differentiate in such pieces 12 hr after isolation, none of them are Nv-1 
positive. Nv-1-positive cells appear in treated pieces after 2-3 days at about 
the same time as they appear, as a result of regeneration, in untreated control 
pieces. Thus, although head activator induces nerve cell differentiation, it is 
not the signal that determines the tentacle-specific quality of nerve cells. 
What the signal is remains unclear at present. However, it appears to be 
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associated with tentacles, since Nv-1 cells are only present in tentacles and 
not in other parts of head tissue. 

PROSPECTS FOR THE FUTURE 

Interstitial stem cells are of particular interest to developmental biologists 
because of their complicated repertoire of possible differentiation pathways 
and because of the fact that at least some of these differentiation decisions 
are controlled by positional Signals. The clear demonstration that stem cells 
in adult hydra are multipotent means that stem cell decisions (commitment 
events) for particular differentiation pathways are accessible to the experi­
menter and not hidden in the depths of early ontogeny. The fact that molec­
ular Signals, at least in the case of nerve cell commitment, have now been 
identified encourages the hope that more can be learned soon about Signals 
and signal-processing Systems involved in commitment events. Finally, the 
fact that nerve cell commitment appears to be controlled by the same posi­
tional Signals that control other features of hydra morphogenesis suggests 
that learning more about nerve cell commitment may advance our knowledge 
of positional information in hydra. 

ACKNOWLEDGMENTS 

Unpublished research reported here was supported by the Deutsche For­
schungsgemeinschaft (DA 163/1-2; Schm 510/4-1). 

REFERENCES 

Berking S (1979): Control of nerve cell formation from a multipotent stem cells in Hydra. J 
Cell Sei 40:193-205. 

Bode HR, Flick K M , Smith GS (1976): Regulation of interstitial cell differentiation in Hydra 
a t t e n u a t a . I. Homeostatic control of interstitial cell population size. J Cell Sei 20:29-46. 

Bodenmüller H , Zachmann B (1983): A radioimmunoassay for the Hydra head activator: 
FEBS 159:237-240. 

Bosch TCG, David C N (1984): Growth regulation in //ydra:Relationship between epithelial 
cell cycle length and growth rate. Dev Biol 106:161-171. 

Bosch TCG, David C N (1986a):All stem cells of Hydra m a g n i p a p i l l a t a can differentiate 
somatic cells and germ line cells. Dev Biol (in press). 

Bosch TCG, David C N (1986b): Male and female stem cells and the sex of hydra polyps. 
Proc Natl Acad Sei USA (in press). 

Campbell RD, David C N (1974): Cell cycle kinetics and development of Hydra a t t e n u a t a . II. 
Interstitial cells. J Cell Sei 16:349-358. 

David CN (1973): A quantitative method for maceration of hydra tissue. Wilhelm Roux Aren 
171:259-268. 



Interstitial Stem Cells 407 

David C N , Campbell RD (1972): Cell cycle kinetics and development of Hydra a t t e n u a t a . I. 
Epithelial cells. Cell Sei 11:557-568. 

David C N , Challoner D (1974): Distribution of interstitial cells and differentiating nemato­
cytes in nests in Hydra a t t e n u a t a . Am Zool 14:537-542. 

David C N , Gierer A (1974): Cell cycle kinetics and development of Hydra a t t e n u a t a . III. 
Nerve and nematocyte differentiation. J Cell Sei 16:359-375. 

David C N , MacWilliams HK (1978): Regulation of the self-renewal probability in hydra stem 
cell clones. Proc Natl Acad Sei USA 75:886. 

David C N , Murphy S (1977): Characterization of interstitial stem cells in hydra by cloning. 
Dev Biol 58:372-383. 

Diehl F, Burnett A L (1964): The role of interstitial cells in the maintenance of hydra. I. 
Specific destruetion of interstitial cells in normal, sexual and non-budding animals. J Exp 
Zool 155:253-259. 

Heimfeld S (1985): Growth regulation of the interstitial cell population in Hydra. II. A new 
mechanism for the homeostatic recovery of reduced interstitial cell populations. Dev Biol 
111. 499-509. 

Heimfeld S, Bode HR (1984a): Interstitial cell migration in Hydra a t t e n u a t a . II. Selective 
migration of nerve cell precursors as the basis for position-dependent nerve cell differen­
tiation. Dev Biol 105:10-17. 

Heimfeld S, Bode HR (1984b): Interstitial cell migration in Hydra a t t e n u a t a . I. Quantitative 
description of cell movements. Dev Biol 105:1-9. 

Holstein T, David CN (1986): The properties of nerve cell precursors. Dev. Biol 115:18-31. 
Holstein T, Schaller HC, David CN (1986): Nerve cell differentiation in hydra requires two 

Signals. Dev Biol 115:9-17. 
Lehn H (1951): Teilungsfolgen und Determination von I-Zellen für die Cnidenbildung bei 

H y d r a . Z Naturforsch 66:388-391. 
Littlefield C L (1984): The interstitial cells control the sexual phenotype of heterosexual 

chimaeras in hydra. Dev Biol 102:425-432. 
Littlefield C L (1985): Germ cells in Hydra o l i g a c t i s males: Isolation of a subpopulation of 

interstitial cells that is developmentally restricted to sperm produetion. Dev Biol 112:185-
193. 

Littlefield C L (1986): Sex determination in hydra: Control by a subpopulation of interstitial 
cells in Hydra o b l i g a c t i s males. Dev Biol 117:428-434. 

Littlefield C L , Bode HR (1986): Germ cells in Hydra o l i g a c t i s males. II. evidence for a 
subpopulation of interstitial stem cells whose differentiation is limited to sperm produetion. 
Dev Biol 116:381-386. 

Littlefield C L , Dünne JF, Bode HR (1985): Spermatogenesis in Hydra o l i g a c t i s I. Morpholog-
ical description and characterization using a monoclonal antibody specific for cells of the 
spermatogenic pathway. Dev Biol 110:308-320. 

Munck A , David CN (1985): Cell proliferation and differentiation kinetics during spermato­
genesis in Hydra c a r n e a . Roux Arch Dev Biol 194:247-256. 

Rieh F, Tardent P (1969). Untersuchung zur Nematozyten-Differenzierung bei Hydra a t t e n u ­
a t a . Rev Suisse Zool 76:779-789. 

Schmidt T, David C N (1986): Gland cells in Hydra: Cell cycle kinetics and development. J 
Cell Sei 85:197-215. 

Schaller HC (1973): Isolation and characterization of a low molecular weight substance 
activating head and bud formation in Hydra. J Embryol Exp Morphol 29:27-38. 

Schaller HC, Bodenmüller H (1981): Isolation and amino acid sequence of a morphogenetic 
peptide from hydra. Proc Natl Acad Sei USA 78:7000;7004. 



408 David et al. 

Slautterback DB, Fawcett DW (1959): The development of the cnidoblasts of hydra. An 
electron microscope study of cell differentiation. J Biophys Biochem Cytol 5:441-452. 

Smid I, Tardent P (1984): Migration of interstitial cells from ectoderm to endoderm in Hydra 
a t t e n u a t a (Cnidaria, Hydrozoa) and their subsequent differentiation. Dev Biol 106:469-
477. 

Smid I, Tardent P (1986): The potentialities of endodermal interstitial cells in Hydra a t t e n u a t a . 
Dev Biol 117:672-675. 

Sproull F, David CN (1979a): Stem cell growth and differentiation in Hydra a t t e n u a t a I. 
Regulation of the self-renewal probability in multiclone aggregates. J Cell Sei 38:155-169. 

Sproull F, David CN (1979b): Stem cell growth and differentiation in Hydra a t t e n u a t a II. 
Regulation of nerve and nematocyte differentiation in multiclone aggregates. J Cell Sei 
38:171-179. 

Sugiyama T, Fujisawa T (1978): Genetic analysis of developmental mechanisms in hydra. II. 
Isolation and characterization of an interstitial cell-deficient strain. J Cell Sei 29:35-52. 

Sugiyama T, Sugimoto N (1985): Genetic analysis of development mechanics in hydra. XI. 
Mechanisms of sex reversal by heterosexual parabiosis. Dev Biol 110:413-421. 

Tardent P, Morgenthaler U (1966): Autoradiographische Untersuchungen zum Problem der 
Zellwanderungen bei Hydra a t t e n u a t a . Rev Suisse Zool 73:468-480. 

Venugopal G, David CN (1981a): Nerve Commitment in Hydra. I. Role of morphogenetic 
Signals. Dev Biol 83:353-360. 

Venugopal G, David CN (1981b): Nerve commitment in Hydra. II. Localization of commit­
ment in S phase. Dev Biol 83:361-365. 

Venugopal G, David C N (1981c): Spatial pattern of nerve differentiation in Hydra is due to a 
pattern of nerve commitment. Dev Biol 83:366-369. 

Yaross MS, Baca BA, Chow M H , Bode HR (1982): Commitment of hydra interstitial cells to 
nerve cell differentiation occurs late in S-phase. Dev Biol 89:425-436. 

Zihler J (1972): Zur Gametogenese und Befruchtungsbiologie von Hydra. Roux Arch Dev 
Biol 169:239-267. 



I n d e x 

a cells, Saccharomyces c e r e v i s i a e , 84-100, 
104, 183 

Ablation effect, cell fate determination, leech 
embryos, 280-281 

Abscisins, 331 
a/a cells, Saccharomyces c e r e v i s i a e , 84-88, 

90, 97, 104, 183 
N-Acetylglucosaminidase, timing regulation, 

D i c t y o s t e l i u m d i s c o i d e u m , 303 
Actin 

cell type regulation, D i c t y o s t e l i u m d i s c o i ­
deum, 208-209 

5c promoter, cf.flz promoter region, 
D r o s o p h i l a cells, 4, 8 

Activator, qa gene Cluster regulation, Neuro-
spora c r a s s a , 13, 14, 17, 22-30 

Adaptation period, cAMP-regulated develop­
mental gene expression, D i c t y o s t e l i u m 
d i s c o i d e u m , 34, 38 

Adenosine, cAMP-regulated developmental 
gene expression, D i c t y o s t e l i u m d i s c o i ­
deum, 44 

Adenylate cyclase, cAMP-regulated develop­
mental gene expression, D i c t y o s t e l i u m 
d i s c o i d e u m , 33, 38, 41, 43, 44, 53-56 

caffeine inhibition, 38, 39, 41, 43, 44, 
53,56 

Adhesion. See Cell recognition and adhesion, 
D r o s o p h i l a m e l a n o g a s t e r ; Gastrula-
tion, sea urchin, cell adhesion and cell 
recognition during 

Adhesion, developmentally regulated, D i c ­
t y o s t e l i u m , 129-137 

D . d i s c o i d e u m , 130-135 
discoidin I, cell-substratum adhesion, 

129-133, 136 
discoidin II and spore coat formation, 130 

antisense transformants, 132-133 
cf. fibronectin, 130-131 
multilamellar bodies, 130 

glycoproteins, 129, 130, 133-137 

antibodies, 133-134, 137 
contact sites A, 133, 135 
cf. D . p u r p u r e u m p -CAM, 135-137 

cf. Polysphondilium p a l l i d u m , 133-134 
Aggregation, timing regulation, D i c t y o s t e ­

l i u m d i s c o i d e u m , 289, 292, 293, 295, 
305-307, 312, 315, 320 

a-Amanitin, 8 
Animal pole, sea urchin gastrulation, 116, 

122 
A n t e n n a p e d i a (Antp) locus, 3 
Anti-BrdU mAbs, D r o s o p h i l a imaginal discs, 

growth and cell proliferation, 341, 
342, 345 

Antigens, sea urchin gastrulation, 121-126 
Antisense transformants, discoidin I, cell-

substratum adhesion, D i c t y o s t e l i u m , 
132-133 

A r a b i d o p i s t h a l i a n a molecular genetics and 
development, 327-337 

developmentally regulated genes, 
329-332 

B r a s s i c a napus 12S seed storage pro­
tein, 330-332 

RNA probes, 330-331 
Ti-plasmid-mediated transformation, 

331, 336 
genome, 327-329 

little repetitive DNA, 328-329 
small, 327-328 

morphogenesis, flower, 332-336 
mutants, 332, 334, 335 
mutants, homeotic, 332, 335 
RFLP mapping, 335-336 

A r b a c i a p u n c t u l a t a , gastrulation, cell adhe­
sion and recognition, 121 

Archenteron, invagination, sea urchin gastru­
lation, 119-123 

Ascospores, A s p e r g i l l u s n i d u l a n s develop­
ment, 64, 65, 67 

Asexual budding, hydra, 390 

409 



410 Index 

A s p e r g i l l u s , 13 
n i d u l a n s , 2 9 

A s p e r g i l l u s n i d u l a n s development, molecular 
genetics, 63-80 

ascospores, 64, 65, 67 
cleistothecia, 64, 65 
conidia, 63, 65-66 

infection, 66 
pigment, 65, 68 

conidiophore development, 64-71,73 
auxiliary genes, 68 
conidiation, 69-71, 73 
mutations, 67-68 
cf. N e u r o s p o r a c r a s s a , 65 
spore-specific genes, nonrandom, 

70-71 
Strategie genes, 67 

DNA-mediated transformation, 63, 73-80 
cloning genes by complementation of 

mutations, 77-79 
gene activity, measurements, 79-80 
gene disruption and gene replacement, 

75-76 
gene mapping, 76-77 
gene relocation, 77 
markers, 73-74 
N e u r o s p o r a c r a s s a genes, 73-75 
transformation events, 74-75 

genome Organization, 63-64 
haploidization of diploid strains, 63, 76 
homothallicity, 64, 67 
RNA, poly(A) + , 64, 69, 70-73 
mRNAs, 64, 69, 70, 71, 79 
SpoCl gene Cluster, strueture and expres­

sion, 71-73, 77 
Asymmetry, Saccharomyces c e r e v i s i a e , cell 

type and lineage control, 89, 90, 96-
98, 101-102, 104; see a l s o Pattern en-
t r i e s ; Position/positional 

AT-rich domain, TATA-like funetion, Ubx 
promoter region, D r o s o p h i l a , 5, 10 

B factor,yfc promoter region, D r o s o p h i l a , 4 
b i c a u d a l mutations, D r o s o p h i l a , 241 
b i t h o r a x , cell recognition and adhesion, D r o ­

s o p h i l a m e l a n o g a s t e r , 149, 161 
Blast cell lines, kinship groups, leech em-

bryos, 267, 270-271, 277 

Blastema, regeneration, Drosophila imaginal 
discs, 345-346 

Blastocoel, sea urchin gastrulation, cell adhe­
sion and recognition, 114-115 

Blastomeres, early, cell fate determination, 
leech embryos, 266 

B l e p h a r i s m a , 229 
B r a s s i c a napus 12S seed storage protein, 

330-332 
BrdU, mAbs to, D r o s o p h i l a imaginal discs, 

341, 342, 345 
Büdding, asexual, hydra, interstitial stem 

cells, 390 

C a e n o r h a b d i t i s elegans, 276 
mutants, heterochronic, 287 
see a l s o X chromosome expression, Cae­

n o r h a b d i t i s elegans embryos 
Caffeine and adenylate cyclase, 38, 39, 41, 

43, 44, 53, 56 
Calcium. See Calmodulin, Saccharomyces 

c e r e v i s i a e 
Calmodulin, Saccharomyces c e r e v i s i a e , 

373-386 
amino acid sequence, 377-379 
and Ca 2 + , 373-376, 378, 380, 381, 385 

response to mating pheromones, 375 
-sensitive mutants, 375 

cAMP, 374 
fluphenazine inhibition, 380, 384, 385 
gene, 375-376, 381-385 

DNA-mediated transformation, 
382-383 

nucleotide sequence, 378 
restriction map, 381-382 

and growth, 382-384 
predicted secondary strueture, 380 
purification, 376-377 
target proteins, 374 

C A M (cell adhesion molecule) 
gp80, cell type regulation, Dictyostelium 

d i s c o i d e u m , 213; see a l s o Glyco-
protein 80 (gp80), Dictyostelium 

N - , 137 
p-, D i c t y o s t e l i u m p u r p u r e u m , 135-137 

Candida a l b i c a n s , heterochrony, 287, 303, 
304, 320 

Carbon source competition, qa gene Cluster 
regulation, N e u r o s p o r a c r a s s a , 18 
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Cassettes, cAMP-regulated developmental 
gene expression, D i c t y o s t e l i u m d i s c o i ­
deum, 45, 46, 48-49 

Cell 
a-, Saccharomyces c e r e v i s i a e , 84-88, 

90-93, 96-98, 100, 104, 183 
adhesion. See Adhesion, developmentally 

regulated, D i c t y o s t e l i u m ; C A M 
(cell adhesion molecule); Cell rec­
ognition and adhesion, D r o s o p h i l a 
m e l a n o g a s t e r ; Gastrulation, sea 
urchin, cell adhesion and cell rec­
ognition during 

-cell association, preaggregative period, 
timing regulation, D i c t y o s t e l i u m 
d i s c o i d e u m , 297-298 

circumference, Organization around, pat­
tern reversal, Tetrahymena t h e r -
m o p h i l a , 221-223, 234-239 

concentration, hydra interstitial stem 
cells, 397-398 

cycle 
G2 phase, D r o s o p h i l a imaginal discs, 

growth and cell proliferation, 
340 

hydra, interstitial stem cells, 396-399 
Saccharomyces c e r e v i s i a e , cell type 

and lineage control, 103-105 
S/G2 phase, Saccharomyces c e r e v i s i a e 

H O regulation, 98-99 
fusion, p l u s and m i n u s gametes, C h l a m -

ydomonas, genetic regulation of 
development, 173-179, 182-184 

lineage 
cell fate determination, leech em­

bryos, 268-278 
independent, hydra interstitial stem 

cells, 389-390 
see a l s o Cell type and lineage control, 

Saccharomyces c e r e v i s i a e 
proliferation. See D r o s o p h i l a imaginal 

discs, growth and cell prolifera­
tion, genetics 

Cell fate determination, early events, H e l o b -
della t r i s e r i a l i s (leech) embryos, 
265-283 

cell lineage, 268-278 
kinship groups and blast cell lines, 

267, 270-271, 277 

embryogenesis, summarized, 266-269, 
282 

diagram, 268-269 
early blastomeres, 266 

fate determination in an equivalence 
group, 272-281 

ablation effect, 280-281 
mechanisms of unequal cell division, 

273-274 
D N A , 273 
polyA injection, 224-225, 282 

segregation of developmental potential 
during cleavage, 267, 269-273 

centrifugation, 272 
cytoplasmic factors, 271 
teloplasm, 267, 269 
yolk, 271, 272 

segmentation and regulation of stem cell 
divisions, 275-278 

grandparental iteration, 276 
NS/NF temporal flip-flop, 277-278 
syncytial feedback model, 277, 278, 

283 
TTP, 276 

Cell recognition and adhesion, D r o s o p h i l a 
m e l a n o g a s t e r , 141-166 

b i t h o r a x , 149, 161 
disc to embryo cell recognition, 159-164 

embryo-embryo binding, 163-165 
T E M , 162-163 

embryos, 141, 143 
imaginal disc, 141-144, 146-147 
imaginal disc cells, binding interactions, 

149-159 
cell binding mechanisms, 150-153 
cell competition, 156 
pattern- vs. compartment-specific af-

finities, 153, 156 
position-specific antigens, 157, 158 
preferential binding between wing and 

leg cells, 156-159, 164 
preferential binding within wing, 

153-156, 164 
zone of nonproliferating cells, 156, 

158, 159 
in situ hybridization, 141, 142 
metamorphosis, 158 
molting hormone ecdysone (20-hydrox-

yecdysone), 146 
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sortingout, 143-149, 155, 164 
controversy, 144-145 
equilibrium configuration, 147 
general vs. specific adhesivity, 146 
previous work, 143-146 

temperature-sensitive succinate D H 8 

(sdh*) marker, 147-149 
Cell type and lineage control, Saccharomyces 

c e r e v i s i a e , 83-105 
a cells, 84-93, 96-98, 100, 104, 183 
a/a cells, 84-88, 90, 97, 104, 183 
a-cells, 84-88, 90-93, 96-98, 100, 104, 

183 
combinatorial control of gene expression, 

99-104 
cell cycle, 103-105 
segregation models, 102-103 

control of cell type, 85-86 
expression of cell-type-specific gene sets, 

85 
H O , 85, 86, 88, 89 
H O regulation, 90-105 

ris-acting elements, 96, 104 
negative control pathways, 96-98 
promoter elements, 91-92 
S/G 2 cell phase, 98-99 
TATA, 90, 92 
t r a n s - a c i i n g regulators, 91-96, 104 
upstream activation sequence, 91, 92, 

94, 97, 100 
upstream regulatory sequence, 91, 94, 

95, 98, 101 
and life cycle, 84-88 
MAT, 84-90, 92, 93, 100, 104, 173, 183 

interconversion, 88-90, 96, 97 
transcription activator, 86, 87 

mating type pheromones, a-factor and a 
factor, 87-90, 99 

R M E , 85, 86, 88, 92, 181, 182 
SIN, 92,94-101, 103-105 
START (of cell cycle), 87, 89, 90, 92, 

98, 99, 103, 104 
STE, 85, 92, 100 
SW1, 92-105 
switching pedigrees, 88-90 

asymmetry, 89, 90, 96,97-98, 
101-102, 104 

directionality, 90 

in pairs, 89-90 
Cell type regulation, D i c t y o s t e l i u m d i s c o i ­

deum, 201-215 
cAMP, 204, 211-213, 215 
cell-cell interaction at culmination, 

203-204 
cell-type-regulated genes, 204-209 

actin, 208-209 
E . c o l i , 205, 208 
prespore markers, 205-209, 214, 215 
prestalk markers, 207-209, 214 
r a s gene, 208 
mRNA, 206-209 

effectors, 210-212 
gp 80 C A M , 213 
homeotic mutations, 202-203, 214 
N H 3 , 213, 215 
pattern formation, 209-210 

sorting out, 209-210 
position-determined divergence, 210-211, 

215 
SEM, 206, 211 
SP96 RNA, 213-214 
terminally differentiated cell types, 

201-202, 204 
fruiting body, 201,202 

UDPG pyrophosphorylase, 213 
Chemotaxis, D i c t y o s t e l i u m d i s c o i d e u m , 

33,38, 289, 291, 292, 313, 314 
Chimera constmction, hydra head inhibi-

tion,251-252, 257 
C h l a m y d o m o n a s , genetic regulation of devel­

opment, 171-184 
C. eugametos, 173 
C. m o e w u s i i , 173 
C. m o n o i c a , 180 
C. r e i n h a r d t i i , 173, 180, 181, 378-379 
C. s m i t h i i , 180, 181 
cDNA, 172, 180, 181, 183 
gam (temperature-sensitive mutations), 

174, 178, 179 
gene expression models, 177, 181 
heterothallic strains, 179, 180 
impotent (imp) genes, 174, 176, 178, 179, 

182 
life cycle, 171-174 

gametogenesis, 172-173 
Zygote germination, 173-174 
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mating type locus (mt), 172-179, 181-184 
m i n u s dominance, 176, 178 
nitrogen starvation, 171-173 
p l u s and m i n u s gametes, cell fusion, 

173- 179, 182-184 
RFLPs, 172, 180-181 
mRNA, 172, 180, 182 
sexual adhesion, genes Controlling {sad), 

174- 175, 178, 179 
and sexual agglutination (sag), 174-

175,178 
sexual fusion, genes Controlling, 178, 179 
uniparental inheritance, chloroplast 

genes, 183-184 
Zygote maturation, 179-183 

Chloroplast gene, uniparental inheritance, 
C h l a m y d o m o n a s , 183-184 

Chromosomal map, D r o s o h p h i l a 10B, 357; 
see a l s o X chromosome expression, 
C a e n o r h a b d i t i s elegans 

Ciliates, 171, 219, 227, 229, 240-241; see 
a l s o specific species 

Circumference, cell Organization around, 
pattern reversal, Tetrahymena t h e r m o -
p h i l a , 221-223, 234-239 

G's-acting elements 
D i c t y o s t e l i u m d i s c o i d e u m , 35, 44-50, 

56-57 
Saccharomyces c e r e v i s i a e , 96, 104 

Cleistothecia, 64, 65 
Clonal cylinder model, pattern reversal, Te­

t r a h y m e n a t h e r m o p h i l a , 219, 220, 221 
Organization around circumference, 

221-223 
CMF factor, 40, 41 
Codons, qa gene Cluster regulation, Neuro­

spora c r a s s a , 19-20 
Collagen, sea urchin gastrulation, cell adhe­

sion and recognition, 125-126 
Compartment- vs. pattern-specific affinities, 

D r o s o h p i l a imaginal disc cells, bind­
ing interactions, 153 

Competition, cell, D r o s o p h i l a imaginal disc 
cells, 156 

Conidia, conidiation, conidiophore.See As­
p e r g i l l u s n i d u l a n s development, mo­
lecular genetics 

Contact sites A (EDTA-resistant cohesive-
ness), D i c t y o s t e l i u m 

developmentally regulated adhesion, 133, 
135 

erasure-defective mutant isolation, 
313-315, 320, 321 

forward program, 292, 294 
parallel forward and reverse programs, 

315-318 
Contractile vacuole pores, pattern reversal, 

Tetrahymena t h e r m o p h i l a , 220-228, 
230, 233, 235, 238-240 

Conversion-extension hypothesis, sea urchin 
gastrulation, cell adhesion and recog­
nition, 120-121 

Culmination, D i c t y o s t e l i u m d i s c o i d e u m , 34, 
305 

Cyclic AMP 
D i c t y o s t e l i u m d i s c o i d e u m 

cell type regulation, 204, 211-213, 
215 

dedifferentiation, 306, 308-315, 320 
preaggregative period, timing regula­

tion, 294, 295, 297, 298 
timing regulation, cell-surface recep-

tors, 292, 321 
timing regulation, forward program, 

289-290, 292, 294, 319 
Saccharomyces c e r e v i s i a e , and calmodu­

lin, 374 
Cyclic AMP-regulated developmental gene 

expression, D i c t y o s t e l i u m d i s c o i d e u m , 
33-57 

adaptation period, 34,38 
adenosine, 44 
adenylate cyclase, 33, 38, 41, 43, 44, 53, 

56 
caffeine inhibition, 38, 39, 41, 43, 44, 

53, 56 
cAMP 

-dependent protein kinase, 41, 46 
jPhosphodiesterase, 33-35 

cAMP receptor, cell-surface, 33, 34, 36, 
38,41,43,44, 53-56 

phosphorylation, 34, 38 
signal transduction system, 34, 43, 

54-57 
and cGMP, 34 
Chemotaxis, 33, 38 
m-acting regulatory regions, 35, 

44-50,56-57 
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cap site, 45, 47, 50 
cassettes, 45, 46, 48, 49 
D d - r a s , 35, 44-50, 56-57 
G box, 45, 47, 49, 52, 53, 56-57 
gene fusion with E . coli ß-glucuroni-

dase, 45-51 
palindromic sequences, 45-47, 52, 

56-57 
p s t - c a t h , 35, 41, 43-53, 56-57 

contact sites A, 33, 55 
culmination period, 34 
DNA-binding proteins, 35, 50-53 
cDNA clones, 34, 35, 39, 50 
DNase I footprinting, 35, 53 
guanylate cyclase, 36, 55 
life cycle, 33 
post-aggregation (late, cell-type specific) 

genes, 33, 34, 39-45, 55-56 
cAMP analogs, 39-44, 56 
C M F factor, 40-41 

preaggregation (early) genes, 33-39, 
53-55 

class I (pulse-repressed) and class II 
(pulse-induced), 34, 36, 38, 
53, 55 

discoidin I gene family, 35-36, 53, 54 
mRNAs, 35-36, 39, 40, 43, 44, 54 
frarts-acting regulatory proteins, 49-53, 

56-57 
Cyclic GMP and developmental gene expres­

sion, D i c t y o s t e l i u m d i s c o i d e u m , 34 
Cysteine proteases, cell type regulation, D i c ­

t y o s t e l i u m d i s c o i d e u m , 207 
Cytotaxis, pattern reversal, Tetrahymena 

t h e r m o p h i l a , 220 

D a s h oncogene homologs, D r o s o p h i l a ima­
ginal discs, 359-361 

D d - r a s , cAMP-regulated developmental gene 
expression, D i c t y o s t e l i u m d i s c o i d e u m , 
35, 44-50, 56-57 

d e c a p e n t a p l e g i c gene complex, D r o s o p h i l a 
imaginal discs, growth factor homo­
logs, 354, 363-365 

Dedifferentiation. See u n d e r Timing regula­
tion, forward and reverse programs, 
D i c t y o s t e l i u m d i s c o i d e u m 

Deletions 
fiz promoter region, D r o s o p h i l a , 8-11 

and transcription, 5 
Ubx promoter region, D r o s o p h i l a , tran­

scription effects, 5, 8, 10, 11 
D e n d r a s t e r e x c e n t r i c u s gastrulation, cell 

adhesion and recognition, 117 
D i c t y o s t e l i u m , 124, 142 

d i s c o i d e u m , calmodulin, cf. Saccharomy­
ces c e r e v i s i a e , 378-379 

see a l s o Adhesion, developmentally regu­
lated, Dictyostelium-, Cell type 
regulation, D i c t y o s t e l i u m d i s c o i ­
deum; Cyclic AMP-regulated de­
velopmental gene expression, 
D i c t y o s t e l i u m d i s c o i d e u m ; Timing 
regulation, forward and reverse 
programs, D i c t y o s t e l i u m 
d i s c o i d e u m 

Directionality, Saccharomyces c e r e v i s i a e , 
cell type and lineage control, 90 

Discoidin, D i c t y o s t e l i u m 
I, 129-133, 136 

gene family, 35-36, 53, 54 
II, 130 

Divergence, position-determined, cell type 
regulation, D i c t y o s t e l i u m d i s c o i d e u m , 
210-211,215 

DMSO, gap junction closure, hydra head In­
hibition, 253, 254, 258 

DNA 
-binding proteins 

cAMP-regulated developmental gene 
expression, D i c t y o s t e l i u m dis­
c o i d e u m , 35, 50-53 

fiz promoter region, D r o s o p h i l a , 4, 5, 
11 

qa gene Cluster regulation, Neuro­
spora c r a s s a , 20-22 

Ubx promoter region, D r o s o p h i l a , 4, 
11 

cell fate determination, leech embryos, 
273 

-mediated transformation, calmodulin, 
Saccharomyces c e r e v i s i a e , 
382-383; see a l s o u n d e r Aspergil­
l u s n i d u l a n s development, molecu­
lar genetics 

nuclear, hydra interstitial stem cells, 398, 
399 
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repetitive, A r a b i d o p i s t h a l i a n a , 328-329 
synthesis, D r o s o p h i l a imaginal discs, 

growth and cell proliferation, 341 
cDNA 

cAMP-regulated developmental gene 
expression, D i c t y o s t e l i u m d i s c o i ­
deum, 34, 35, 39, 50 

C h l a m y d o m o n a s , genetic regulation of 
development, 172, 180, 181, 183 

DNase I footprinting 
cAMP-regulated developmental gene 

expression, D i c t y o s t e l i u m d i s c o i ­
deum, 35, 53 

fiz promoter region, D r o s o p h i l a , 4-6, 11 
qa gene Cluster regulation, Neurospora 

c r a s s a , 24-27 
Ubx promoter region, D r o s o p h i l a , 4-5, 

7, 11 
Dosage compensation, X chromosome 

expression, C a e n o r h a b d i t i s elegans, 
191, 194, 196 

cf. D r o s o p h i l a , 191, 195 
dpy mutations, C a e n o r h a b d i t i s elegans, 193— 

195, 197-198 
D r a s oncogene homologs, D r o s o p h i l a ima­

ginal discs, 359-361 
D r o s o p h i l a , 282, 283, 329 

b i c a u d a l mutations, 241 
e n g r a i l e d locus, 86, 142 
homeobox, 86 
cf. Tetrahymena t h e r m o p h i l a j a n u s mu­

tant, 226, 241 
X chromosome expression, dosage com­

pensation, cf. C a e n o r h a b d i t i s e l e ­
gans, 191, 195 

see a l s o Cell recognition and adhesion, 
D r o s o p h i l a m e l a n o g a s t e r , u l t r a b i -
t h o r a x (Ubx) promoter region, 
D r o s o p h i l a cells 

D r o s o p h i l a imaginal discs, growth and cell 
proliferation, genetics, 339-367 

anti-BrdU mAbs, 341, 342, 345 
chromosomal map, 10B, 357 
D . m e l a n o g a s t e r , 352, 360 
growth factor homologs, 360, 362-366 

listed, 360 
mutations, cell-proliferation control, 

346-349 

acceleration, 347-348 
pattern alteration, 348-349 
premature termination, 348 
prevention and slowing, 347 

mutations, cell proliferation-preventing, 
349-358 

epithelial overgrowth, 349-354 
floppy disc, 354 
nonepithelial (tumorous) outgrowth, 

355-358 
normal growth, 340, 341 
oncogene homologs and growth control, 

359-362 
kinase activity, 359 
listed, 360 

reactivation of cell proliferation during 
regeneration, 342-346 

blastema, 345-346 
positional information, 343-344 

temperature, 348, 354, 355 
termination of cell proliferation, 340-342 

D s r c oncogene homolog, Drosophila ima­
ginal discs, 359-361 

Dumpy (dpy) mutations, C a e n o r h a b d i t i s e l e ­
gans, 193-195, 197-198 

Early (preaggregation) genes, cAMP-regu­
lated developmental gene expression, 
D i c t y o s t e l i u m d i s c o i d e u m , 33-39, 
53-55 

Ecdysone, D r o s o p h i l a m e l a n o g a s t e r , 146 
EDTA-resistant cohesiveness. See Contact 

sites A (EDTA-resistant cohesive­
ness), D i c t y o s t e l i u m 

Effectors, cell type regulation, D i c t y o s t e l i u m 
d i s c o i d e u m , 210-212 

EGF homologs, D r o s o p h i l a imaginal discs, 
360 

Electron microscopy 
cell recognition and adhesion, D r o s o p h i l a 

m e l a n o g a s t e r , disc to embryo, 
162-163 

cell type regulation, D i c t y o s t e l i u m d i s c o i ­
deum, 206, 211 

Electrophoresis, 2D-PAGE, D i c t y o s t e l i u m 
d i s c o i d e u m 

preaggregative period, timing regulation, 
295-297 

timing regulation, 300-302 



416 Index 

Elongation, sea urchin gastrulation, 121-123 
Embryos, cell recognition and adhesion, 

D r o s o p h i l a m e l a n o g a s t e r , 141, 143 
embryo-disc recognition, 159-164 
embryo-embryo cell binding, 163-165 
see a l s o Cell fate determination, early 

events, H e l o b d e l l a t r i s e r i a l i s 
(leech) embryos 

Endoderm, sea urchin gastrulation, cell adhe­
sion and recognition, 120-122 

e n g r a i l e d locus, D r o s o p h i l a m e l a n o g a s t e r , 
86,142 

Epithelia/epithelial 
hydra head inhibition, gap junction role, 

250-252, 258 
overgrowth, D r o s o p h i l a cell-prolifera-

tion-preventing mutations, 
349-354 

listed, 352 
Erasure. See u n d e r Timing regulation, for­

ward and reverse programs, D i c t y o s ­
t e l i u m d i s c o i d e u m 

e r b B oncogene homologs, D r o s o p h i l a ima­
ginal discs, 359-361 

E s c h e r i c h i a c o l i , 24, 77-80, 90, 205, 208 
l a c Z gene, 79-80, 92, 94-95, 97 

E u p l o t e s , 227 
Evolution, 219, 240-241, 265 

Fibronectin cf. discoidin I, cell-substratum 
adhesion, D i c t y o s t e l i u m , 130-131 

Flower morphogenesis, A r a b i d o p i s t h a l i a n a , 
332-336 

mutants, 332, 334, 335 
homeotic, 332, 335 

RFLP mapping, 335-336 
Fluphenazine inhibition, calmodulin, Saccha­

romyces c e r e v i s i a e , 380, 384, 385 
Forward programs. See Timing regulation, 

forward and reverse programs, D i c ­
t y o s t e l i u m d i s c o i d e u m 

Footprinting. See DNase I footprinting 
Fruiting body 

A s p e r g i l l u s n i d u l a n s development, 64-65 
cell type regulation, D i c t y o s t e l i u m d i s c o i ­

deum, 201, 202 
fiz. See f u s h i t a r a z a (fiz) gene promoter re­

gion, D r o s o p h i l a cells 

f u s h i t a r a z a (fiz) gene promoter region, D r o ­
s o p h i l a Kf. cells, 3-12 

cf. actin 5C and hsp 70 promoters, 4, 8 
B factor, 4 
DNA-binding proteins, sequence-specific, 

4, 5, 11 
DNase I footprint analysis and competi-

tion experiments, 4-6, 11 
effects of promoter deletions on transcrip-

tion, 5, 8-11 
RNA Polymerase II transcription, 8 
segmentation gene, 3, 5 
TATA boxes, 4, 10 
transcriptional control, 3, 11 

Gametes 
male and female, hydra, interstitial stem 

cells, 393, 398 
p l u s and m i n u s , cell fusion, C h l a m y d o m o -

nas, 173-179, 182-184 
Gametogenesis, C h l a m y d o m o n a s , 172-173 
gam (temperature-sensitive mutations), 

C h l a m y d o m o n a s , 174, 178, 179 
Gap junction, nonepithelial (tumorous) out-

growth, D r o s o p h i l a , 358; see a l s o 
Hydra head inhibition, gap junction 
involvement 

Gastrulation, sea urchin, cell adhesion and 
cell recognition during, 111-126 

adhesion molecules, 112, 121 
antigens, 121-126 

animal pole, 116, 122 
A r b a c i a p u n c t u l a t a , 121 
blastocoel, 114, 115 
cell aggregation, 111-112, 124 
D e n d r a s t e r e x c e n t r i c u s , 117 
expression of morphogenetic determi-

nants, 124-126 
collagen, 125-126 

cf. insect, 125, 126 
invagination of archenteron, 119-123 

conversion-extension hypothesis, 
120-121 

elongation, 121-123 
endoderm, 120-122 

L y t e c h i n u s v a r i e g a t u s , 121 
mAbs, 117-118, 121, 125 
primary mesenchyme cell (PMC) 

ingression, 112-114 
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movements, 114-119 
transplantation experiments, 114-116 

skeleton synthesis, 114-115, 117 
spiculogenesis, 118-119 
stomodaem formation, 123-124 
vegetal plate, 119-122 
vegetal pole, 115-118, 120 

G box, D i c t y o s t e l i u m d i s c o i d e u m gene regu­
lation, 45, 47, 49, 52-53, 56-57 

Gene disruption/displacement, A s p e r g i l l u s 
n i d u l a n s , 75-76 

Gene expression 
combinatorial control, Saccharomyces 

c e r e v i s i a e , cell type and lineage 
control, 99-104 

cell cycle, 103-105 
segregation models, 102-103 

see a l s o Cyclic AMP-regulated develop­
mental gene expression, D i c t y o s t e ­
l i u m d i s c o i d e u m ' , mRNA 

Gene fusion, cAMP-regulated developmental 
gene expression, D i c t y o s t e l i u m d i s c o i ­
deum, 45-51 

Gene mapping, A s p e r g i l l u s n i d u l a n s , 76-77 
Gene relocation, A s p e r g i l l u s n i d u l a n s , 1 1 
Geometrical mutations. See Pattern reversal, 

intracellular, Tetrahymena t h e r m o ­
p h i l a oral structures 

Gland cells, hydra, 389, 390, 393, 396 
Glossiphoniidae, 266,267 
Glycoprotein 80 (gp80), D i c t y o s t e l i u m 

cell type regulation, 213 
dedifferentiation-erasure-defective mu­

tant Isolation, 313, 315, 321 
developmentally regulated adhesion, 129, 

130, 133-137 
forward program, 292 
parallel forward and reverse programs, 

315-318 
Grandparental iteration, cell fate determina­

tion, leech embryos, 276 
Great Separation, 219 
Guanylate cyclase, developmental gene 

expression, D i c t y o s t e l i u m d i s c o i d e u m , 
36, 55 

Haploidization, diploid strains, A s p e r g i l l u s 
n i d u l a n s , 63, 76 

Head. See Hydra head inhibition, gap junc­
tion involvement 

H e l o b d e l l a t r i s e r i a l i s (leech). See Cell fate 
determination, early events, H e l o b ­
della t r i s e r i a l i s (leech) embryos 

h e r - ] gene, X chromosome expression, Cae­
n o r h a b d i t i s elegans, 193, 195, 196, 
198, 199 

Hermaphrodites, self-fertilizing, C a e n o r h a b ­
d i t i s elegans, 191-192, 194, 195, 197 

her-! gene, 193, 195, 196, 198, 199 
Heterochrony 

Candida a l b i c a n s , 287, 303, 304, 320 
mutants, C a e n o r h a b d i t i s elegans, 287 

Heterothallicity, C h l a m y d o m o n a s , 179, 180 
H O . See u n d e r Cell type and lineage control, 

Saccharomyces c e r e v i s i a e 
Homeobox, D r o s o p h i l a , 86 
Homeotic genes 

mutations, cell type regulation, D i c t y o s t e ­
l i u m d i s c o i d e u m , 202-203, 214 

Ubx promoter region, D r o s o p h i l a , 3 
Homothallicity, A s p e r g i l l u s n i d u l a n s , 64, 67 
Housekeeping genes, 70, 79, 347 
hsp 70 promoter, cf. fiz promoter region, 

D r o s o p h i l a , 4, 8 
Hybridization in situ, D r o s o p h i l a m e l a n o g a s ­

t e r , 141, 142 
Hydra head inhibition, gap junction involve­

ment, 245-259 
cellular and molecular basis, 248-249 
chimera construction, 251-252, 257 
epithelia, 250-252, 258 
gap closure, reversible, 252-254 

antibody, 252-257, 259 
DMSO, 253, 254, 258 
Lucifer yellow, 253 

cf. head activation gradient, 246-249, 
403-405 

inhibition as diffusible substance, 250 
location of head formation, control by 

pair of gradients, 245-248 
polarity of regeneration, 245 
positional Information, 248 
transplantation experiments, 245-248 

closing gap junctions, 254-258 
secondary axis formation, 255-259 
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Turing reaction-diffusion model, 248 
Hydra, interstitial stem cells, 389-406 

asexual budding, 390 
cloning, 393-396 

seif- cf. nonfeeders, 394, 396 
differentiation into 

gland cells, 389, 390, 393, 396 
male and female gametes, 393, 398 

differentiation into nerve cells and nema­
tocytes, 389, 390, 393, 394, 396, 
399-406 

commitment, 403-405 
head, 401-406 
precursor migration in pattern, nerve 

cells, 401-403 
signals Controlling, nerve cells, 

403-406 
spatial pattern, 399-401 
tentacle-specific, 404-406 

distribution, 392 
H . a t t e n u a t a , 397-399, 401-402 
H . o l i g a c t i s , 396, 397 
independent cell lineage, 389-390 

schema, 390 
morphology, 391 
proliferation, cell cycle, and P s , 396-399 

cell concentration, 397-398 
DNA,nuclear, 398-399 
regulation, 397 

20-Hydroxyecdysone, D r o s o p h i l a m e l a n o ­
gaster, 146 

Ilya nassa, 282 
Imaginal disc. See D r o s o p h i l a imaginal 

discs, growth and cell proliferation, 
genetics; u n d e r Cell recognition and 
adhesion, D r o s o p h i l a m e l a n o g a s t e r 

Impotent genes (imp), C h l a m y d o m o n a s , 174, 
176, 178, 179, 182 

Inhibition. See Hydra head inhibition, gap 
junction involvement 

Intercalation model, cell circumference, pat­
tern reversal, T e t r a h y m e n a t h e r m o ­
p h i l a , 235-239 

Interstitial stem cells. See Hydra, interstitial 
stem cells 

Invagination of archenteron, sea urchin gas­
trulation, 119-123 

j a n u s mutants. See Pattern reversal, intracel-
lular, Tetrahymena t h e r m o p h i l a oral 
structures 

Kc cells. See f u s h i t a r a z a (fiz) gene promoter 
region, D r o s o p h i l a cells; Ultrabi-
t h o r a x (Ubx) promoter region, D r o ­
s o p h i l a cells 

K l e b s i e l l a aerogenes, 36 

Late genes, D i c t y o s t e l i u m d i s c o i d e u m , 33, 
34, 39-45, 55-56 

Leech. See Cell fate determination, early 
events, H e l o b d e l l a t r i s e r i a l i s (leech) 
embryos 

Life cycle 
C h l a m y d o m o n a s , genetic regulation of 

development, 171-174 
D i c t y o s t e l i u m d i s c o i d e u m , 33 
Saccharomyces c e r e v i s i a e , cell type and 

lineage control, 84-88 
Lineage. See u n d e r Cell 
Lucifer yellow, 253 
L y t e c h i n u s v a r i e g a t u s , gastrulation, cell 

adhesion and recognition, 121 

Markers, A s p e r g i l l u s n i d u l a n s development, 
DNA-mediated transformation, 73-74 

Mating type 
locus (mt), C h l a m y d o m o n a s , 172-179, 

181-184 
MAT, Saccharomyces c e r e v i s i a e , cell type 

and lineage control, 84-93, 100, 
104, 173, 183 

interconversion, 88-90, 96-97 
pheromones, 87-90, 99 
transcription activator, 86, 87 

Membranelles, Tetrahymena t h e r m o p h i l a , 
221,225 

Mesenchyme, primary (PMC), sea urchin 
gastrulation 

ingression, 112-114 
movements, 114-119 
transplantation, 114-116 

Metamorphosis, D r o s o p h i l a m e l a n o g a s t e r , 
158 

Microtubule bands, longitudinal, Tetrahy­
mena t h e r m o p h i l a , 225 
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Midblastula transition, Xenopus, 282 
m i n u s , C h l a m y d o m o n a s 

dominance, 176, 178 
and p l u s gametes, 173-179, 182-184 

Mitotic spindles and asters, cell fate determi­
nation, leech embryos, 273, 274 

Molting hormone ecdysone, D r o s o p h i l a me­
l a n o g a s t e r , 146 

Monoclonal antibodies 
anti-BrdU, D r o s o p h i l a imaginal discs, 

341, 342, 345 
sea urchin gastrulation, cell adhesion and 

recognition, 117-118, 121, 125 
Multilamellar bodies, D i c t y o s t e l i u m , 130 
myb oncogene homologs, D r o s o p h i l a ima­

ginal discs, 360-361 

N - C A M , 137 
Negative control, Saccharomyces c e r e v i s i a e 

H O regulation, 96-98 
Nematocytes. See u n d e r Hydra, interstitial 

stem cells 
Nerve cells. See u n d e r Hydra, interstitial 

stem cells 
N e u r o s p o r a c r a s s a , 73-75 

conidiophore development, cf. A s p e r g i l ­
l u s n i d u l a n s , 65 

see a l s o g a (quinic acid) gene Cluster reg­
ulation, N e u r o s p o r a c r a s s a 

N H 3 , cell type regulation, D i c t y o s t e l i u m d i s ­
c o i d e u m , 213, 215 

Nitrogen starvation, C h l a m y d o m o n a s , 
171-173 

N o t c h locus, D r o s o p h i l a , 142, 362-363 
NS/NF temporal flip-flop, cell fate determi­

nation, leech embryos, 277, 278 

Oncogene homologs, D r o s o p h i l a imaginal 
discs, 359-362; see a l s o specific 
genes 

Oral structures. See Pattern reversal, intra-
cellular, Tetrahymena t h e r m o p h i l a 
oral structures 

Palindromic sequences, cAMP-regulated de­
velopmental gene expression, D i c t y o s ­
t e l i u m d i s c o i d e u m , 45-47, 52, 56-57 

P a r a m e c i u m , 227, 282 

Pattern 
vs. compartment-specific affmities, D r o ­

s o p h i l a imaginal disc cells, bind­
ing interactions, 153 

formation 
cell type regulation, D i c t y o s t e l i u m d i s ­

c o i d e u m , 209-210 
nerve cells, hydra, precursor migra­

tion role, 401-403 
hydra, differentiation into nerve cells and 

nematocytes, 399-401 
see a l s o Hydra head inhibition, gap junc­

tion involvement; Position/ 
positional 

Pattern reversal, intracellular, Tetrahymena 
t h e r m o p h i l a oral structures, 219-242 

cell circumference, model of Organization 
around, 234-237 

intercalation model, 235-239 
cf. polar coordinate model, 235 
positional values,235-237, 239 

cell surface spatial Organization, 219, 
220, 222, 240 

ciliates cf. embryos, 240-241 
clonal cylinder model, 219-221 

Organization around circumference, 
221-223 

contractile vacuole pores, 220-228, 230, 
233, 235, 238-240 

cytotaxis, 220 
j a n u s homopolar doublets, regulation into 

singlets, 233-234, 236, 237 
j a n u s loci, multiplicity, 237, 239-240 

cf. T pyriformis, 239 
j a n u s mutant, 223-227 

cf. D r o s o p h i l a , 226, 241 
reversed asymmetry, 224-225 

longitudinal MT bands, 225 
membranelles, 221, 225 
n o n - j a n u s homopolar doublets, regulation 

into singlets, 227-233, 234, 237 
cf. Tetrahymena (Leucophrys) p a t u l a , 

229 
oral apparatus, 220-224, 226, 228, 230, 

232 
oral meridian 

primary, 223-226, 228-231, 233-239 
secondary, 224-231, 233-239 
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oral primordium, 221, 222, 224, 226, 
231, 232 

pattern continuity and pattern regulation, 
219-221 

undulating membrane, 221, 222, 225 
P element-mediated transformation, 3, 11 
Pheromones, Saccharomyces c e r e v i s i a e , 87-

90, 99 
Phosphorylation, cAMP receptor, D i c t y o s t e ­

l i u m d i s c o i d e u m , 34, 38 
P i s u m s a t i v u m , 330 
Plasmid-mediated transformation, A r a b i d o p i s 

t h a l i a n a , 331, 336 
p l u s and m i n u s gametes, cell fusion, C h l a m ­

ydomonas, 173-179, 182-184 
Polarity of regeneration, hydra head inhibi­

tion, gap junction role, 245 
poly A injection, cell fate determination, 

leech embryos, 274-275, 282 
Polypeptides, D i c t y o s t e l i u m d i s c o i d e u m 

development-associated, 302, 308, 310 
growth-associated, 300, 302, 308 

P o l y s p h o n d i l i u m p a l l i d u m , 133, 134 
Position/positional 

-determined divergence, cell type regula­
tion, D i c t y o s t e l i u m d i s c o i d e u m , 
210-211, 215 

information 
hydra head inhibition, gap junction 

role, 248 
regeneration, D r o s o p h i l a , 343-344 

-specific antigens, D r o s o p h i l a imaginal 
disc cells, binding interactions, 
157-158 

value, cell circumference, pattern rever­
sal, Tetrahymena t h e r m o p h i l a , 235-
237, 239 

Postaggregation (late) genes, D i c t y o s t e l i u m 
d i s c o i d e u m , 33, 34, 39-45, 55-56 

Preaggregation (early) genes, D i c t y o s t e l i u m 
d i s c o i d e u m , 33-39, 53-55, 289, 291, 
293-299, 301, 308, 321 

Primary mesenchyme cell, sea urchin 
gastrulation 

ingression, 112-114 
movements, 114-119 
transplantation, 114-116 

Promoter elements, Saccharomyces c e r e v i s ­
i a e H O regulation, 91-92; see a l s o f u ­

shi t a r a z a (fiz) gene promoter region, 
D r o s o p h i l a Kc cells; U l t r a b i t h o r a x 
(Ubx) promoter region, D r o s o p h i l a 
cells 

Protozoan-metazoan transition, 171, 184 
p s t - c a t h , cAMP-regulated developmental 

gene expression, D i c t y o s t e l i u m d i s c o i ­
deum, 35, 41, 43, 44-53, 56-57 

qa (quinic acid) gene Cluster regulation, Neu­
rospora c r a s s a , 13-30 

activator, 13, 14, 17, 22-30 
autogenous regulation, 29 
DNA-binding, 13, 25, 28, 29 
DNase I footprints, 24-27 
upstream activation sites ( U A S q ) , 22-

25, 28, 30 
carbon source competition, 18 
gene and characteristics, listed, 16 
molecular Organization, 14-15 
qdl, 16, 18, 21-26 

catabolic dehydroquinase, 21, 22 
transcriptional mutants, 23 

q a 3 , 16,21,22,25 
q a 4 , \ 6 , 25 
q a - l F + , 14-18, 20-25,27-30 

qa-W~ mutant 14, 15, 17, 20, 21, 24, 
29 

q a - I S + , 14-18, 25, 27, 29, 30 
q a - I F mutant, 14, 15, 17, 19, 20, 29 
qa-/S~ mutant, 14, 15,17-19, 21, 22, 

29, 30 
qa-x, 15, 16, 18 
qa-y, 15, 16, 25 
repressor, 18-22, 29, 30 

benomyl resistance marker, 21, 22 
codons, 19-20 
functional domains, 18-20 
not a DNA-binding protein, 20-22 

mRNAs, 15, 17, 18, 20-23, 25, 29 
R N A Polymerase II, 20, 28 
transcriptional map, 14 
transcription initiation, 16, 23 

Quinic acid. See g a (quinic acid) gene Cluster 
regulation, N e u r o s p o r a c r a s s a 

r a s gene, cell type regulation, D i c t y o s t e l i u m 
d i s c o i d e u m , 208; see a l s o Oncogene 
homologs, D r o s o p h i l a imaginal discs 
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Reaction-diffusion models, Turing, 240, 248 
Recapitulation, rapid, dedifferentiation, D i c ­

t y o s t e l i u m d i s c o i d e u m , 305, 312 
Recognition. See Cell recognition and adhe­

sion, D r o s o p h i l a m e l a n o g a s t e r ; Gas­
trulation, sea urchin, cell adhesion 
and cell recognition during 

Regeneration 
D r o s o p h i l a imaginal discs, 342-346 
hydra, 245 

Repressor, qa gene Cluster regulation, N e u r o ­
spora c r a s s a , 18-22, 29-20 

Restriction mapping, calmodulin, S a c c h a r o ­
myces c e r e v i s i a e , 381-382 

Retrovirus, 304 
Reverse programs. See Timing regulation, 

forward and reverse programs, D i c ­
t y o s t e l i u m d i s c o i d e u m 

RFLPs, C h l a m y d o m o n a s , 172, 180-181 
Ripple stage, D i c t y o s t e l i u m d i s c o i d e u m , 290, 

297, 305 
R M E , Saccharomyces c e r e v i s i a e , 85, 86, 88, 

92, 181, 182 
RNA 

poly(A) + , A s p e r g i l l u s n i d u l a n s develop­
ment, 64, 69, 70-73 

probes, A r a b i d o p i s t h a l i a n a , 330-331 
SP96, cell type regulation, D i c t y o s t e l i u m 

d i s c o i d e u m , 213-214 
mRNA 

A s p e r g i l l u s n i d u l a n s development, 64, 
69, 70, 71, 79 

C h l a m y d o m o n a s , genetic regulation of 
development, 172, 180, 182 

D i c t y o s t e l i u m d i s c o i d e u m 
cAMP-regulated developmental gene 

expression, 35-36, 39, 40, 43, 
44, 54 

cell type regulation, 206-209 
preaggregative period, timing regula­

tion, 294, 295 
q a gene Cluster regulation, N e u r o s p o r a 

c r a s s a , 15, 17, 18, 20-23, 25, 29 
RNA Polymerase II 

q a gene Cluster regulation, N e u r o s p o r a 
c r a s s a , 20, 28 

transcription,yrz promoter region, D r o ­
s o p h i l a Kc cells, 8 

Saccharomyces c e r e v i s i a e , 24, 63; see a l s o 
Calmodulin, Saccharomyces c e r e v i s ­
i a e ; Cell type and lineage control, 
Saccharomyces c e r e v i s i a e 

sad, C h l a m y d o m o n a s , 174-175, 178, 179 
sag, C h l a m y d o m o n a s , 174-175, 178 
Sea urchin. See Gastrulation, sea urchin, cell 

adhesion and cell recognition during 
Segmentation. See f u s h i t a r a z a (fiz) gene pro­

moter region, D r o s o p h i l a ¥^ cells; 
Ultrabithorax (Ubx) promoter region, 
D r o s o p h i l a Kc cells 

Segregation models, Saccharomyces c e r e v i s ­
i a e , cell type and lineage control, 
102-103 

Sex determination, X chromosome expres­
sion and, C a e n o r h a b d i t i s elegans, 
191-193, 197 

Sexual adhesion, C h l a m y d o m o n a s , genes 
Controlling, 174-175, 178-179 

sexual agglutination (sag), 174-175, 178 
Sexual dimorphism, C a e n o r h a b d i t i s elegans, 

191 
Sexual fusion, C h l a m y d o m o n a s , genes Con­

trolling, 178-179 
Signal transduction, cAMP reeeptor, D i c ­

t y o s t e l i u m d i s c o i d e u m , 34, 43, 54-57 
SIN, Saccharomyces c e r e v i s i a e , cell type and 

lineage control, 92, 94-105 
Skeleton synthesis, sea urchin, cell adhesion 

and recognition, 114-115, 117 
Sorting out 

D i c t y o s t e l i u m d i s c o i d e u m , 209-210 
D r o s o p h i l a m e l a n o g a s t e r , 143-149, 155, 

164 
Spiculogenesis, sea urchin, cell adhesion and 

recognition, 118-119 
SpoC 1 gene Cluster, A s p e r g i l l u s n i d u l a n s de­

velopment, 71-73, 77 
Spores. See A s p e r g i l l u s n i d u l a n s develop­

ment, molecular genetics 
START (of cell cycle), Saccharomyces c e r e ­

v i s i a e , 87, 89, 90, 92, 98, 99, 103, 
104 

Stem cells. See Hydra, interstitial stem cells 
STE, Saccharomyces c e r e v i s i a e , cell type 

and lineage control, 85,92, 100 



422 Index 

Stomodaem formation, sea urchin gastrula­
tion, cell adhesion and recognition, 
123-124 

Succinate dehydrogenase8 (sdh*), tempera­
ture-sensitive, D r o s o p h i l a m e l a n o g a s ­
t e r , 147-149 

SWI, Saccharomyces c e r e v i s i a e , cell type 
and lineage control, 92-105 

Symmetry. See Pattern e n t r i e s 
Syncytial feedback model, cell fate determi­

nation, leech embryos, 277, 278,283 

TATA box, 4, 5, 10, 90, 92 
Teloplasm, cell fate determination, leech em­

bryos, 267, 269 
Temperature 

D r o s o p h i l a imaginal discs, 348, 354, 355 
-sensitive 

mutants (gam), C h l a m y d o m o n a s , 174, 
178, 179 

succinate dehydrogenase8 (sdh%), D r o ­
s o p h i l a m e l a n o g a s t e r , 147-149 

timing regulation, forward program, D i c ­
t y o s t e l i u m d i s c o i d e u m , 290, 292 

Tetrahymena 
(Leucophrys) p a t u l a , 229 
pyriformis, 239 

calmodulin, cf. Saccharomyces c e r e ­
v i s i a e , 378-379 

see a l s o Pattern reversal, intracellular, 
Tetrahymena t h e r m o p h i l a oral 
structures 

TGFß, D r o s o p h i l a imaginal discs, 360 
Theromyzon r u d e , 267 
Timing regulation, forward and reverse pro­

grams, D i c t y o s t e l i u m d i s c o i d e u m , 
287-322 

N-acetylglucosaminidase, 303 
aggregation, 289, 292, 293, 295, 305-

307, 312, 315, 320 
Chemotaxis, 289, 291, 292, 313, 314 
culmination, 305 
dedifferentiation (reverse program), 288, 

289, 305-310, 320-321 
cAMP, 306, 308-315, 320 
contact sites A , 313-315, 320-321 
erasure-defective mutant isolation, 

313-315, 321 
erasure event, 288-289, 305-310 

erasure, gene expression during, 
308-311 

erasure stabilization point, 306, 307, 
310-312 

gp80, 313, 315, 321 
rapid recapitulation, 305, 312 
video analysis, 313 

development-associated Polypeptides, 
302, 308,310 

early timer mutant FM1, 298-303, 
317-319 

phenotype instability and high-fre-
quency switching, 303-305, 
319-320 

transposons with retrovirus-like char-
acteristics, 304 

early timer mutants, 298-303 
forward program, 288-303, 307 

cAMP, 289-290, 292, 294, 319 
cAMP receptors, cell-surface, 292, 

321 
contact sites A , 292, 294 
gp80, 292 
ripple stage, 290, 297, 305 
temperature, 290, 292 
timers, 290-293 

growth-associated Polypeptides, 300, 
302, 308 

parallel forward and reverse programs, 
simultaneous, same cell, 315-318 

contact sites A, 315-318 
gp80, 315-318 

preaggregative period, 289, 291, 293, 
299, 301, 308, 321 

ring, 304 
preaggregative period, rate-limiting 

(timer) components, gene expres­
sion regulation, 294-298 

cAMP, 294, 295, 297, 298 
cell-cell associations, 297-298 
mRNA, 294, 295 

Ti-plasmid-mediated transformation, A r a b i ­
dopis t h a l i a n a , 331, 336 

7ra/w-acting elements 
D i c t y o s t e l i u m d i s c o i d e u m , 49-53, 56-57 
Saccharomyces c e r e v i s i a e , 91-96, 104 

Transcription initiation 
qa gene Cluster regulation, N e u r o s p o r a 

c r a s s a , 16, 23 
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Ubx promoter region, D r o s o p h i l a 
cells, 3 

Transformation 
DNA-mediated, calmodulin, S a c c h a r o ­

myces c e r e v i s i a e , 382-383 
P element-mediated, 3, 11 
Ti-plasmid-mediated, A r a b i d o p i s t h a l ­

i a n a , 331, 336 
see a l s o A s p e r g i l l u s n i d u l a n s develop­

ment, molecular genetics 
Transplantation, hydra head inhibition, gap 

junction role, 245-248, 254-259 
Tritiated triphosphate, cell fate determina­

tion, leech embryos, 276 
Trypanosoma b r u c e i gambiense calmodulin, 

cf. Saccharomyces c e r e v i s i a e , 
378-379 

Tubifex, 267 
Turing reaction-diffusion models, 240, 248 

UDPG pyrophosphorylase, cell type regula­
tion, D i c t y o s t e l i u m d i s c o i d e u m , 213 

U l t r a b i t h o r a x (Ubx) promoter region, D r o ­
s o p h i l a cells, 3-12 

deletions, effects on transcription, 5,8, 
10, 11 

AT-rich domains, TATA-like func-
tion, 5, 10 

DNA binding proteins, sequence-specific, 
4, 11 

DNase I footprint analysis and competi-
tion experiments, 4-5, 7, 11 

homeotic gene, 3 
transcription initiation regulation, 3 

Undulating membrane, pattern reversal, Te­
t r a h y m e n a t h e r m o p h i l a , 221, 222, 225 

Upstream activation sequence 
q a gene Cluster, N e u r o s p o r a c r a s s a , 2 2 -

2 5 , 28, 30 
Saccharomyces c e r e v i s i a e H O regulation, 

91, 92,94, 97, 100 

Upstream regulatory sequence, Saccharomy­
ces c e r e v i s i a e H O regulation, 91, 94, 
95, 98, 101 

Vacuole pores, contractile, pattern reversal, 
Tetrahymena t h e r m o p h i l a , 220-228, 
230, 233, 235, 238-240 

Vegetal plate, sea urchin gastrulation, 
119-122 

Vegetal pole, sea urchin gastrulation, 
115-118, 120 

Video analysis, dedifferentiation-erasure-de-
fective mutant isolation, D i c t y o s t e l i u m 
d i s c o i d e u m , 313 

X chromosome expression, C a e n o r h a b d i t i s 
elegans embryos, 191-199 

autosomal regulatory genes, 193-199 
products,196-198 
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