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Stem Cells of Hydra magnipapillata Can Differentiate
into Somatic Cells and Germ Line Cells
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We investigated whether all stem cells of Hydra can differentiate both somatic cells and gametes or if a separate
germ line exists in these phylogenetically old organisms. The differentiation potential of single stem cells was analyzed
by applying a statistical cloning procedure. All stem cell clones were found to differentiate somatic cells. No clone was
found to contain stem cells which do not differentiate. Most of the clones could be induced to form gametes. No clone
was found that produced gametes only. The results indicate that stem cells are multipotent in the sense that individual

stem cells can differentiate into somatic cells as well as germ line cells.

INTRODUCTION

About a century ago August Weismann observed that
in hydrozoans germ cells are derivatives of “common
embryonic tissue cells” found in a given part (“Keim-
stitte”) of the tissue (1883). Based on this observation
he concluded that only certain groups of predetermined
cells can differentiate gametes and published his doc-
trine of “the continuity of the germ-line” (Weismann,
1892). It soon became obvious that in many organisms
a clear distinction can be drawn between germ line cells,
which are singled out early in development and only
differentiate gametes, and somatic cells, which maintain
the organism. The concept of an uninterrupted germ line
has, until recently (see Buss, 1983), been accepted as a
common feature of animal development (Niewkoop and
Sutasurya, 1981). In coelenterates, however, the exis-
tence of a germ line, despite Weismann’s observation,
has never been demonstrated experimentally.

In the last few years much has been learned about the
somatic differentiation potential of the interstitial stem
cell population of the freshwater hydrozoan Hydra. Cell
cloning experiments demonstrate the existence of a ho-
mogeneous population of stem cells that can give rise to
both nerve cells and nematocytes (for a review see Bode
and David, 1978). Recently, however, Littlefield et al
(1985) and Littlefield (1985) have provided experimental
evidence that in Hydra oligactis the interstitial cell pop-
ulation is not homogenous. Using a monoclonal antibody
that selectively labels sperm and their precursors, Lit-
tlefield identified a distinct population of interstitial
cells. These cells could be cloned and differentiated ga-
metes only. This suggests the existence of a germ line
in hydra.

The present study was undertaken to investigate the
sexual differentiation capacity of individual stem cells
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of Hydra magnipapillata. To determine whether single
stem cells differentiate both somatic and germ line cells
we have cloned stem cells using a statistical cloning
method similar to that used by David and Murphy (1977)
and Littlefield (1985).

Elimination of host interstitial cells was achieved us-
ing as host tissue a mutant strain (sf-1) which contains
temperature-sensitive interstitial cells. Temperature-
resistent donor cells were added in low numbers to sf-1
such that the added cells grew as clones. Subsequently,
host sf-1 interstitial cells were eliminated by a temper-
ature shift from 18 to 24°C. This technique made possible
long-term clonal culture of hydra stem cells. The results
indicate that stem cells are multipotent in the sense that
individual stem cells can differentiate into somatic cells
as well as germ line cells. The results provide no evidence
for the existence of subpopulations of interstitial cells
with restricted differentiation capacities.

MATERIALS AND METHODS

Strains and Culture Conditions

Two mutant strains of H. magnipapillata containing
genetically marked interstitial cells were used in this
study. Strain ms-1 (male sterile 1) which has immotile
sperm (Sugiyama and Fujisawa, 1977) was used as in-
terstitial cell donor strain. This strain differentiates
sperm at 18 and 24°C: ms-1 polyps placed at 24°C as
well as aggregates made from ms-1 cells differentiated
sperm in all cases (personal observation). Strain sf-1
(self feeder 1) was used as host. This strain has tem-
perature-sensitive interstitial cells: animals cultured at
18°C contain normal levels of interstitial cells; animals
cultured at 24°C lose their interstitial cells (Marcum et
al,, 1980). Strain sf-1 is male and produces normal motile
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sperm (Sugiyama, personal communication). Both host
and donor strain grow with a doubling time of about 3
days (Takano et al, 1980). Animals were cultured using
standard methods (Lenhoff and Brown, 1970) in a me-
dium containing 1 mM CaCl,, 0.1 mM MgCly, 0.1 mM
KCl, and 1 mM NaHCO; at pH 7.8. Animals were fed
daily with freshly hatched brine shrimp nauplii and
maintained at 18 + 1°C. All experiments were carried
out at this temperature.

Number of Cells per Polyp and Parameters of Growth

The numbers of epithelial and interstitial cells per
polyp were determined by maceration (David, 1973). Def-
inition of standard hydra and determination of the
growth rate of the epithelial and interstitial cell popu-
lation were described previously (Bosch and David, 1984).
To estimate the number of stem cells, large interstitial
cells which occur as single cells or in nests of two cells
(1s + 2s), were counted. These cells include the class of
clone-forming cells (Bode and David, 1978).

Visualization of Interstitial Cell Clones
within Aggregates

Clones of interstitial cells were visualized by staining
aleohol-fixed aggregates with 0.05% toluidine blue (Diehl
and Burnett, 1964; David and Murphy, 1977). Interstitial
cells can be recognized as they stain much more darkly
than the epithelial tissue.

Elimination of Host Interstitial Cells and Culture of
Interstitial Cell-free Hydra

To eliminate the interstitial cells sf-1 animals were
cultured at 24°C. Within 24 hr after the temperature
increase, nearly all interstitial cells were eliminated
(Marcum et al,, 1980). Further culture at 24°C reduces
the interstitial cell level to zero (Marcum et al, 1980).
Animals or aggregates were determined to contain 0 in-
terstitial cells if no interstitial cells were found after
counting at least 20% of total cells. sf-1 polyps in the
mass culture occasionally develop temperature-resistent
interstitial cells in low numbers. When this was ob-
served, a series of individual polyps was taken from the
mass culture, individually cloned, and each clone of pol-
yps was checked for loss of interstitial cells. Clones
showing complete loss of interstitial cells were used to
establish a new mass culture.

Nerve cells, nematoblasts, nematocytes, and gland
cells also decrease in number over several days in sf-1
animals cultured at 24°C (Marcum et al., 1980). Due to
the loss of nerve cells and nematocytes, animals become
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unable to eat by themselves about 15 days after elimi-
nation of their interstitial cells. These nonfeeding ani-
mals, termed nonfeeders, were cultured in standard me-
dium, fed by hand, and cleaned daily using methods de-
scribed by Marcum and Campbell (1978). These epithelial
hydra reproduce by budding but lack interstitial cells.

Preparation of Stem Cell Clones

Host tissue. Hydra of strain sf-1, starved for 24 hr,
were washed three times in cell culture medium (Gierer
et al, 1972) which contained rifampicin (50 mg/liter),
streptomycin (100 mg/liter), and kanamycin (50 mg/
liter) and pressed gently through a metal screen of
1-mm pore size. The resulting cell suspension was al-
lowed to settle for 2 min. The upper half of the suspen-
sion was discarded to eliminate damaged cells. Undis-
sociated buds and large tissue fragments were removed.
The resulting suspension is not a single cell suspension
and contains small tissue clumps and tentacle fragments.

Domor tissue. Twenty ms-1 polyps, which had several
testes, were mixed with about 100 sf-1 polyps and were
dissociated by pipetting to achieve a single cell suspen-
sion (Gierer et al., 1972). In a representative preparation
97% of total cells were singles or pairs, 2% occurred as
groups of three to four cells, and 1% were larger clusters
of cells. The cell clusters consisted of large cells, most
probably undissociated epithelial cells.

To prepare ms-1 interstitial cell clones small numbers
of dissociated ms-1 cells were mixed with large numbers
of dissociated sf-1 cells. Aggregates were made by cen-
trifuging aliquots of the mixture in 0.4-ml polyethylene
tubes for 5 min at 1200 rpm. The resulting pellets were
allowed to regenerate by diluting the cell culture medium
stepwise to hydra medium over a period of 50-60 hr.
Aggregates generally regenerated as single polyps. The
regenerated polyp derived from each aggregate was cul-
tured in a 35-mm plastic petri dish.

Determination of the Number of Clone-Forming Units
(CFU) in the Donor Cell Suspension

Several sets of 20-30 sf-1 aggregates were prepared
with dilutions of the ms-1 cell suspension estimated to
yield 0.05-2 clones/aggregate. If the distribution of ms-
1 stem cells in a series of such aggregates is random
then the number of aggregates containing x stem cells
should follow the Poisson distribution, P(x) = ne™"/x!.
The mean number of clone-forming units (») can be cal-
culated since P(0) = ¢™", where P(0) = fraction of ag-
gregates which contain no clones. If 81.9% of the aggre-
gates at a given concentration contain no clones [=P(0)],
then the average number of CFU/aggregate (n) is 0.25.
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At this concentration the majority of the aggregates
with clones (16.4% ) contains a single clone, while 1.6%
contain 2 and 0.12% contain 3 or more clones (Sachs,
1974).

Induction of Sexual Differentiation

Sexual differentiation was induced as described by
Sugiyama and Fujisawa (1977) and Sugiyama and Sug-
imoto (1985). For sexual induction of mass cultures an-
imals were fed a low number of brine shrimp daily and
the culture water was changed only when it became tur-
bid. For induction of individually cultured hydra, an
adult animal having at least one bud protrusion was
maintained in a 35-mm plastic petri dish and given one
to three brine shrimps daily by hand. The culture water
was changed when it became turbid (about once a week).
Each polyp was examined daily for sexual differentia-
tion. Using this protocol most ms-1 polyps within a mass
culture as well as all individually cultured animals could
be indueced to undergo sexual differentiation within 2-3
weeks. Furthermore, aggregates prepared from ms-1
tissue by the cloning procedure (i.e., dissociation, reag-
gregation and long-term culture at 24°C) were also able
to undergo sexual differentiation in almost all cases
(data not shown). The sex of individual animals from
ms-1 culture or of reaggregates prepared from ms-1 tis-
sue was always male. However, we have observed oc-
casional female polyps in ms-1 mass cultures containing
thousands of polyps.

The host strain sf-1 was never observed to differentiate
gametes under our culture conditions.

NON-FEEDER
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Examination of Sperm Motility

Animals bearing a number of testes were placed on a
slide glass, covered with a coverslip, and sperm motility
was examined under the light microscope using phase
contrast or interference optics.

RESULTS
Preparation and Analysis of Stem Cell Clones

To prepare stem cell clones, sf-1 host tissue and ms-
1 donor tissue were each dissociated in cell culture me-
dium (see Materials and Methods). Small numbers of
ms-1 cells were mixed with large numbers of sf-1 cells
and aggregates were prepared. By adding sufficiently
low numbers of donor cells statistically only one viable
stem cell oceurs in the aggregate and all interstitial cells
subsequently found are derived from that single stem
cell (David and Murphy, 1977).

The procedure for analysis of the stem cell clones is
outlined in Fig. 1. To eliminate host (sf-1) interstitial
cells, animals were transferred from 18 to 24°C at Day
6 after reaggregation. Beginning on Day 10 all animals
were fed daily with excess numbers of Artemia. To detect
the fraction of aggregates with interstitial cells [1-P(0)]
a random sample of 10-15 animals was macerated on
Day 13 and analyzed for the presence of interstitial cells
(Table 1). Up to Day 16 all animals were able to eat,
including the animals which were devoid of ms-1 inter-
stitial eells, due to the presence of nematocytes derived
from sf-1 host cells. Thereafter, in cases where no donor
cells were added, all animals became nonfeeders and de-
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Fi1G. 1. Procedure to analyze interstitial cell clones.
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TABLE 1
CELL COMPOSITION OF AGGREGATES 13 DAYS AFTER REAGGREGATION®

Without With With interstitial
Calculated Total interstitial interstitial cells and
CFU/aggregate® aggr. cells cells only nematoblasts

0-0.1 32 31 0 1
0.1-0.2 66 57 0 9
0.2-0.3 52 44 0 9
0.3-0.6 75 51 0 24
Total 225 133 0 42
Control (no

added ms-1

cells) 117 117 0 0

* Based on maceration analysis of six independent experiments.

b Calculated from P(0) fraction in each experiment; the results of
the different experiments are grouped according to the average number
of CFU/aggregate.

veloped the typical epithelial morphology (Marcum and
Campbell, 1978). In cases where very small numbers of
donor cells were added most of the regenerated polyps
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became nonfeeders, but a few became self-feeders in-
dicating the presence of temperature-resistent intersti-
tial cells capable of nematocyte differentiation. The
self-feeder polyps were subsequently induced to sexual
differentiation and the phenotype of the gametes was
analyzed (see below).

Aggregates macerated on Day 13 were scored for large
interstitial cells in nests of 1s and 2s. Aggregates that
contained temperature-resistent interstitial cells had in
general between 100 and 500 large interstitial cells (1s
+ 2s). No interstitial cells were found in control aggre-
gates to which no ms-1 cells were added (Table 1). The
results of four experiments in which increasing numbers
of ms-1 cells were added to sf-1 aggregates are shown
in Fig. 2. As the number of input ms-1 cells increased,
the fraction of aggregates containing interstitial cells
increased asymptotically toward 100%. The solid line
was constructed from the Poisson distribution assuming
that one clone-forming cell is required to found a clone
(“one hit” Poisson statistics). The dotted line is based
on the assumption that two cells are required to found
a clone. The second abscissa is in units of CFU/ml and

FRACTION OF AGGREGATES WITH I-CELLS (i-Py)

I T 1 | |
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FI1G. 2. Formation of interstitial cell clones by temperature-resistent ms-1 interstitial cells. The solid curve was constructed from the mean
value of four independent experiments and is consistent with single-hit Poisson statistics. The dotted line is based on the assumption that
two cells are required to found a clone.
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applies to the Poisson curve. Comparison of the two ab-
scissas indicates that there is one clone-forming unit
per 135 added interstitial cells.

Growth and Spatial Distribution of ms-1 Interstitial
Cells in sf-1 Aggregates

The average growth rate of stem cell clones was es-
timated from the final size of clones using aggregates
containing about 0.5 CFU/aggregate. Clones were cul-
tivated from Day 6 on at the restrictive temperature to
eliminate host interstitial cells. From Day 10 on the ag-
gregates were fed with excess numbers of Artemia. On
Day 17 after reaggregation the total number of 1s + 2s
per aggregate was determined. Under these conditions
an average of 238 interstitial cells was found per clone.

To investigate the effect of host sf-1 interstitial cells
on growth of ms-1 clones, clones were cultured for 16
days at the permissive temperature of 18°C. Thereafter
they were cultured at 24°C for 3 days to eliminate sf-1
host cells and the number of interstitial cells determined.
These clones contained an average of 214 1s + 2s on Day
19. Thus, input ms-1 stem cells survive and proliferate
normally in the presence of sf-1 interstitial cells.

Twenty-seven aggregates were fixed and stained with
toluidine blue to analyze the spatial distribution of in-
terstitial cells in clones. Clones were always found to
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oceur as contiguous patches of cells in the ectodermal
epithelium (Fig. 3). The clones were elongated along the
apical-basal axis of the polyps.

Cell Composition of Aggregates

To examine the differentiation capacity of interstitial
cell clones, aggregates, to which low numbers of clone-
forming cells were added and which therefore contain
single clones, were analyzed for the presence of inter-
stitial cells and differentiating nematoblasts. Table 1
shows the results of six independent experiments listed
in classes according to the numbers of CFU/aggregate.
Most aggregates were interstitial cell-free. With in-
creasing numbers of added clone-forming cells the frac-
tion of aggregates containing interstitial cells increased.
All animals which were found to contain interstitial cells
were also found to contain differentiating nematoblasts
and nematocytes. No animal was found to contain in-
terstitial cells only.

To further check for the possible presence of inter-
stitial cell clones which lacked nematoblast differen-
tiating capacity, the cell composition of all aggregates
that became nonfeeder during the period of culturing
was also determined. Table 2 shows the cell composition
of all nonfeeders from classes with less than one input
CFU/aggregate. Most animals (386) lacked interstitial

FIG. 8. ms-1 clone in sf-1 host aggregate. A 13-day regenerate was stained with toluidine blue to visualize the clonal localization of the
temperature-resistent ms-1 interstitial cells. Host interstitial cells were eliminated by temperature shift 2 days before staining. Inset: camera
lucida drawing showing localization of the ms-1 clone and orientation of the photograph.
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TABLE 2
CELL COMPOSITION OF NONFEEDERS®

Without With With interstitial
Total interstitial interstitial cells and
aggregates cells cells only nematoblasts
400 386 0 14

“ Based on maceration analysis 3-4 weeks after reaggregation.

cells. In 14 animals interstitial cells were found. In all
these animals, however, differentiating nematoblasts,
nematocytes and nerve cells were also found. No animal
contained interstitial cells only.

In H. oligactis Littlefield (1985) has observed a popu-
lation of stem cells restricted to sperm differentiation.
In cloning experiments such stem cells formed clones of
interstitial cells only. These clones could differentiate
sperm but could not differentiate somatic cells (e.g., ne-
matocytes) and as a result, polyps containing such clones
exhibited nonfeeder behavior. To maintain such clones,
aggregates must be forcefed.

To investigate the possibility that in our experiments
some nonfeeding aggregates contain interstitial cells
restricted to germ line differentiation, a sample of non-
feeding aggregates was forcefed for several weeks before
the cell composition was determined. In this set of ex-
periments 133 aggregates, immediately after displaying
nonfeeder behavior (Marcum and Campbell, 1978; Lit-
tlefield, 1985) were fed by hand for 3-6 weeks with two
to three shrimps/day. Figure 4 shows three typical non-
feeders as well as one nonfeeder that was forcefed for
several weeks. All animals are of the same age. The pho-
tograph illustrates that, if fed by hand, these animals
grow and bud despite the lack of interstitial cells. After
the period of hand feeding the animals were macerated
and analyzed for the presence of interstitial cells (Table
3). The majority of the animals (116) contained no in-
terstitial cells. Seventeen aggregates, however, did con-
tain interstitial cells and nematoblasts and thus appear
to be ms-1 clones similar to those analyzed in Table 1.
Why these aggregates failed to recover self-feeding be-
havior is not clear; it may simply reflect slow stem cell
growth. Consistent with this interpretation is the ob-
servation that seven other forcefed aggregates (not
shown in Table 3) did regain the ability to self-feed.

In the experiments shown in Table 3 the number of
nonfeeding aggregates containing clones (17 out of 133)
is significantly higher than the number of nonfeeding
aggregates containing clones in Table 2 (14 out of 400).
This difference is probably due to the fact that the non-
feeders in Table 3 were selected after 15 days instead of
25 days. Under these conditions animals sometimes ap-
pear as nonfeeders for a few days before they become
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FIG. 4. 8 week old nonfeeders showing the typical morphology of
epithelial hydra (ef. Marcum and Campbell, 1978). The three animals
on the left were not fed. The polyp on the right was forcefed for 6
weeks and produced several buds.

self-sufficient again due to the presence of a clone. Thus,
in about 10% of cases an animal which actually contained
a clone would be classified as a nonfeeder.

Gamete Differentiation

To determine if stem cell clones differentiate gametes
as well as somatic cells we used the procedure shown in
Fig. 1. Sexual differentiation was induced after 4 weeks
of culture. Table 4 lists the numbers of clones found and
the sex of the polyps. The results of 11 independent ex-
periments are grouped into classes according to the
number of CFU/aggregate. The results indicate that in
all classes the majority of clones (87 out of 92) differ-
entiated gametes. Five clones could not be induced to
sexual differentiation during 8 months of clone growth.
Due to genetic markers of the host and donor strain, the
sexual animals could be analyzed for the origin of the
interstitial cells. All clones examined were found to ex-
hibit the characteristics of the donor strain, i.e., they
differentiated immotile sperm and contained tempera-
ture resistent interstitial cells.

TABLE 3
CELL COMPOSITION OF FORCEFED NONFEEDERS *

Without With With interstitial
Total interstitial interstitial cells and
aggregates cells cells only nematoblasts
133 116 0 17

¢ Aggregates were fed by hand immediately after appearance of
nonfeeder characteristics (generally 15 days after reaggregation). Cell
composition was analyzed by maceration 3-6 weeks after beginning
of hand feeding.
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TABLE 4
SEXUAL PHENOTYPES OF ms-1 CLONES IN sf-1 AGGREGATES® (ALL CLONES DIFFERENTIATE NERVE CELLS AND NEMATOCYTES)

Calculated
CFU/aggregate® Total Asexual Sexual Males® Females? Hermaphrodites

0-0.1 2 0 2 0 2 0
0.1-0.2 15 2 13 6 7 0
0.2-0.3 19 1 18 2 13 3
0.3-04 12 1 11 4 7 0
0.4-0.5 15 0 15 1 13 1
0.5-1.0 29 1 28 10 16 2
Total 92 5 87 23 58 6

¢ Summary of 11 independent experiments.
® Calculated from the zero class at Day 13 of each experiment.

¢ All animals were examined and were found to have immotile sperm as well as temperature-resistent interstitial cells.
247 out of 58 clones were shown to contain temperature-resistent interstitial cells. The remaining 11 clones were lost before temperature

resistence could be tested.

The results in Table 4 show that in most clones (about
70% )the stem cells differentiated eggs. In a few animals,
called “hermaphrodites” in Table 4., the stem cells were
found to differentiate first sperm and later eggs. Since
the input interstitial cells were derived from male polyps
the occurrence of female gametes was quite unexpected.
Nevertheless, this observation is not unique to ms-1. We
have made a similar observation using stem cell clones
from another male strain of H. magnipapillata termed
nem-1 (Sugiyama and Fujisawa, 1977). Out of seven nem-
1 clones grown in sf-1 reaggregates by the procedure
described in this paper, one clone differentiated male
gametes and six differentiated female gametes. The un-
expected occurrence of female stem cells in male polyps
is analyzed in detail elsewhere (Bosch and David, 1986a).

DISCUSSION
Evidence for Multipotent Stem Cells

Analysis of about 100 stem cell clones has shown that
all clones contain both interstitial cells and nemato-
blasts. Since these clones were grown for long periods
of time and continued to exhibit normal feeding behav-
ior, we conclude that these cloned cells also differentiate
nerve cells. No clones were found which contained only
interstitial cells or only one differentiated cell type (Ta-
bles 1-3). These results confirm previous work by David
and Murphy (1977). Our results show furthermore that
such clones can also give rise to male and female gametes
(Table 4). Eighty-seven out of 92 clones examined were
found to differentiate nerve cells, nematocytes, and ga-
metes. Based on these results we conclude that the stem
cell population of H. magnipapillata contains multipo-
tent cells capable of giving rise to both somatic and germ
line cells.

The assumption that the clones we analyzed were de-
rived from a single stem cell is based on Poisson statis-
tics. Table 5 lists the results of our cloning experiments
grouped according to the number of input clone-forming
units (CFU). In classes with few CFU per aggregate the
observed clones have a high probability of being derived
from single stem cells. According to Poisson statistics,
in the experimental class containing 0.2-0.3 CFU/ag-
gregate 22% of the aggregates contain single clones while
8.7% contain two or more clones. Thus, in this experi-
mental class 14.2% (8.7/26) of the observed “clones”
arose from two stem cells, while 85.8% (22.2/26) are de-
rivatives of single stem cells. In this class 18 out of 19
clones differentiated gametes. According to Poisson sta-
tisties 2.7 of the clones were derived from two and more
stem cells, while 16.3 arose from single stem cells. Since
18 out of 19 clones differentiated both somatic cells and
gametes, we conclude that single stem cells are capable
of both somatic and germ line differentiation.

We could not induce 5 clones out of 92 to undergo sex-
ual differentiation. This could mean that these 5 clones
are restricted to somatic differentiation. Another inter-
pretation, however, is that the conditions used to induce
sexual differentiation are not efficient enough. In general,
sex induction in hydra appears to be triggered by en-
vironmental stress (Burnett and Diehl, 1964; Park et al,
1965). However, the optimal conditions for triggering
sexual reproduction in most hydra species including H.
magnipapillata are not known. Thus, efficiency of sexual
induction is likely to vary under laboratory conditions
resulting in a few clones in which sexuality is not in-
duced. This interpretation is supported by the obser-
vation that some clones, which were not inducible for
months, suddenly entered the sexual phase.

In our experiments the cloning efficiency of stem cells
(Fig. 2) was three- to fivefold lower than that found in
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TABLE 5
ANALYSIS OF CLONES USING POISSON STATISTICS

Aggregates with clones

Expected frequency®

Calculated Aggregates with =2 clones

CFU/aggregate® Total (N) Sexual P(0) PQ) P(=2) [P(=2))/[1 - P(0)] P(=2)/1 - P(O) X N
0-0.1 2 2 0.905 0.090 0.005 0.053 0.106
0.1-0.2 15 13 0.819 0.164 0.018 0.099 1.48
0.2-0.3 19 18 0.740 0.222 0.037 0.142 2.69
0.3-0.4 12 11 0.670 0.268 0.062 0.188 2.26
0.4-0.5 15 15 0.607 0.303 0.090 0.229 343
0.5-1.0 29 28 0.368 0.368 0.264 0418 12.1

e Calculated from the zero class at Day 13 of each experiment.
b Caleulated from Poisson equation P(x) = n"e™/xl.

previous cloning experiments (David and Murphy, 1977,
Heimfeld and Bode, 1984b). The low cloning efficiency
appears to be due to cell losses in the cloning procedure.
With H. magnipapillata tissue there was so much cell
loss during the standard reaggregation procedure
(Gierer et al., 1972) that it was necessary to prepare sf-
1 host cells by the gentler sieve technique in order to
obtain viable reaggregates. Since the donor cell suspen-
sion had to be prepared by the more rigorous pipetting
technique to achieve a single cell suspension, it is not
surprising that these cells exhibited a lower cloning ef-
ficiency.

Multipotent stem cells similar to those observed in H.
magnipapillata have been observed in H. oligactis by
Littlefield (1985, Table 3). She achieved cloning condi-
tions by inactivating stem cells with hydroxyurea to
levels where, statistically, individual polyps contained
only one surviving cell. During incubation following hy-
droxyurea treatment most animals became nonfeeders
due to the absence of stem cells differentiating nema-
tocytes and nerve cells. Some animals, however, recov-
ered the self-feeder capacity. From the proportion of
nonfeeder to self-feeder one can conclude using Poisson
statistics that these self-feeders arose from single stem
cells. In these experiments all of the self-feeders were
also capable of gamete differentiation. Littlefield inter-
preted such sexual self-feeder animals as the result of
“double hits” consisting of both a germ line restricted
stem cell (which were common in her experiments) and
a somatic stem cell. This interpretation, however, ap-
pears unlikely since no somatic cell clones (= asexual
self-feeders) were observed. Thus, Littlefield’s results,
in agreement with our own, indicate the presence of
multipotent stem cells capable of germ line and somatic
differentiation.

Are There Stem Cells with Germ Line-Restricted
Differentiation Capacities?

Cloning experiments in H. oligactis (Littlefield, 1985)
have shown that there is a subpopulation of interstitial

stem cells restricted to sperm differentiation. In con-
trast, our cloning experiments using H. magnipapillata
provide no evidence for the existence of stem cell pop-
ulations with restricted differentiation capacities. Is
there an explanation for these apparently conflicting re-
sults?

One might argue that stem cells with restricted dif-
ferentiation potential are rare and that therefore this
group of cells is not detectable on our statistical cloning
procedure. To detect such cells we analyzed the cell com-
position of aggregates displaying nonfeeder character-
istics. We have analyzed 400 nonfeeders which were not
forcefed (Table 2) and 133 nonfeeders which were for-
cefed for several weeks (Table 3). None of these aggre-
gates was found to contain interstitial cells without dif-
ferentiated products. In addition the cell composition of
a large number of aggregates on Day 13 was analyzed
and the same result was obtained: no clones were ob-
served containing interstitial cells only (Table 1). During
the course of our experiments we have analyzed a total
of more than 100 clones (Tables 1-4). All of these clones
contained both interstitial cells and nematoblasts; none
contained interstitial cells only. Thus, stem cells inca-
pable of nematoblast differentiation, i.e., putative germ
line stem cells, must be at least 100 times less frequent
than the multipotent stem cells characterized here.

An alternative possibility is that germ line-restricted
stem cells are selectively eliminated in our cloning pro-
cedure. Our experiments were carried out with two mu-
tant strains and strain differences might have prevented
survival, proliferation, and/or differentiation of certain
stem cell populations. To test whether added stem cells
survive when confronted for some time with all cell types
of the host tissue we cultured clones for 3 weeks at the
permissive temperature before eliminating the host in-
terstitial cells and determining the number of donor in-
terstitial cells present. As in clones prepared by the
standard procedure, large numbers of interstitial cells
per clone were found. Thus, the results provide no evi-
dence that survival and growth of the donor interstitial
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cell population is markedly affected by the presence of
host cells. This indicates that strain differences do not
play a significant role in our experimental system.

Finally, it is possible that sex-restricted stem cells
are selectively eliminated at the 24°C temperature used
in our cloning procedure. We consider this possibility
unlikely since after dissociation and reaggregation of
ms-1 polyps and culture at 24°C for 4 weeks, all polyps
could be induced to sexual differentiation (data not
shown).

Implications of a Multipotent Stem Cell in Coelenterates

In the present study we have shown that hydra contain
multipotent stem cells continuously capable of differ-
entiating somatic as well as germ line cells. We found
in H. magnipapillata no evidence for the existence of a
particular group of cells with germ line-restricted dif-
ferentiation capacities. These results provide experi-
mental support for an observation made by Buss and
Green (1986) that asexual proliferation by budding
(“ramet production”) requires the presence of an actively
dividing multipotent cell line capable of somatic as well
as germ line differentiation. For this reason, colonial
organisms such as Hydra and many other coelenterates
are expected to differentiate germ cells from a pool of
multipotent stem cells. Our results provide direct evi-
dence for the existence of such cells in Hydra.

The presence of multipotent stem cells capable of both
germ line and somatic differentiation and capable of
rapid spreading throughout the tissue could under some
conditions be a threat for the organism. For example,
organisms, which under natural conditions can fuse or
establish cell-to-cell contacts, could exchange stem cells.
If a stem cell of one strain produces gametes more ef-
ficiently than the other, that strain could parasitize the
other. In view of the potential threat Buss (1983) pre-
dicted that organisms faced with opportunities for fu-
sion, and which contain multipotent stem cells, must
have developed capacities to recognize foreign cells and
to reject them. In support of this idea histocompatibility
systems have now been found in two different hydroid
groups. In Hydractinia destruction of foreign tissue was
shown to be effected by nematocyst discharge (Buss et
al., 1984). In Hydra the epithelial cells were shown to
recognize and phagozytize foreign cells (Bosch and
David, 1986b). Together with the results presented in
this paper, these findings support Buss’ hypothesis that
the threat of somatic cell parasistism by multipotent
stem cells was a potent selective force for development
and maintenance of histocompatibility systems in in-
vertebrates.
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