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When do single cells in the early zebrafish embryo become irreversibly committed to a
specific fate? Work with lineage tracing and fate mapping has shown that the marginal cells
of the blastoderm give rise to hypoblast-derived fates (mesoderm and endoderm). How-
ever, experiments described here show that these marginal blastoderm cells remain
pluripotent and uncommitted throughout the late blastula and early gastrula stages. Em-
bryonic cells become committed to a hypoblast-derived fate at mid-gastrulation. Time-
lapse photographic analysis reveals that committed cells, when transplanted heterotopi-
cally and heterochronically, can migrate along atypical pathways to reposition themselves

within a more correct environment.

In many higher animals, the earliest cells
of the embryo are initially pluripotent, that
is, developmentally unrestricted and capa-
ble of expressing a number of possible phe-
notypes. However, different regions of the
embryo eventually become “committed,” or
restricted in potential so that their contin-
ued differentiation is confined to certain
developmental pathways.

One of the major goals of developmental
biology is to characterize the cellular chang-
es that accompany and produce a develop-
mentally committed state (I). The expres-
sion of regulatory genes in Drosophila corre-
lates with and may underlie cell commit-
ment (2). Transplantation experiments in
the fly revealed that a single cell can auton-
omously maintain a committed state in a
foreign cellular environment (3). Verte-
brate genes, such as MyoD (4), that may
help to specify future fates have been char-
acterized, and transplantation experiments
similar to those performed in Drosophila are
now possible in vertebrate embryos (5).

Lineage tracing experiments in the ze-
brafish (Brachydenio rerio) have revealed
that the future, tissue-specific identities of
embryonic cells can be predicted first at the
onset of gastrulation (Fig. 1). Cells at or
near the margin of the blastoderm involute
during gastrulation to become the hypoblast
layer, which later generates derivatives that
have long been characterized as mesoder-
mal and endodermal. Conversely, cells in
the more animal pole regions of the blasto-
derm do not involute and always remain
superficial to the hypoblast. These cells
form the epiblast layer, which gives rise to
all ectodermal structures of the embryo (6).

We have transplanted single cells at
various stages of development between dif-
ferent regions in the gastrula of zebrafish
and analyzed the development of their
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clonal progeny (7). The purpose of these
manipulations was to ascertain whether a
transplanted cell would express a fate ap-
propriate for its new position, showing that
it was pluripotent, or whether the cell was
already committed to the fate of its old
position at the time of transplantation.
Through control experiments (Table 1), we
established a base line of response to the
transplantation methods and showed that
cells taken from different donor sites (epi-
blast versus hypoblast) can display differing
responses to the same cellular environ-
ments. We also studied in a vertebrate
embryo, where cells are highly motile (8)
and development depends on cell-cell in-
teractions (9), how a single cell responds
when completely surrounded by new cellu-
lar neighbors.

At the onset of gastrulation (5h), single
cells from the marginal region of labeled
donor embryos were transplanted into the
animal pole region of unlabeled host em-
bryos. Most of the transplanted cells, which
normally would have expressed hypoblast-
layer fates, gave rise to progeny typical of
the epiblast, such as neurons or retinal cells
(Fig. 2). None of the transplanted cells
expressed a fate exclusive to the hypoblast,
although some transplanted cells formed
mesenchyme, a cell type that can stem from
either epiblast-derived neural crest cells or
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hypoblast-derived mesoderm (10) (Table 1
and Fig. 2H).

Therefore, marginal cells, transplanted
from 5h embryos, developed in accordance
with their new position and formed progeny
cells that were morphologically indistinct
from their surrounding epiblast-derived
neighbors (Table 1). Morphogenesis was
also appropriate for the new position. For
example, if a transplanted cell developed as
eye lens, the progeny cells were located only
on one side of the host embryo, as are cells
that normally form eye structures. However,
a transplanted cell that populated the brain
region formed a bilaterally distributed clone,
a normal characteristic of neural tissues (11)
(Fig. 2B). Therefore, under these experi-
mental conditions, zebrafish marginal blas-
toderm cells at the onset of gastrulation were
uncommitted and able to express a number
of possible fates according to their positions
within the embryo.

To ascertain when marginal zone cells
become committed, we transplanted single
cells from the hypoblast layer, which arises
from the involution of marginal cells, of
successively older donor embryos (6.5h to
8h) into the animal poles of 5h host embry-
os (12) (Table 1). When cells that had just
involuted into the hypoblast (6.5h) were
transplanted, about one-third of the cells
continued to express their original hypo-
blast fate and about one-third expressed an
epiblast-derived fate. Although it has been
reported that cells often enter mitosis upon
involution (6), no correlation between
commitment and cell divisions was drawn
in this study. However, almost all of the
transplanted cells gave rise to multiple
progeny cells (Fig. 2).

Most of the cells transplanted from mid-
gastrula (8h) hypoblasts into the animal
poles of 5h host embryos retained the hypo-
blast fate, forming derivatives such as muscle
and endothelial cells (Table 1 and Fig. 2).
This result is in marked contrast to results of
experiments with embryos at the onset of
gastrulation (5h), in which none of the
transplanted cells expressed a hypoblast fate.
With respect to the effects of transplanta-
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come the epiblast. Mesodermal and endodermal precursors are located in the more vegetal,
marginal regions of the blastoderm, which involute during gastrulation to form the hypoblast (6). A,
animal pole; V, future ventral region; D, future dorsal region. (b) Animal pole view of an unlabeled
host embryo at the onset of gastrulation. A single cell from a labeled donor embryo has been
transplanted into the animal pole region with the transplantation capillary shown to the right.
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tion, we conclude that cells from mid-gas-
trulas had become committed to a hypoblast
layer fate. In all of these experiments, the
transplanted cell gave rise to progeny of only
one type, that is, of either a hypoblast- or an
epiblast-derived fate. Clones of mixed hypo-
blast and epiblast fates were never observed,
which suggests that the committed state is
inherited autonomously by all the progeny of
the original, transplanted precursor.
Transplanted mid-gastrula (8h) cells not
only retained their hypoblast fate but also
became more correctly located within the
hypoblast-derived structures of the host em-
bryo. Although transplanted into the epi-
blast layer, an involuted hypoblast cell never
formed an inappropriately located cell type,
such as a muscle cell within the brain. These
results suggest that at some time during
embryogenesis, either the transplanted cell
or its progeny migrated out of the epiblast-
derived region and into the hypoblast-de-
rived region of the host embryo. Video
time-lapse recording of transplanted, labeled
cells (13) showed that a pre-gastrulation
(5h) pluripotent margin cell, when trans-
planted into the. animal pole region, re-
mained within the epiblast layer eventually
to form ectodermal progeny. However, a
mid-gastrulation (8h) committed hypoblast
cell, when transplanted into the animal pole
region, migrated during gastrulation across
the epiblast-hypoblast boundary and entered
the hypoblast layer of the host, where it later
gave rise to progeny expressing a typical
hypoblast fate (Fig. 3). Younger, pluripotent
cells did not exhibit this behavior when
transplanted; only older, committed cells
reentered their tissue layer of origin.

Table 1. Results of single cell transplants. Ab-
breviations: AP, animal-pole region of the blas-
toderm; MZ, marginal-zone of the blastoderm;
and HY, involuted hypoblast region of the blas-
toderm. Donor and host ages, as well as the
source and transplant sites, are indicated in the
first column. Host embryos were scored be-
tween 24h and 48h when the identities of the
labeled progeny cells were ascertained (10).
The progeny from any single transplanted cell
exclusively expressed only one type of fate;
mixed clones were never seen. The percentage
of transplanted cells that gave rise to a given
fate is indicated, with the actual number of
cases in parentheses.

Epiblast- _ Hypoblast-
Donor/host derived "gﬁsﬁ‘l derived
fate Y fate

5h AP/5h AP 100 (23) 0 (0) 0 (0
5h MZ/5h MZ 0 (0 178 83(1H
8h HY/8h HY 0 (0 152 85(11)
8h AP/8h HY 100 (15) 0(0) 0 (O
5h MZ/5h AP 89 (16) 11 (2) 0 O
6.5hHY/5hAP 35 (6) 30(5) 35 (6)
8h HY/5h AP 5 (1) 102 85(17)
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We suggest that, as a part of the transi-
tion to the committed state, a cell may
acquire new, layer-specific adhesive mole-

cules on its surface. A similar example of
cellular segregation has been seen in mixed
cultures of embryonic amphibian cells (14).

Fig. 2. Progeny derived from sin-
gle transplanted cells. (A to D)
Ectodermal fates and (E to G) me-
sodermal fates. (A) Labeled reti-
nal cells in the eye of the ze-
brafish. (B) Face-on view of an
embryo showing the laterally
placed eyes and fluorescently la-
beled forebrain structures. (C) La-
beled neurons in the olfactory
bulb located near the darkly pig-
mented eye. (D) Labeled lens
cells of the eye. (E) White arrow
indicates one labeled muscle cell,
in this case in the future inferior-
oblique muscle of the eye. (F) La-
beled endothelial cells forming
blood vessels in the eye. (G) La-
beled hatching gland cells that
migrate over the anterior part of
the yolk cell and release enzymes
during hatching. (H) Cells charac-
terized as mesenchymal in Table
1. These labeled cells remain un-
differentiated by 48h and are typ-
ically located in the region of loose
cells between the pigmented eye
cell and the yolk cell. (A to G)
Recorded in 24h to 30h embryos;
(H) 48h embryo. Scale bars, 25
pm.

Fig. 3. Time-lapse data
showing that committed
hypoblast cells migrate
out of the epiblast region
after transplantation (n =
3), whereas uncommit-
ted cells remain within
the epiblast region (n =
4). (A) A hypoblast cell
from an 8-hour donor
embryo was previously
transplanted, as in Fig.
1, into the animal pole of
a 5-hour host embryo.
This host is now at 7
hours of development.
The transplanted and la-
beled cell is in the epi-
blast near the animal
pole region at the top of the figure; dorsal is to the right, vegetal pole is toward the bottom of the
figure. The small arrowhead points to the outer edges of the extending hypoblast, and the large
arrowhead points to the most anterior limit of the hypoblast, which has not yet reached the animal
pole. (B) View looking straight down on the animal pole region; dorsal is to the right. The leading
edge of the involuted and extending hypoblast region, which is migrating in the direction of the white
arrows, has reached the animal pole, where the region comes into contact with the transplanted cell.
The transplanted cell has now moved through the epiblast layer and crossed the hypoblast-epiblast
boundary to enter the hypoblast layer of cells. (C) Same embryo at 11 hours of development with
the body axis in profile. The future head region (open arrow) is to the left and the large yolk cell is
to the right. The transplanted cell can now be seen clearly in the hypoblast layer within a triangularly
shaped embryonic structure known as the “polster,” or head pillow region (black arrow). (D) Same
embryo at 24 hours, orientation as in (C). The white arrow points to the eye. The labeled cell,
although transplanted into an epiblast region, has formed a hypoblast-layer fate, namely a hatching
gland cell, similar to that shown in Fig. 2G. Scale bar, 25 pm.
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When large numbers of dissociated amphib-
ian cells from two different tissue layers,
such as definitive mesoderm and ectoderm,
were mixed and allowed to reaggregate,
they gradually sorted out into monotypic
groups. In that experiment, the mesoder-
mal cells regrouped to form an inner bolus
completely surrounded by the darker, pig-
mented ectodermal cells. The acquired
ability of cells to separate themselves out
may represent a system of differential cell-
adhesive properties among various tissues
(15) or, alternatively, a system of differen-
tial migratory behaviors.

We do not yet understand what intrinsic
cellular changes underlie the abilities of trans-
planted hypoblast cells to segregate from their
new epiblast neighbors. However, we hypoth-
esize that in the zebrafish, the commitment of
these cells may entail some developmental
change in their ability to distinguish between
various cell-cell interactions. The nature of
the molecular and biochemical changes that
are initiated by these cellular interactions
remains uncertain.
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