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Abstract
Pluripotent cells in the embryo can generate all cell types, but lineage-restricted cells are generally
thought to replenish adult tissues. Planarians are flatworms and regenerate from tiny body
fragments, a process requiring a population of proliferating cells (neoblasts). Whether regeneration
is accomplished by pluripotent cells or by the collective activity of multiple lineage-restricted cell
types is unknown. Using ionizing radiation and single-cell transplantation, we identified neoblasts
that can form large descendant-cell colonies in vivo. These clonogenic neoblasts (cNeoblasts)
produce cells that differentiate into neuronal, intestinal, and other known post-mitotic cell types
and are distributed throughout the body. Single transplanted cNeoblasts restored regeneration in
lethally irradiated hosts. We conclude that broadly distributed, adult pluripotent stem cells
underlie the remarkable regenerative abilities of planarians.

Pluripotent cells, such as embryonic blastomeres, differentiate into mature cell types
spanning three germ layers (1–3). Although essential for development, pluripotent cells are
generally not known to be present in adult animals (4, 5). Adult tissues, by contrast, are
typically maintained by specialized, tissue-specific adult stem cells (5–11). Planarians are
flatworms well known for the ability to regenerate whole animals from small pieces of tissue
(12). Planarian regeneration requires a population of proliferative cells, historically known
as neoblasts, that exist throughout the body and collectively produce all known
differentiated cell types (13, 14). Neoblasts have great potential for molecular genetic
studies in Schmidtea mediterranea where a sequenced genome and molecular tools
(including RNAi technology) enable identification and study of genes controlling
regeneration (14, 15). To date, however, neoblast properties have only been studied at the
level of a population (14, 16–21). The cell population known as neoblasts, therefore, could
either contain only lineage-restricted cells that together allow regeneration, or could contain,
within the population, stem cells that are pluripotent at the single-cell level. A fundamental
issue to address for understanding planarian regeneration, therefore, is the in vivo potential
of individual proliferating planarian cells.

Colonies are generated from single smedwi-1+ cells following irradiation
We developed an in vivo method, utilizing ionizing radiation, that permits study of rare,
individual proliferating cells and their descendants. Irradiation eliminates dividing cells and
is a classic strategy for studying stem cells (22, 23). All dividing cells in adult planarians
express the smedwi-1 gene (24) (Fig. 1A); these cells are specifically, rapidly, and
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completely depleted following exposure to high irradiation doses (e.g., 6,000 rads) (17, 24,
25). Low irradiation doses (i.e., 500 rads) eliminate some proliferating cells, leaving a large
number spread ventrally throughout the animal (19). We identified an irradiation dose
(1,750 rads) that eliminated all smedwi-1+ cells from most (78%) animals (Fig. 1B).
However, seven days after 1,750 rad exposure, rare smedwi-1+ cells were present in the
minority of animals (22%) as sparse “clusters” (Fig. 1B–C). Clusters consistently displayed
compact, isolated, colony-like morphology and originated ventrally throughout the body
(Fig. 1D, S1A–C) but were not associated with specific known tissues (Fig. S1D–E). These
clusters, if resulting from clonal growth of single smedwi-1+ cells, provide the opportunity
to study the developmental potential of individual planarian cells.

Numerous smedwi-1+ cluster attributes indicate they result from clonal growth. smedwi-1+

clusters were preceded by isolated smedwi-1+ cells present 3–4 days following irradiation,
and typically displayed 3–10 cells after one week (Fig. 1E–F). Based on the low proportion
of animals with smedwi-1+ cells in close proximity 3 days post-irradiation with 1,750 rads
(Fig. S2), it is improbable that clusters arose from multiple adjacent smedwi-1+ cells (P =
0.0138, 2-tailed Fisher’s Exact Test). Cluster size increased dramatically over time,
suggesting exponential growth, ultimately yielding hundreds of smedwi-1+ cells 14–18 days
post-irradiation (Fig. 1E–F). Consistent with clusters originating from pre-existing
smedwi-1+ cells that survived irradiation, a cluster location scatterplot resembled the normal
smedwi-1+-expression pattern (Fig. 1D), and cluster frequency decreased with increasing
irradiation doses (see below, Fig. 3A). BrdU delivery labels smedwi-1-expressing cells (ref
(24) and Fig. S3A), followed by a rapid decline in incorporation within 24–48 hours (ref
(17) and Fig. S3B–D) demonstrating unincorporated BrdU does not perdure long term. A
BrdU pulse followed by irradiation resulted in clusters consisting entirely of BrdU+;
smedwi-1+ cells (Fig. S3E), indicating smedwi-1+-cluster expansion results from division of
existing smedwi-1+ cells (i.e., by clonal growth). If some other process, such as
dedifferentiation, produced smedwi-1+ cluster cells, these cells should have been BrdU−.

Following irradiation, every proliferative cell detected by an 8-hour BrdU pulse (Fig. 1G),
or by using probes for the conserved proliferation marker genes histone h2b (Smed-h2b)
(26), pcna (Smed-pcna) (27), or ribonucleotide reductase (Smed-RRM2-1) (17, 28) (Fig.
S3F–H), existed in clusters and expressed smedwi-1 (n=815). Therefore, no other source
(non-smedwi-1+) for proliferating cells exists outside of smedwi-1+ clusters in irradiated
animals. Furthermore, if additional sources for smedwi-1+ cells (other than clonal growth)
existed, cluster number would be expected to increase with time and small, newly formed
clusters might be present at late timepoints following irradiation. Neither of these
possibilities was observed (Fig. 1F). New cluster production was also not observed
following amputation or feeding (Fig. S4), which elicit proliferative responses (29, 30).
These data indicate that clonal expansion (producing colonies) represents the source of new
smedwi-1+ dividing cells during cluster formation and growth.

Not all proliferating cells (neoblasts) necessarily have the capacity to form colonies. We
term cells displaying this capacity clonogenic neoblasts (cNeoblasts); these cells express
smedwi-1, have a body-wide (head-to-tail) distribution (Fig. 1D), and generate large,
expanding colonies of smedwi-1+ cells. The ability of small numbers of colonies ultimately
to restore both smedwi-1+ cells and mitotic activity to normal levels (Fig. S5) suggests a
stem cell-like capacity for self-renewal.

To investigate the potential of individual cNeoblasts, we analyzed smedwi-1+ colonies using
three well-established differentiation assays involving a SMEDWI-1 antibody (24, 29, 31),
BrdU pulse-chase (17, 18, 31), and post-mitotic cell type markers (17, 29, 31, 32).
SMEDWI-1 protein is present in smedwi-1 mRNA+ dividing cells and temporarily remains
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detectable in post-mitotic descendant cells (24). Differentiating cells therefore transit
through a SMEDWI-1(protein)+;smedwi-1(mRNA)− state (29, 31). All colonies examined
(12/12) contained SMEDWI-1+; smedwi-1− cells (Fig. 1H). Independently, BrdU can label
cells that divide and exit the smedwi-1+ state. All colonies analyzed by 4-day BrdU pulse-
chase (31/31) contained BrdU+; smedwi-1− cells (Fig. 1I) and no BrdU+ cells existed in
worms lacking smedwi-1+ colonies (25/25 animals), indicating that colonies produce, and
are the only source for, cells exiting the smedwi-1+ undifferentiated state. SMEDWI-1+ or
BrdU+ colony cells can thus be assessed for lineage-specific marker expression to determine
the developmental potential of individual cNeoblasts.

cNeoblasts display broad differentiation capacity
Described adult stem cells typically only produce differentiated cells corresponding to their
germ layer and tissue of origin (5). To address whether cNeoblasts, by contrast, could
produce cell types derived from multiple germ layers, we identified and characterized
markers for neuronal (ectoderm-derived) and intestinal (endoderm-derived) lineages. In
untreated animals, some SMEDWI-1+ descendant cells expressed a choline acetyl-
transferase ortholog, Smed-chat (Fig. S6); chat expression is widely conserved in
cholinergic neurons (33). SMEDWI-1+; chat+ cells were enriched in brain regions, had
neuronal morphology, and chat+ cells co-expressed additional neuronal markers (Fig. S6),
indicating that SMEDWI-1+; chat+ cells are differentiating neurons. Smed-gata4/5/6 and
Smed-hnf4, orthologs of endoderm-promoting GATA4/5/6 and HNF4 transcription factors,
respectively (34), were expressed in intestinal cells and also in interspersed cells
surrounding the intestine (Fig. S7–10). Many of these interspersed cells were irradiation-
sensitive and SMEDWI-1+, indicating they represent differentiating endodermal cells (Fig.
S8, S10). A third endoderm marker gene used, Smed-mat, was expressed in intestinal
branches (Fig. S8, S10). Finally, additional differentiation marker genes used (Smed-
AGAT-1, NB.21.11E, Smed-MCP-1, Smed-ODC-1, Smed-CYP1A1-1, and NB.52.12F) are
expressed in partially overlapping mesenchymal populations of post-mitotic cells (Fig.
S11A–F) (17). These populations have unknown lineage relationships but turnover rapidly,
and are consequently depleted following irradiation (17) (Fig. S11G–L).

Using SMEDWI-1 to label colony cell descendants, individual colonies were examined for
the presence of both gata4/5/6+ and chat+, both gata4/5/6+ and AGAT-1+, or both AGAT-1+

and chat+ differentiating cells. In nearly all cases (n=20/22), individual colonies contained
newly produced cells of both lineages tested (Fig. 2A–C, S12). The 1,750 rad dose yields
rare, well-separated colonies (See Fig. 1C); animals fixed 7 days after irradiation contained
single colonies (12/28 animals), no colonies (12/28), and only rarely, more than one colony
(4/28). Given the high frequency of colonies producing multiple lineages (20/22), it is
improbable that all such cases were the result of multiple colonies merging (P<0.0001,
Fisher’s Exact Test). In addition, using a 4-day BrdU pulse chase as an independent method,
we identified several colonies containing both BrdU+; chat+ (neuronal) and BrdU+; mat+

(intestinal) cells (Fig. 2D). Nearly all colonies examined, using the SMEDWI-1 antibody or
BrdU, produced differentiated cells for any single lineage analyzed (n=61/64) (Fig. S13).
These colonies were distributed throughout the body and not restricted to specific
anatomical regions (Fig. 2E). Finally, nearly every smedwi-1+ colony examined had
associated cells expressing every additional differentiation marker tested (NB.21.11E,
MCP-1, ODC-1, CYP1A1-1, NB.52.12F) (n=110/115, Fig. S14A–E); descendant cell
clusters, furthermore, were never observed in regions lacking smedwi-1+ colonies (Fig.
S11G–L). In addition, even early colonies (7 days post-irradiation) had associated
differentiated cells (Fig. S14F). Together, these data indicate that broad multipotency and a
body-wide distribution are fundamental attributes of individual cNeoblasts.
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Small numbers of cNeoblasts restore regenerative ability
Irradiated planarians cannot regenerate (35) and suffer massive tissue loss because of failed
replacement of aged differentiated cells (35, 36). However, transplantation of large numbers
of cells (16) or tissue fragments can restore regenerative ability to irradiated hosts and
change sexual behavior to that of a donor (16, 20, 21, 37). We sought to determine whether
small numbers of cNeoblasts would restore regenerative ability to irradiated animals.
Following irradiation, some animals were fixed and colony numbers determined; remaining
animals were followed to assess survival and regeneration frequencies. Increasing irradiation
doses resulted in decreasing colony numbers (Fig. 3A–B) and survival rates (Fig. S15A).
Regeneration, which involves production of diverse cell types (Fig. S16), was initially
impeded in animals cut 4 days post-irradiation (Fig. S15B–C); however, many animals both
survived and ultimately regenerated at doses that produced sparse, measurable colony
numbers (Fig. 3A–D, Table S1). These animals regenerated heads containing neurons
(ectoderm), muscle (mesoderm), and intestine (endoderm) (Fig. 3D–E). The minimum
number of cNeoblasts initially present in irradiation survivors can be estimated by
comparing the number of colonies present (in fixed animals) to observed regeneration
frequencies (see Table S1). Our data indicate as few as three (P=0.0478), four (P=0.0017),
or five colonies (P<0.0001, Fisher’s Exact Test) can be sufficient to restore regenerative
ability to entire animals.

Transplantation of individual cNeoblasts
To determine whether a single cNeoblast can generate all essential adult cells, we developed
a method for isolating and transplanting individual cNeoblasts into lethally irradiated hosts.
Previous flow cytometry studies identified an irradiation-sensitive cell population with a
high percentage of smedwi-1+ cells (25, 38). However, the Hoechst 33342 DNA dye used in
this method is cytotoxic. Therefore, size and complexity properties of cells within the X1
fraction were used to define a gate for sorting unlabeled cells, which we refer to as the
X1(FS) fraction (Fig. 4A–B).

X1(FS) cells are heterogeneous; however, cells with a similar morphology to X1 cells can be
identified microscopically (Fig. 4C). Single selected cells were loaded into needles and
transplanted post-pharyngeally into lethally irradiated hosts (Fig. 4D). To confirm that only
single cells were transplanted, needles were loaded and the contents expelled into media. In
all cases, only a single cell was observed exiting the needle (n=136/136). Furthermore, some
animals were fixed immediately following transplant and labeled with a smedwi-1 RNA
probe. All injected animals had either one (n=20/60) or zero (n=40/60) smedwi-1+ cells
(Fig. 4E–F).

If a transplanted cell was a cNeoblast capable of engraftment, then clonal growth of progeny
cells would be expected. Indeed, animals examined 6 days after single cell transplantation
displayed clusters with 1 to 13 smedwi-1+ cells (n=23/100) (Fig. 4G). Furthermore,
selecting for X1(FS) cells that were approximately 10µm in diameter and that had blebs and/
or cytoplasmic processes increased engraftment rates, ranging from 12% (n=17) to 75%
(n=20) (Fig. S17). Cells with properties of cNeoblasts, therefore, are present in the X1(FS)
fraction and can be successfully transplanted.

If cNeoblasts are pluripotent stem cells capable of self-renewal, then a single cNeoblast
should, in principle, be capable of restoring tissue turnover and regenerative capacity to
lethally irradiated hosts. However, for this to occur the irradiated host must survive long
enough for the cNeoblast to repopulate the smedwi-1+ population and replenish dying tissue.
We therefore used a sexual S. mediterranea strain (S2F1L3F2) that can survive longer than
the asexual strain (CIW4) after a 6,000 rad irradiation dose (Fig. S18). Sexual hosts
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transplanted with single asexual cells had colonies consisting of large numbers of
SMEDWI-1+ cells 30 days after transplantation (n=4/17) (Fig. 4H). Every colony examined
contained SMEDWI-1+; Smed-gata4/5/6+ double-positive cells (n=4/4) and most of these
colonies also contained SMEDWI-1+; Smed-chat+ double-positive cells (n=3/4) (Fig. 4H).
Transplant data thus independently confirm attributes of colonies described post 1,750 rads,
further indicating that clonal growth and multipotency are important features of individual
cNeoblasts.

Entire animals and strains regenerated from a single transplanted
cNeoblast

Two weeks after irradiation, lesions appeared at sexual animal head tips, followed by
progressive anterior to posterior tissue regression with 100% penetrant animal death after
approximately six weeks (n=78) (Fig. 5A). Remarkably, several transplant recipients lived
past seven weeks and eventually developed blastemas at the site of tissue regression
(n=7/130) (Fig. 5A). Animals that developed blastemas regenerated anterior and midbody
structures, such as photoreceptors and pharynges (Fig. 5A), and regained feeding behavior
by eight weeks after irradiation. Of the seven rescued animals, three were expanded into
strains (R1, R2, and R3) by serial amputation and regeneration (Fig. S19). These animals
exhibited normal blastema formation and the capacity to regenerate photoreceptors and
intestine following amputation (Fig. 5B). The ability to produce multiple regenerating
animals from a single transplanted cell indicates a self-renewing capability of cNeoblasts.
Rescued strains did not display sexual features, such as large size and a gonopore; by
contrast, animals in all three strains reproduced by binary fission, an asexual behavior seen
very rarely in sexual animals (Fig. S19).

To confirm that all new tissue in rescued strains resulted from clonal division from the donor
cNeoblast, we genotyped the animals using SNPs identified between the asexual strain and
the sexual strain (see Materials and Methods). Genomic DNA was isolated from strain R1,
R2, and R3 animals following two rounds of regeneration; growth and regeneration should
replace host tissues with donor-derived cells (Fig. 6A). If, on the other hand, host cells
continue to replenish tissues after irradiation, host SNPs in the collected genomic DNA
would be expected. PCR-RFLP analysis of two loci (RFLP 00310 and RFLP 00463)
revealed that the rescued strains have the asexual strain RFLPs, indicating that the majority
of cells in these animals were donor-derived (Fig. 6B). Sequencing of three independent
homozygous haplotypes (00163, 00463, and 02716), each containing six SNPs that
distinguish asexual CIW4 and sexual S2F1L3F2 strains, confirmed that the rescue strains
possessed the donor, rather than host, genotype (Fig. 6C). These data indicate that
descendants of a single cNeoblast ultimately transformed the recipient into a genetic clone
of the donor by replacing all cells present in the original host. We conclude that cNeoblasts
are pluripotent stem cells with a broad, body-wide distribution and that persistence into
adulthood of a pluripotent stem cell enables the remarkable regenerative feats of planarians.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expanding colonies are generated from isolated smedwi-1+ cells following irradiation
(A–B) Proliferating cells were detected by smedwi-1 expression using whole-mount in situ
hybridization (ISH). Anterior, up. Ventral surface shown. (B) Representative images 7 days
after 1,750-rad treatment show clusters (arrowheads) of smedwi-1+ cells (individual purple
dots). (C) Histogram of cluster frequencies following 1,750 rads. (D) Clusters observed by
smedwi-1 ISH 7 days post-1,750 rads displayed in a scatterplot. phx, pharynx. (E–F)
Animals fixed in a timecourse after 1,750-rad treatment analyzed by smedwi-1 fluorescence
in situ hybridization (FISH). (F) Mean cluster frequency (#clusters/worm) and size
(#smedwi-1+ cells/cluster) are plotted. Error bars, standard deviation (n=17–22 animals/
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timepoint). (G) IF (BrdU) and FISH (smedwi-1). 234/234 BrdU+ cells (8-hour BrdU-pulse
in seven-day-irradiated worms) were smedwi-1+. (H) IF (SMEDWI-1) and FISH
(smedwi-1); 12/12 colonies contained SMEDWI-1+; smedwi-1− cells (arrowheads) 7 days
post-1,750 rads. (I) IF (BrdU) and FISH (smedwi-1). 31/31 colonies (with BrdU pulse days
7–11 post-1,750 rads) contained BrdU+; smedwi-1− cells. Scale bars, 200µm (A–B), 20µm
(E, G–I).
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Figure 2. Clonogenic neoblasts display broad differentiation capacity
(A–C) Triple-labeling of individual colonies 22 days after irradiation. Shown are projections
through optical sections from irradiated animals. Left, tiled images (images from
overlapping regions assembled) of representative animals with individual colonies are
shown (anterior, up). Circles indicate approximate location of region imaged at high
magnification for middle panels; middle images are optical sections with anterior to the
right. Example differentiating cells from individual colonies labeled by IF (SMEDWI-1) and
double FISH for gata4/5/6 and chat (A), gata4/5/6 and AGAT-1 (B), or AGAT-1 and chat
(C) are shown. Proportions of colonies displaying multiple differentiating cell types are
indicated. Roman numerals indicate double-positive cells, with individual channels shown in
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columns to the right. Additional double-positive cells are indicated with arrowheads. See
also Figure S12. (D) IF (BrdU) and double FISH (Smed-chat; Smed-mat) worms with BrdU-
pulse days 14–18 after irradiation. Single colonies (n=7) contained both BrdU+; chat+

(neuronal) and BrdU+; mat+ (intestinal) descendants. Boxes indicate zoomed regions. (E)
Scatterplots showing locations of individual colonies producing differentiated cell types (see
also Figure S13). Colony cell differentiation was assessed by labeling with SMEDWI-1
(circles) or BrdU (diamonds). Scale bars, (A–C) left, 100µm; middle 20µm; right 5µm; (D)
top image, 20µm; others 5µm.
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Figure 3. Small numbers of cNeoblasts can restore tissue turnover and regenerative ability
(A–B) Animals were irradiated at different doses. Some of these animals were fixed 7 days
post-irradiation (1,000 rads, 25 animals; between 1,125 and 1,875 rads, >38 animals/dose;
for 6,000 rads, 26 animals) and labeled by smedwi-1+ ISH. (A) Representative smedwi-1+

ISH images. Anterior, left. (B) Colony numbers/worm are plotted (each dot represents one
animal). (C) The percentage of animals with restored regeneration following irradiation
(≥98 worms/dose were examined; animals were from the same irradiated cohort as in A–B).
Data indicate 3 or more cNeoblasts were sufficient to restore regeneration (see also Table
S1). (D) Normal head regeneration in 97/99 worms amputated 39 or 40 days after 1,250
rads. (E) Heads regenerated after irradiation contained differentiated neuronal (chat+),
intestinal (mat-1+), and muscle (mhc-1+) cells (41/41 worms, 1,250 rads; 15/15 worms,
1,500 rads). SMEDWI-1+ cells were also restored (n=9/9 worms, 1,250 rads). Dotted lines,
approximate amputation plane. Arrowheads, photoreceptors. Scale bars, 200µm (A), 20µm
(D–E).
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Figure 4. Single transplanted cNeoblasts display properties of clonal growth and multipotency
Irradiation-sensitive cells (polygonal gate) were identified by Hoechst 333342 labeling (A)
and back-gated to set the X1(FS) gate (oval) based on size (FS) and complexity (SS)
parameters (B). The X1(FS) fraction is heterogeneous and contains some cells
approximately 10µm in diameter with processes (arrowhead) (C). (D) Individual cells were
loaded into needles (one needle used per injection) and transplanted into the medial, post-
pharyngeal, parenchymal space of hosts. (E–F) FISH (smedwi-1) of a host immediately
after transplantation. Anterior, up. Ventral surface shown. Zero (n=40/60) or one (n=20/60)
smedwi-1+ cells were observed in all cases, with expected size and morphology. (F) is a
zoomed image of (E). (G) Colony formation 9 days after irradiation, 6 days after transplant.
Anterior, up. Ventral surface shown. Colonies of smedwi-1+ cells (arrowhead) appeared in
transplant recipients (n=23/100) but not in untreated animals (n=5). (H) IF (SMEDWI-1)
and double FISH (Smed-gata4/5/6; Smed-chat) 33 days after irradiation, 30 days after
transplant. Single colonies were observed (n=4/17); example differentiating cells from
displayed colony are shown. Scale bars, 10µm (C), 50µm (E), 5µm (F) and zoomed images
in (H), 20µm (H), 200µm (G).
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Figure 5. Restoration of regeneration in lethally irradiated hosts by single transplanted
cNeoblasts
(A) Representative images of transplant hosts. Tissue regression (asterisks) began anterior to
photoreceptors (arrowheads) and progressed from anterior to posterior (px, pharynges).
Rescued animals developed blastemas (arrow) at regression site (dotted line) after seven
weeks and fully regenerated after eight weeks. Anterior, up. Dorsal surface shown. (B)
Representative images of rescue strains undergoing regeneration following amputation.
Blastemas formed at approximate amputation plane (dotted line). Intestine (labeled with red
food coloring) and photoreceptors (arrowheads) were observed in blastemas after 12 days of
regeneration. Anterior, up. Dorsal surface shown. Scale bars, 1mm (A), 500µm (B).
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Figure 6. Genotype conversion by single transplanted cNeoblasts
(A) Schematic showing replacement of host tissue by transplanted donor cells (blue);
animals for genotyping were amputated (dotted line) and allowed to regenerate twice. (B)
PCR-RFLP analysis of rescued strains. Locus 00310 was cut by HpaI in sexual animals (S)
but not asexual animals (A) or the rescued strains (1, 2, 3). Locus 00463 was cut by ScaI in
asexual animals and the rescued strains, but not in sexual animals. (C) Haplotype
sequencing. Stacked histogram representing number of sequencing reads from each locus for
each strain. Bars extend left for number of reads corresponding to the asexual haplotype and
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right for number of reads corresponding to the sexual haplotype. Bar absence indicates no
reads.
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