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Chapter 5
The Stem Cell System of the Basal Flatworm 
Macrostomum Lignano

Peter Ladurner1, Bernhard Egger1, Katrien De Mulder1,2, Daniela Pfister1, 
Georg Kuales1, Willi Salvenmoser1, and Lukas Schärer3

Abstract The scope of this review is to introduce the free-living flatworm 
Macrostomum lignano as an excellent model organism to address questions of 
platyhelminth stem cell biology. First, we sketch the historical origin of flatworm 
stem cell research. Second, we introduce M. lignano, and summarize the main 
advantages that we think it has over the classical planarian model. Third, we give 
a short summary of the simple culture techniques. Fourth, we give a detailed 
overview over its morphology and embryology as far as it is relevant for stem cell 
biology. Fifth, we summarize our main findings on stem cell biology, with respect 
to the identification of neoblasts, their distribution and number. We describe the 
ultrastructure of neoblasts, their dynamics and gene expression. Sixth, we outline 
ways to study sex allocation by means of stem cell labeling and manipulation. Last, 
we highlight the regeneration capacity of this species and link it to the stem cell 
system. We conclude that M. lignano is a highly suitable model organism to gain 
knowledge about flatworm stem cells and to provide insight into stem cell systems 
of higher organisms, including humans
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5.1 Flatworm Stem Cells Rising

‘Planarian regeneration displays such an array of astounding phenomena that they could 
very well force one to believe that planarian regeneration might be performed by 
witchcraft’

H.V. Brøndsted, 1969

Fascinated by the phenomenal regenerative capacity of flatworms Thomas Hunt 
Morgan performed a series of amputation experiments on planarian (tricladid) 
flatworms. Morgan found that tiny pieces of tissue could reorganize and regen-
erate to a complete adult worm. Morgan and contemporary workers like Harriet 
Randolph and Charles Manning Child laid the basis for flatworms as model 
organisms in regeneration research. More than half a century later tremendous 
progress had been made in elucidating the cellular, morphological and biochemical 
mechanisms of regeneration, as demonstrated in classical papers by Brøndsted, 
Chandebois, Dubois, Lender, Pedersen, Teshirogi, Wolff and many others 
(Brøndsted, 1969). Their contributions made clear that a pool of likely totipotent 
cells of embryonic character, generally called neoblasts, is responsible for 
regeneration. Building on this work many different research groups all over the 
world further contributed to establish flatworms in a larger scientific community, 
involving research on development, regeneration, and stem cell biology. The last 
decade has led to the establishment of several new flatworm research groups, 
and a shift towards more molecular approaches in the existing labs. This has led 
to the discovery of important signals and pathways regulating stem cells and 
regeneration.

Neoblasts – the flatworm stem cells – are truly remarkable. They are undiffer-
entiated cells that can self-renew and it is assumed that they can differentiate into 
all cell types of the animal. They power the extraordinary capacity of flatworms to 
regenerate from tiny pieces of tissue and are responsible for cell renewal during 
homeostasis, development, growth, and regrowth after starvation. These fundamental 
properties are of great interest and raise a number of questions that are relevant not 
only for flatworm stem cells, but also for stem cell systems of higher organisms and 
humans: How can stem cells be identified? What is their number and distribution? 
What is the molecular regulation that keeps stem cells unspecialized? Do different 
subpopulations exist? How have stem cell systems and the germ line originate 
during evolution?

A better understanding of the nature of stem cell systems is calling for 
research involving different methodological approaches and a number of diverse 
organisms. For example, somatic tissues in adult Drosophila or Caenorhabditis 
are post-mitotic, therefore additional model organisms such as flatworms can 
contribute to the study of somatic stem cells. In the last decade the interest in 
neoblasts has increased, partly due to methodological advances. In this review 
we want to demonstrate the potential of M. lignano to serve as a potent system 
to study stem cell biology.
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5 The Stem Cell System of the Basal Flatworm Macrostomum Lignano 77

5.2 Why Macrostomum Lignano

Macrostomum lignano (Fig. 5.1) (Ladurner et al., 2005b) is a marine, free-living 
flatworm, a basal member of the Rhabditophora, the largest taxon within the 
Platyhelminthes. Platyhelminthes are triploblastic, unsegmented and acoelomate 
worms lacking circulatory and respiratory organs (Rieger et al., 1991). They 
encompass a large range of free-living and parasitic flatworms and include impor-
tant human parasites, such as the liver fluke Fasciola hepatica, the blood fluke 
Schistosoma mansoni – causative organism of bilharzia, and the tapeworms (e.g. 
Taenia, Echinococcus).

Natural populations of M. lignano occur in the high-tide interstitial sand fauna 
on beaches of the Northern Adriatic Sea. M. lignano can be collected in the field 
from the sediment surface of sheltered beaches and exhibits a high ecological tolerance 
for both salinity and temperature in the field as well as in laboratory cultures. 

Fig. 5.1 Interference contrast photomicrograph of a living Macrostomum lignano and corre-
sponding schematic drawing. The animal was relaxed and is slightly squeezed. The gut is filled 
with brownish diatoms, its food item. The length is about 1 mm
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M. lignano is easily maintained in the laboratory. More than 100 different marine, brackish 
and fresh water species of the genus Macrostomum occur worldwide. Such 
diversity renders this taxon amenable to interdisciplinary approaches, particularly 
concerning questions related to evolution and development (evo-devo) and ecology 
and development (eco-devo). M. lignano is a non-self-fertilizing hermaphrodite 
that has been extensively used to study sex allocation, the question about how 
simultaneous hermaphrodites distribute energy resources to the male and female 
reproductive function (Schärer and Vizoso, 2007; Vizoso and Schärer, 2007; 
Schärer et al., 2004, 2007; Schärer and Ladurner, 2003) (see Section 5.6). The generation 
time is about 18 days. M. lignano possesses a substantial regenerative capacity 
(Egger et al., 2006, see Section 5.7).

We have established M. lignano as a complementary model organism for 
addressing fundamental questions of flatworm stem cell biology. Compared to 
planarians M. lignano has several important advantages: (1) M. lignano only 
consists of about 25,000 cells (Ladurner et al., 2000), which is about two orders 
of magnitude less than an adult planarian worm. Moreover, the same cell types, 
tissues and organs are present in both groups, but their complexity and organiza-
tion is much simpler in M. lignano (Ladurner et al., 2005b). In addition, a number 
of monoclonal antibodies are available for staining specific cell types and tissues 
(Ladurner et al., 2005a). (2) M. lignano is very small, about 1.5 mm long. This 
greatly simplifies the observation of whole mount preparations using high resolu-
tion objectives. (3) Although M. lignano appears brownish under a dissecting 
microscope, it is highly transparent when viewed under a compound microscope, 
particularly when using interference contrast imaging. In squeeze-preparations 
all major tissues and organ systems can be easily observed and quantified 
(Schärer and Ladurner, 2003). During such observations the animals are not 
harmed, allowing detailed and repeated observations, for example of regenerating 
tissues, over extended periods of time (Egger et al., 2006). Under high magnifica-
tion it is possible to observe intricate morphological details of various gland cell 
types, spermatogonia, sperm, oogonia, developing and mature eggs, copulatory 
stylet, adhesive organs, and even single stem cells in living worms. For studies 
of sexual selection even the amount of received sperm in the female sperm 
 storage organ can be quantified (Schärer and Ladurner, 2003). (4) In contrast to 
planarians, which exhibit a highly derived embryogenesis (Cardona et al., 2006; 
Cardona et al., 2005) sometimes referred to as ‘Blastomerenanarchie’, the early 
embryonic cleavages of M. lignano are of the quartet spiral type (Morris et al., 
2004). (5) M. lignano possesses compact testes and ovaries that are delineated by 
thin somatic tunica cells. This greatly facilitates the interpretation of whole-mount 
gene expression studies. In sexual planarians, on the other hand,the reproductive 
organs are dispersed throughout the body of the worm with numerous follicular 
testes, small ovaries and yolk producing vitellaria (Rieger et al., 1991). (6) 
Morphological and molecular analyses reveal that M. lignano is one of the basal-most 
lophotrochozoan species (Philippe et al., 2007). Its availability for laboratory 
studies thus permits to address questions related to the origin and evolution of 
stem cell systems.

[Au1][Au1]

[Au2][Au2]
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5 The Stem Cell System of the Basal Flatworm Macrostomum Lignano 79

In summary, the morphological, developmental and evolutionary characteristics 
of M. lignano allow a multitude of powerful approaches to elucidate cellular and 
molecular mechanisms of flatworm stem cell biology.

5.3 Culturing Macrostomum Lignano

M. lignano is very easy to maintain in the laboratory. For long-term cultures 
animals are generally kept in glass petri dishes in f/2, a nutrient-enriched artificial 
seawater medium at a salinity of 32&ppercnt; (Andersen et al., 2007; Egger and 
Ishida, 2005). These dishes are kept in a climate chamber at a constant temperature 
(20°C), with a 14 h:10 h or 13:11 h light:dark cycle and at 60% relative humidity 
(Schärer et al., 2007a; Egger and Ishida, 2005). In the laboratory, M. lignano can 
survive in artificial seawater from salinities as low as 1&ppercnt; to as high as 
40&ppercnt;. Temperatures may vary between refrigerator conditions (4°C) to 
40°C or more, reflecting the capacity to survive cold winter environments and the 
heat of the sand surface in summer.

Animals are fed with the diatom Nitzschia curvilineata that can be obtained 
from an algae stock center (strain 48.91, http://sagdb.uni-goettingen.de/) and that is 
propagated and grown under the same conditions as the worms. For algae growth 
strong fluorescent lights of an appropriate light colour are required (e.g. Osram 
36W/ 12-950). In the field the worms feed on a variety of different algae, but in the 
laboratory they can be kept on this single species, thus greatly simplifying the culturing. 
As they lack an anus the worms expel rod-shaped ‘faeces’ containing siliceous cell 
walls of partly-digested diatoms through the mouth.

5.4 Morphology and Embryology of Macrostomum Lignano

5.4.1 Morphology

Macrostomum lignano is covered by an epidermis of multiciliated cells that are 
primarily responsible for locomotion. Under the epidermal layer and a thin extracellular 
matrix a complex muscle system consisting of circular, diagonal, and longitudinal 
muscle cells is present (Ladurner et al., 2005a; Salvenmoser et al., 2001). The 
bilaterally symmetrical nervous system consists of a brain with a neuropile 
surrounded by perikarya, two main lateral nerve cords connected by a postpharyngeal 
commissure and a caudal loop, and two additional dorsal and ventral nerve cords 
(Egger et al., 2007; Bode et al., 2006; Nimeth et al., 2004). Peripherally, a nerve-net 
like plexus covers the animals and contains sensory nerve cells. Light perception 
by photosensitive cells occurs within the two pigment-cup eyes. Animals, also 
juveniles, swim away from the light (negative phototaxis). The acoelomate body is 
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filled with parenchyma – the tissue between the body wall and the gut. It is narrow 
and compact and contains various gland cell types. Moreover, it also contains the 
stem cells and cells in the process of differentiation. M. lignano possesses a pharynx 
simplex coronatus leading to the sac-like gut, which is completely lined with 
ciliated gastrodermal cells. Excretion and osmoregulation is achieved by flame 
bulb cells attached to the protonephridial canals. The chromosome number of 
M. lignano is 8 (2n), two more than in most other macrostomid species studied so 
far. This may indicate that in M. lignano one chromosome pair has either under-
gone duplication or fission (Egger and Ishida, 2005). The reproductive system con-
sists of paired testes located in the central region of the animal and posterior to 
them there are paired ovaries and developing eggs. Sperm are accumulated in the 
seminal vesicles and transferred with the stylet to the copulation partner (Schärer 
and Vizoso, 2007; Schärer et al., 2007; Ladurner et al., 2005b).

5.4.2 Embryology

A detailed analysis of M. lignano embryogenesis was given by Morris et al. (2004). 
Briefly, embryonic development of M. lignano takes about 5 days. The first three 
rounds of divisions follow the typical spiral cleavage pattern. Later vegetal cells 
stretch out to form hull cells (called Hüllzellen by Seilern-Aspang 1957), which 
cover the other blastomeres. Embryonic primordia are formed by proliferation of 
internal cells. These cell clusters expand and give rise to primordia of the body 
wall, the nervous system and the gut. After about 2.5 days the onset of tissue and 
organ differentiation begins and the definitive epidermis is formed. Later, pharynx 
and a ciliated gut are developed and a neuropile is formed in the center of the bilateral 
brain. In the next developmental stage the orthogonal muscle grid becomes 
completed and the embryo elongates within the eggshell. The brain primordium 
condenses further and eyes are formed. Finally, a small worm of about 3,000 cells 
and 250 µm in length hatches from the eggshell and immediately starts to ingest 
food. Moreover, the number of circular and longitudinal muscles increases three- to 
five-fold postembryonically, additional nerve cells differentiate (Ladurner et al., 
2005a), the gut elongates and the total cell number of the animal rises to about 
25,000 (Ladurner et al., 2000) for the adult. Up to now, the embryonic origin of 
stem cells remains unknown.

5.5 The Macrostomum Lignano Stem Cell System

‘The fundamental problem as to the origin of the neoblast and its relation to the parenchyma 
cells is very difficult to solve’

Pedersen, 1959
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5.5.1 Identification of Neoblasts

M. lignano neoblasts have the typical characteristics of flatworm neoblasts. 
Neoblasts are small (6–10 µm in diameter), have a high nuclear/cytoplasmic ratio, 
a large nucleus with a prominent nucleolus, a thin rim of cytoplasm with free 
ribosomes, few mitochondria, and none or very little endoplasmic reticulum (Bode 
et al., 2006; Nimeth et al., 2002; Peter et al., 2001; Ladurner et al., 2000; Rieger 
et al., 1991, 1999). In planarians and parasitic flatworm species neoblasts of similar 
morphology have been described (Newmark and Sanchez, 2000; Hori, 1997; 
Morita, 1995; Gustafsson and Eriksson, 1992; Palmberg, 1990; Baguñá, 1981; 
Gustafsson, 1976; Pedersen, 1959; Wolff and Dubois, 1948).

In M. lignano neoblasts can be observed using light microscopy in squeeze 
preparations of live animals (Fig. 5.2D, Rieger et al., 1999). By applying maceration 
techniques single cell suspensions can be obtained and numerous different cell 
types including neoblasts can be observed (Peter et al., 2001; Ladurner et al., 2000). 
In recent years 5’-bromo-2’-deoxy-uridine (BrdU) labeling has been adapted to 
label and trace the S-phase subpopulation of neoblasts in M. lignano using whole 
mount immunocytochemistry, histological sections, and immunogold staining 
(Nimeth et al., 2002, 2004, 2007; Egger et al., 2006; Bode et al., 2006; Peter et al., 
2001; Ladurner et al., 2000). Moreover, the mitotic subset of neoblasts can be 
visualized by applying a polyclonal antibody against phosphorylated Histone H3 
(Nimeth et al., 2004, 2007; Bode et al., 2006; Ladurner et al., 2000). A number of 
conserved genes known to play a role in stem cell maintenance or proliferation 
have been isolated from M. lignano (Pfister et al., 2007) and can be used to identify 
neoblasts (see below). Moreover, a protocol for a large-scale whole mount in situ 
hybridization screen has been established (Pfister et al., 2007). This allows to 
systematically screen for new candidate marker genes based on the annotated ESTs 
of M. lignano (Morris et al., 2006).

5.5.2 Distribution and Number of Neoblasts

For macrostomids, the earliest evidence for a bilateral distribution of neoblasts was 
provided by Rieger et al. (1994) in an ultrastructural reconstruction of serial 
sections of the caudal region of Macrostomum hystricinum marinum (Fig. 5.2A). 
It became apparent that neoblasts were clustered on the lateral sides of the animals 
in close relation to the main lateral nerve cords. This was later confirmed for S-phase 
(Fig. 5.2B) and mitotic neoblasts (Fig. 5.2C) identified by immunohistochemistry 
(Nimeth et al., 2004, 2007; Egger et al., 2006; Bode et al., 2006; Peter et al., 2001; 
Ladurner et al., 2000), ultrastructure (Bode et al., 2006; Rieger et al., 1999), by 
interference contrast (Fig. 5.2D), by histological staining (Fig. 5.2E), and molecular 
markers (Pfister et al., 2007). In summary, in M. lignano two bands of neoblasts are 
located along the lateral sides of the animal and merge in the tail plate. Somatic 

[Au3][Au3]

[Au4][Au4]

[Au5][Au5]
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Fig. 5.2 Distribution of neoblasts. (A) Reconstruction of ultrastructural serial sections (6 µm) of 
Macrostomum hystricinum marinum. Epidermis (blue), gastrodermis (yellow) mesodermal paryn-
chyme (gray) in between. Note localization of mesodermal neoblasts (orange) at the lateral sides 
close to the main lateral nerve cords (mln). dln, dorsal nerve cords; vln, ventral nerve cords. 
Gastrodermal neoblasts (light orange) can be found also along the midline. (Modified after Rieger 
et al., 1994,. Zoomorphology, Vol. 114, p. 140, Fig. 5.9C, with kind permission of Springer Science 
and Business Media.) (B) S-phase cells (brown spots) after 30 min BrdU visualized with horserad-
ish peroxidase. Arrow indicates level of the eyes. (Reprinted from Bode et al., 2006, Cell Tissue 
Res., Vol. 325, p. 580, Fig. 5.2A, with kind permission of Springer Science and Business Media.) 
(C) Mitoses (anti-phos. H3) accumulated after 24 h using Colchicine to arrest mitoses in metaphase. 
Arrow indicates level of the eyes. (Reprinted from Ladurner et al., 2000, Dev. Biol. Vol. 226, p235, 
with permission from Elsevier.) (D) Interference contrast image of a squeezing preparation of a live 
animal. Note neoblasts (arrowheads) below the epidermis (ep). (E) Lateral sagittal section through 
the testis of an animal treated for 30 min with BrdU. Note mesodermal neoblasts (arrowheads) and 
spermatogonia and spermatocytes stained with horseradish peroxidase. The testis center (compact mass 
of cells) containing differentiating spermatides and spermatozoa does not contain proliferating 
cells. ep, epidermis. Scale bars (B, C) 100 µm, (D) 10 µm, (E) 20 µm
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5 The Stem Cell System of the Basal Flatworm Macrostomum Lignano 83

neoblasts are also present along the postpharyngeal commissure. A few, most likely 
gastrodermal stem cells, can be found scattered along the midline of the body. In 
the rostrum, the region anterior to the eyes, neoblasts are entirely lacking.

The determination of the number and distribution of neoblasts in flatworms has 
interested researchers since the discovery of neoblasts. In his review on planarians 
Brønsted (1969) stated that ‘many clues as localization of neoblasts occur in the 
literature, especially their topographical connection with the lateral nerve trunks, 
but few workers have had the patience to count them’ (p. 114). By and large an 
overall pattern became apparent that neoblasts were present in the parenchyma of 
the trunk and the tail of different triclad species but were generally lacking in the 
region anterior to the photoreceptors and in the pharynx.This view was corrobo-
rated by analyses using macerated preparations of different body parts (Baguñá and 
Romero, 1981; Baguñá, 1976a, 1976b), BrdU labeling and staining of mitoses 
(Ladurner et al., 2000; Newmark and Sanchez, 2000) and molecular markers (Rossi 
et al., 2006, 2007; Cebria et al., 2002, 2007; Higuchi et al., 2007; Kobayashi et al., 
2007; Salo, 2006; Reddien et al., 2005; Salvetti et al., 2000, 2005; Newmark, 2005; 
Agata, 2003; Sanchez et al., 2002).

For M. lignano, we have determined neoblast numbers and subsets of neoblasts 
using BrdU for S-phase neoblasts (Fig. 5.3A–E) (Ladurner et al., 2000), anti-
phosphorylated Histone H3 (mitosis and meiosis) and ultrastructural serial sectioning 
including immunogold staining to estimate the total neoblast number. About 1,600 
cells were assigned as neoblasts by ultrastructural characteristics (Bode et al., 2006) 
and approximately one-quarter of all neoblasts (about 400–500) are in S-phase at 
any moment and only a small fraction of about 20–40 cells is in mitosis.

The percentage of neoblasts compared to the total cell number was described for 
different flatworms species and appears to vary greatly, ranging from 6,5% in 
M. lignano (Bode et al., 2006) to 44% in Dugesia tahitiensis (Peter et al., 2001). 
These figures have to be considered in relation to the methods that were applied to 
label and identify neoblast-like cell types. Ultrastructure is probably best suited for 
recognizing neoblasts of an exclusively undifferentiated nature, while other methods 
may include neoblast stages of gradually increasing state of differentiation.

5.5.3 Ultrastructure of M. Lignano Neoblasts

The fine structure of M. lignano neoblasts resembles stem cells of other flatworms. 
In a light and electron microscopical survey on the morphology of M. lignano 
neoblasts Bode et al. (2006) identified mesodermal, gastrodermal, and gonadal 
types of stem cells. Based on their cytoplasmic and nuclear structure each respective 
type could be further subdivided into different stages of gradually increasing 
differentiation. In adult M. lignano mesodermal neoblasts of stage 2, an intermediate 
stage 2–3 and of stage 3 were distinguished. Immunogold labeling after 30 min 
BrdU labeling revealed that in adult M. lignano stage 1 neoblasts were not detected, 
one third of all observed neoblasts were in stage 2, about 46% in stage 2–3 and 21% 
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in stage 3. The increase in cytoplasmic specialization led to the suggestion that 
stages 1–3 reflect sequential stages of differentiation. Stage 1 neoblasts were only 
found in young hatchlings and in the regeneration blastema. They are described as 
small spherical or oval cells with a thin rim of cytoplasm containing free ribosomes 
and mitochondria but lacking any signs of cytoplasmic differentiation. The nucleus 
contains individual small spots of condensed chromatin and usually a large nucleo-
lus is present. Along the nuclear envelope small patches of condensed chromatin 

Fig. 5.3 Morphology and identification of M. lignano neoblasts. (A–D) Cells of macerated BrdU 
labeled animals; BrdU labeled nuclei are stained green. Reprinted from Ladurner et al., 2000, Dev. 
Biol. Vol. 226, p237, with permission from Elsevier (A) Epidermal cells, (B) gut cell, (C) muscle 
cell after continuous 14-day exposure to BrdU. (D) Neoblasts after a 30-min BrdU pulse (E) 
Neoblasts in cell suspension of disintegrated M. lignano. (Reprinted from Bode et al., 1999, 
Invertebr. Reprod. Dev., Vol. 35, p. 131, Fig. 5.3, with kind permission of Springer Science and 
Business Media.) (F) Ultrastructure of a neoblast with nucleus (red) containing patchy clumps of 
condensed chromatin, surrounded by a thin rim of cytoplasm (yellow). The neoblast is in direct 
contact with the main lateral nerve cord (blue) located below the body wall musculature (green) 
and the epidermis (ep). (G) Immunogold of a BrdU labeled neoblast. Note that gold particles are 
located on condensed chromatin. (H) Schematic drawing of neoblast nuclei with increasing com-
plexity of chromatin structure. Scale bars (A–E) 10 µm, (F, G) 2 µm
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are located. Stage 2 (Fig. 5.3F) neoblasts are characterized by an oval or elongated 
nucleus containing small independent clumps or short strands of condensed chro-
matin. Along the nuclear lamina a thin stratum or small accumulations of con-
densed chromatin can be found. In the cytoplasm free ribosomes and small strands 
of rER are present. Stage 3 neoblasts (Fig. 5.3G) possess thicker bands of con-
densed chromatin and only few independent clumps. The nuclear envelope is well 
established and in the cytoplasm rER and dictyosomes are present. Intermediate 
morphologies are referred to as stage 2–3. Mesodermal neoblasts possess small 
chromatoid bodies in the cytoplasm. Gastrodermal neoblasts are found to be situ-
ated at the base of the gut epithelium. Their overall morphology is comparable to 
mesodermal neoblasts but larger clumps of condensed chromatin compared to 
mesodermal neoblasts are present in stage 3 gastrodermal stem cells. Spermatogonia 
and oogonia exhibit a chromatin morphology akin to stage 1 or stage 2 neoblasts 
but possess multiple small chromatoid bodies and a cytoplasm without any signs of 
differentiation. A schematic drawing of stage 1 to stage 3 neoblast chromatin 
organization is shown in Fig. 5.3H.

5.5.4 Neoblast Dynamics

5.5.4.1 Cell Cycle

BrdU labeling in combination with mitotic staining and the experimental arrest of 
neoblasts using Colchicine has enabled the identification of neoblast subpopulations 
with different cell cycle rates. More than 13% of the cycling neoblasts propagate 
from S-phase into mitosis within 2 h, 52% within 4 h and about 89% within 24 h, 
respectively. Mitotic cells accumulate with a rate of 8 cells/h over a 24 h period 
when Colchicine is applied. In untreated animals a number of 26.8 ± 8.4 mitotic 
cells are present when animals are processed for immunostaining using an antibody 
against phosphorylated Histone H3 (Nimeth et al., 2004).

During starvation animals decrease in size and regress the reproductive organs. 
The number of mitotic cells declines. After 30 days of starvation mitotic figures are 
almost lacking. However, feeding such animals induces a rapid and dramatic 
increase in the number of mitoses. Probably neoblasts arrested in G2 enter mitosis 
and contribute to a fast boost of mitoses. After the depletion of the G2 pool of 
neoblasts the number of mitoses decreases followed by another increase of mitotic 
figures backed by cells that have passed through S-phase. Starvation of 3 months 
results in animals similar to hatchlings, lacking any reproductive organs (Nimeth 
et al., 2004). After feeding animals completely recover adult morphology.

Blocking neoblasts entering S-phase using hydroxyurea leads to a strong reduction 
in the number of S-phase cells and a decrease in the intensity of staining. After 7 
days of hydroxyurea treatment some gonadal stem cells but not somatic stem cells 
do incorporate BrdU (Nimeth et al., 2004). Animals recover the normal prolifera-
tion pattern if transferred to culture medium lacking hydroxyurea, suggesting that 
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the effect of hydroxyurea is transient. Pfister et al. (2007) observed that after 11 
days of hydroxyurea treatment the expression of vasa remained in ovaries but was 
lacking in testes.

5.5.4.2 Cell Renewal

The renewal of differentiated cells was observed by continuous BrdU labeling of 
animals up to 14 days. In a first estimation Ladurner et al. (2000) described the 
renewal of about one third of all epidermal cells within 14 days. By analyzing con-
focal projections of such worms Nimeth et al. (2002) estimated that about 7,000 
cells (of the total of 25,000) were replaced. This requires a daily renewal of about 
500 cells, i.e. about 21 cells per hour. Apoptosis was studied in M. lignano using 
TUNEL, annexin labeling and ultrastructure in order to address the question on 
how the balance between cell proliferation and cell loss was achieved (Nimeth 
et al., 2002). However, it was found that the observed number of apoptotic figures 
was insufficient to explain tissue homeostasis in M. lignano. Apparently apoptosis-
independent mechanisms were involved or epidermal cells were sloughed off 
directly from the epidermal sheath.

5.5.4.3 Neoblast Migration

Two main routes for migrating neoblasts have been described for M. lignano 
(Ladurner et al., 2000; Nimeth et al., 2004). In BrdU pulse-chase experiments a 
30 min BrdU pulse was applied and the fate of the labeled neoblasts was followed 
after different chase times. In such experiments neoblasts can be observed to 
migrate from the region lateral to the eyes into the rostrum – the region anterior to 
the eyes (that lacks any proliferating cells). It was estimated that neoblasts migrate 
with a rate of 6.5 µm/h. Nimeth et al. (2004) quantified these migrating neoblasts 
and showed that in Colchicine treated animals 7.0 ± 3.0 neoblasts migrate into the 
rostrum after 16 h and 15,6 ± 6,9 neoblasts after 24 h, respectively. Ladurner et al. 
(2000) observed that neoblasts lateral to the eyes divide frequently and pairs of 
BrdU labeled cells, oriented in a anterior-posterior fashion, were present after 4 h 
of chase time, indicating that the (anterior) daughter cell migrated away form the 
(posterior) neoblast towards the rostrum. A 30 min BrdU pulse never showed such 
cell pairs, which strongly suggests that these pairs originate from recent cell 
divisions. Division and migration of these neoblasts were also analyzed by immu-
nogold labeling and this revealed that the posterior neoblast always showed a stage 
2 phenotype while the anterior cell exhibited a stage 3 morphology.

A second route of neoblast migration occurs from the lateral sides where most 
S-phase and mitotic neoblasts are located (Ladurner et al., 2000) towards the dorsal 
and ventral median plane. Ultimately, neoblasts migration and differentiation lead 
to a completely homogenous pattern of epidermal cell renewal (see Ladurner et al., 
2000; Nimeth et al., 2002; Bode et al., 2006).

[Au6][Au6]

Bosch_Ch05.indd   86Bosch_Ch05.indd   86 1/24/2008   8:21:46 PM1/24/2008   8:21:46 PM



Unco
rre

ct
ed

 P
ro

of

5 The Stem Cell System of the Basal Flatworm Macrostomum Lignano 87

5.5.4.4 Elimination of Neoblasts by Irradiation

Attempts have been made to eliminate the stem cell pool by gamma-irradiation. 
Doses up to 80 Gray have not been sufficient to abolish the stem cell pool and 
expression of the stem cell and germ line marker macpiwi was still present after 3 
weeks post irradiation (Pfister et al., 2007). In following experiments intensities of 
a single radiation pulse up to 200 Gray (Ladurner, unpublished data) or repeated 
irradiations with lower doses adding up to 150 Gray over 2 or 8 days did not result 
in a complete elimination of proliferating cells or gene expression (De Mulder, 
unpublished data). About 10% of all animals recovered cell proliferation as well as 
the expression of stem cell- or housekeeping genes after 21 days post irradiation. 
Apparently quiescent neoblasts and/or a potent DNA repair system contributed to 
the survival of these animals. Further experiments will be necessary to obtain stem 
cell free hosts. Such animals can be used for e.g. transplanting purified neoblasts 
from non-irradiated donors to analyze the differentiation potential of M. lignano 
neoblasts as was shown for planarians (Baguñá et al., 1989).

5.5.5 Molecular Approaches to M. Lignano Stem Cells

A number of different plasmid and phage libraries were produced for M. lignano 
(Morris et al., 2006). From a plasmid library we have sequenced 7,680 M. lignano 
EST clones of which 68% are similar to previously reported genes of known func-
tion (Morris et al., 2006). An annotated database of the M. lignano EST collection 
has been made available on the web (http://macest.biology.ucla.edu/macest/). The 
database can be browsed according to annotated categories or BLAST searches can 
be performed against the database. In addition, 5,000 ESTs have been sequenced 
from a M. lignano phage library. These sequences have just become available and 
have not yet been analyzed or annotated in detail. Molecular tools such as in situ 
hybridization, RNA interference (Pfister et al., submitted; Pfister et al., 2007), 
or microsatellites (Schärer, unpublished data) have been developed. A number 
of candidate genes involved in stem cell regulation, such as piwi-, vasa-, PCNA-, 
MCM2-, or pumilio-like genes, have been isolated using degenerate primers or 
were identified in a high throughput screening (Pfister et al., 2007). To facilitate 
protein localization polyclonal antibodies for most of these genes have been developed 
(Fig. 5.4A–D).

For example, a vasa-like orthologue is expressed in a subset of somatic neob-
lasts and in the gonads (Fig. 5.4E) and its expression and protein localization was 
followed during postembryonic development, regeneration and starvation (Pfister 
et al., submitted). In M. lignano, a piwi-like gene is expressed in somatic stem cells 
and gonadal stem cells (Fig. 5.4F) and was shown to be eliminated from somatic 
stem cells and testes but not from the ovaries after gamma irradiation. Functional 
knock-down of M. lignano piwi results in the loss of somatic neoblasts, the degradation 
of piwi mRNA and protein and the death of the animals (De Mulder, unpublished 
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data). PCNA seems to be present in proliferating cells and can be applied as marker 
if the denaturation step of the BrdU staining protocol needs to be avoided. 
Additional potential stem cell markers like e.g. annexin11, musashi, Histone H2A.
Z are currently being evaluated.

5.6 Stem Cells and the Evolutionary Biology of Reproduction

The accessibility of the stem cell system of Macrostomum lignano also allows 
interesting approaches for studying the economy of reproductive allocation, a topic 
of great practical and theoretical interest in evolutionary biology. All sexually 

Fig. 5.4 Immunocytochemistry (A–D) and in situ hybridization (E, F) using stem cell markers. 
Antibodies were raised against M. lignano PCNA (A), Vasa (B, C), and Piwi (D). (A, B) Confocal 
projection of the dorsal side. Proliferating neoblasts are located at the lateral sides. Arrowheads 
indicate stained neoblasts. e, eyes; te, testes; ov, ovaries. (C, D) Confocal projection of the gonads. 
te, testes; ov, ovaries; de, developing eggs. Note that both, Vasa and Piwi are present only in the 
outer margins of the testes that contain spermatogonia and spermatocytes. Mature sperm are in 
centre of the testes that is not stained. (E, F) In situ hybridization using vasa (E) and piwi (F) 
probes of M. lignano hatchlings. Note staining of the gonad anlage (ga) and neoblasts (arrow-
heads). e. eyes. All scale bars 75 µm
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reproducing organisms need to decide on a) the allocation towards reproduction 
versus maintenance in the context of their life histories (Stearns, 1992) and b) the 
allocation of resources towards male versus female reproduction, a process called 
sex allocation (Charnov, 1982). Higher allocation to a particular reproductive function 
will in many cases be linked to a higher stem cell proliferation rate in the particular 
organs. Worms that are grown in large group sizes were shown to react by increas-
ing the size of their testes (Schärer and Ladurner, 2003), presumably to counteract 
the higher sperm competition in larger groups. Using the BrdU labeling technique 
it was subsequently shown that this increase in testis size is linked to a higher 
number of proliferating stem cells in the testes (Schärer et al., 2004), thereby showing 
that bigger testes do work more.

Current efforts aim at using and extending the knowledge about testis- and 
ovary-specific gene expression patterns to gain experimental control over the allocation 
to resources to these organs. RNAi knockdown experiments of such genes may 
allow to produce individuals with an experimentally manipulated sex allocation, or 
in extreme cases even males or females in this normally simultaneously hermaphroditic 
flatworm. This will allow interesting experiments regarding mating role preferences 
and sexual conflict (Michiels, 1998; Charnov, 1979).

Moreover, an interesting field for future research will be the role of stem cells 
versus somatic cells in the establishment of certain resource allocation patterns. 
Based on the analyses of different isofemale lines there is evidence that both testis 
and ovary size in M. lignano are at least in part genetically determined (L. Schärer 
and D. Vizoso, unpublished data). It is thus interesting to ask if these allocation 
patterns are caused by the genetics of the somatic environment, the stem cells, or 
an interaction of the two. This question could be addressed by transplanting germ 
line stem cells of one isofemale line into the other and determining the resulting 
allocation patterns.

5.7 Regeneration in Macrostomum Lignano

Macrostomum lignano is able to regenerate missing body parts anteriorly, posteriorly 
and laterally, but pieces without brain and the major part of the pharynx fail to 
regenerate the whole body. Adult worms are able to regenerate a second head 
including brain and pharynx, but only in the presence of the old head, which 
indicates that the nervous system plays a major role during regeneration in M. lignano, 
notably the brain and the large nerve clusters besides the pharynx. The limited 
regeneration capacity in M. lignano and many other flatworms may therefore be 
attributed to the lack of stimuli from the nervous system, and not to an inherent 
limited potency of neoblasts (Egger et al., 2007; Egger et al., 2006).

Both adults and juveniles can regenerate. Complete regeneration is possible 
from pieces as small as 4,000 cells for adults and 1,500 cells for freshly hatched 
juveniles. In these fragments only about 160 and 50 neoblasts are present, respectively. 
Such a small number of neoblasts is enough to give rise to all cell types required 
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for regeneration of a complete animal – the lowest number known for any bilaterian 
animal (Egger et al., 2006).

Within 2–3 weeks, adult animals amputated behind the pharynx are able to quin-
tuple their cell number to reach that of a fully grown adult. Repeated regeneration of 
the same individuals was observed for up to 59 amputations during a period of more 
than 2 years (Egger et al., 2006). These experiments suggest that not only differentiated 
cells, but also stem cells themselves are being replenished upon regeneration.

At certain cutting levels the gonads are completely removed by amputation, but 
will be regenerated and these regenerates are able to produce fertile offspring. Thus 
somatic neoblasts have the ability to reconstitute the germline. Similarly, somatic 
neoblasts from the mesodermal space can reconstitute the whole gut including 
gastrodermal stem cells.

A distinct blastema, i.e. an accumulation of undifferentiated neoblasts and 
differentiating cells, can be distinguished as early as 24 h after amputation of the 
posterior part of the animal. At this time, the overall number of neoblasts in 
S-phase has significantly exceeded that of control animals, and especially the 
blastema is comprised to a large extent of S-phase neoblasts (Fig. 5.5B–C). While 
the overall number of mitoses decreases during the first 8 h, it reaches a peak at 

Fig. 5.5 Regeneration of M. lignano. (A) Sagittal serial section of an animal 24 h after amputa-
tion behind the female opening. S-phase neoblasts (brown) are mainly distributed laterally along 
the ventral main nerve cords and the dorsal nerve cords. The blastema is only visible in later 
sections of the series. Arrow indicates the level of the eyes. te testis, ov ovary, e.g. developing 
eggs (B) Detailed view of a later section of the same series as (A). The blastema in the posterior 
is comprised of neoblasts (brown ones in S-phase) and cells in early differentiation. (C) Double 
labeling of a 24 h regenerant with two different thymidine analogues. A iododeoxyuridine pulse 
(red) was chased for 24 h, after which a chlorodeoxyuridine pulse (green) was applied. Double-
labeled nuclei are yellow, some of which are denoted with arrows. Inset shows single- and 
double-labeled nuclei. Horizontal confocal projection. Anterior in panels (A) and (B) is left, in 
panel (C) at the top. All scale bars 25 µm
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48 h, when the blastema has formed a large bulge. Interestingly, the time needed 
for fast-cycling neoblasts to pass from S-phase to mitoses cannot be decreased 
during emergencies such as regeneration (Nimeth et al., 2007; Egger et al., 2006; 
Salvenmoser et al., 2001).

5.8 Conclusions and Outlook

Macrostomum lignano exhibits some appealing characteristics that qualifies this 
animal as an attractive model organism to study stem cells in flatworms. The excep-
tional amenability of the neoblast system renders M. lignano as a valuable addition 
to existing flatworm models. The development of additional methodological tools 
such as e.g. transgenic animals or further EST or genome sequencing might open 
new avenues to challenge stem cell related problems. However, progress using 
molecular tools must be accompanied by corresponding morphological studies. The 
determination and differentiation of neoblasts to build organs can be followed on the 
cellular level during postembryonic development and regeneration. The influence 
of regeneration or starvation on aging can be addressed. A detailed analysis of cell 
proliferation, migration and differentiation by applying e.g. double labeling of neob-
lasts with iodo- and chlorodeoxyuridine will yield important insights into the func-
tion of the M. lignano stem cell system. Research performed has demonstrated the 
usability of the M. lignano in different research contexts and the potential for inter-
disciplinary approaches. M. lignano is suitable to integrate molecular, organismal 
and ecological analyses to address fundamental biomedical questions.
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Stem cells: from Hydra to man

The stem cell system of the basal flatworm Macrostomum lignano
Abbreviations
BrdU 5’-bromo-2’-deoxy-uridine
EST Expressed Sequence Tag
S-phase synthesis-phase of the cell cycle
rER rough endoplasmic reticulum
G2 second gap-phase of the cell cycle
TUNEL TdT-mediated dUTP-biotin nick end labelling
DNA deoxyribonucleic acid
BLAST Basic Local Alignment Search Tool
RNA ribonucleic acide
PCNA Proliferating Cell Nuclear Antigen
MCM Minichromosome Maintenance
mRNA messenger RNA
RNAi RNA (ribonucleic acid) interference
MgCl

2
 magnesium chloride
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