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Preface

Dictyostelid social amoebae are a unique group of organisms with a life cycle that
includes both unicellular and multicellular stages. They belong to the eukaryotic
supergroup Amoebozoa, which is the sister group to Opisthokonta (animals and
fungi). At the unicellular stage the amoebae prey on other microorganisms, mostly
bacteria, by phagocytosis and multiply by binary fission. When food becomes
scarce, dictyostelids have developed different responses to survive, including a
remarkable process whereby a multicellular structure is formed by aggregation of
individual amoebae. These aggregates behave as true multicellular organisms,
showing processes of cell differentiation and morphogenesis that are reminiscent
of those of metazoans. This unique multicellular stage and the position of the
dictyostelids in the eukaryotic tree of life led to the sequencing of several genomes
across the group. The availability of these genomes, as well as those from other
non-dictyostelid sorocarpic amoeba, will allow us to gain insight into one of the
great mysteries of evolutionary biology, the evolution of multicellularity across the
tree of life. The social behavior of the dictyostelids also offers a unique oppor-
tunity to address the roles that multicellularity plays in the evolution of cooper-
ation in complex organisms.

After aggregation, Dictyostelium development is governed by a complex
interplay of extracellular signals between the different cell types. Despite being
initially regarded as a simple system, development in Dictyostelium has proved to
be more complex than previously expected. The molecular network that regulates
cell motility and chemotaxis during the aggregation stage is a major topic in
Dictyostelium research, which leads the field with astonishing discoveries about
the “molecular compass” that allows eukaryotic cells (regardless if they are
amoeba or human cells) to move in response to external gradients. A delicate and
interconnected regulatory network of gene expression is now emerging as a result
of massive transcriptomic analyses, which have helped to illuminate general
principles in the evolution of development. One of the species in the group,
Dictyostelium discoideum, has been used as a model organism since the 1960s.
This species is highly amenable to experimental manipulations as well as genetic
approaches, which together allow for a deep analysis of the function of genes.
Conservation of the molecular mechanisms underlying the most fundamental
cellular processes among distant taxa reinforces the use of D. discoideum as a
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suitable experimental system to address not only basic questions of cell biology,
but also issues of importance to human health and disease. These include the study
of pathogen infections, mitochondrial diseases, cell motility-related diseases, and
developmental and neurodegenerative diseases, among others.

This book highlights some of the most important recent discoveries in dict-
yostelid cell and molecular biology as well as the latest information about dict-
yostelid ecology, life cycle, and genomics. We also include a chapter on the study
of the multiple independent origins of aggregative multicellularity across
eukaryotes, which highlight the complexity of the evolution of cooperation among
microbes. The ongoing active research on dictyostelids and the application of high
throughput technologies suggest a promising future for the understanding of fun-
damental questions about living organisms, as inferred from the workings of the
humble but wise social amoeba.

Maria Romeralo
Ricardo Escalante
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Dictyostelium discoideum as a Model
in Biomedical Research

Sandra Muiioz-Braceras, Ana Mesquita and Ricardo Escalante

Abstract The simple eukaryote Dictyostelium discoideum has been traditionally
used to understand basic principles of cell and developmental biology and now has
also become a useful system in biomedical research. What are the similarities and
differences between D. discoideum and other simple microbial models such as
Saccharomyces cerevisiae? Which aspects are more advantageous to address in D.
discoideum? Are there any processes or specific proteins present in D. discoideum
that are difficult or impossible to study in other systems? Does it make sense to use
such a simple organism in biomedicine? These and other questions will be
addressed in this chapter, together with some specific examples in which D. dis-
coideum has proved its potential to model human disease.

Keywords Dictyostelium discoideum - Model organisms - Biomedical research -
Human disease - Pathogens - Pseudomonas - Legionella - Chemotaxis - Devel-
opment - Cell motility - Autophagy - Molecular pharmacology - Mitochondrial
disease - Sphingolipids - Cisplatin - Bipolar disorder

1 Introduction

A model organism is used in experimental biology to understand particular bio-
logical processes with the expectation that the knowledge obtained is applicable in
other organisms, often especially in humans. Regarding the study of human dis-
ease, a model organism is chosen on the basis of being simple and amenable to
experimental manipulations, but also, and obviously, for its similarity to humans.
These two aspects usually run in opposite directions as exemplified by microbial
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models, which are the best suited for genetic manipulations but are distantly
related to mammals. Fortunately, many processes affected in human diseases, such
as those concerning basic cellular functions, are well conserved in evolution and
thus can be addressed in simple but powerful microbial models. Historically,
fungal models have been the most widely used non-metazoan eukaryotic organ-
isms for their simplicity, genetic manipulability, and the profound knowledge of
their biology. However, the fungal lifestyle has specific characteristics that make
them different from animal cells. The social amoeba Dictyostelium discoideum is
not a fungus and lacks the complexity of simple metazoan models such as the
nematode Caenorhabditis elegans and the insect Drosophila melanogaster but it
shares with them many cellular properties and a simple developmental cycle that
can be used to model some basic aspects of human diseases.

Dictyostelid social amoebae are a group of eukaryotic soil microbes that prey
on bacteria and yeast. Taxonomically, they belong to the Amoebozoa, a sister
group of animals and fungi. Individual amoebas are highly motile cells and
multiply by binary fission while nutrients are available. When food is scarce the
cells become chemotactic and aggregate to form a simple multicellular organism.
Cell motility is regulated by complex signaling pathways that render the cells
responsive to an extracellular chemotactic molecule, which is produced and
secreted by the cells themselves. Eventually, the cells become polarized and form
streams, which converge into aggregative centers forming a mound. At this point,
a developmental program involving cell movement and cell differentiation leads to
the formation of a fruiting body formed by a stalk of vacuolated cells supporting
the spores. There are around 150 known dictyostelid species and the latest studies
group them into 8 divisions based on molecular phylogenic analyses (Romeralo
et al. 2011). The best-studied species is D. discoideum, which has become a model
organism in many different laboratories (Fig. 1).

2 What Makes Social Amoebas Different?

As mention above, a number of the model systems belong to the fungus kingdom
and as such have specific characteristics, which are different from animal cells or
D. discoideum cells. One of these fungal traits is the presence of rigid cell walls
made of chitin which, like the cellulose walls present in plants, provide structural
support and protection. In contrast, vegetative D. discoideum cells do not have cell
walls and this allows the flexible plasma membrane to perform processes typically
present in animal cells. These processes include phagocytosis (uptake of solid
particles), macropinocytosis (uptake of liquid), cell motility and chemotaxis,
which are accomplished by the formation of pseudopods (protrusions of the cell
membrane generated by the mechanical force exerted by the cytoskeleton). The
formation of the multicellular structure involves well-defined morphogenetic
movements and cell differentiation processes that also share more similarities with
animal development than with fungal mycelia (Escalante and Vicente 2000).
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Fruiting body

Spores

Dividing Cell
Mexican hat

D. discoideum
18h developmental cycle 6h

Fig. 1 Dictyostelium discoideum life cycle. Representative pictures of vegetative and develop-
mental stages

All these parallelisms with animal cells have their reflection in the encoded
proteins. Although social amoebas diverged before fungi, D. discoideum has many
more proteins in common with animals than does the yeast model S. cerevisiae
(Fig. 2). It is believed that many proteins present in the common ancestor of fungi,
animals, and amoebas have been lost during fungal evolution. The similarities at
the cellular level between amoebas and animal cells must have been the driving
force for maintaining most of these proteins. Obviously, this has a profound impact
on the utility of D. discoideum as a model system, since the function of many
proteins and certain molecular pathways cannot be studied in fungal models.

One good example of this principle is the group of SH2 domain-containing
proteins. These domains mediate protein—protein interactions and were thought to
be present exclusively in animal cells. Surprisingly, D. discoideum possesses 13
SH2 proteins and 4 of them (STATa-d proteins, Signal Transducer and Activator
of Transcription) have been characterized and found to be involved in develop-
ment and cell type differentiation (Williams 2003; Langenick et al. 2008; Kawata
2011). The mammalian STATSs are phosphorylated at specific tyrosine residues by
JAK receptors and this phosphorylation creates sites for interaction with SH2
domains of other STATS, mediating their dimerization. The active dimers are then
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(a) (b)

? S.cerevisiae

Fig. 2 Comparative genomics in D. discoideum. a A simplified representation of the
evolutionary relationships of D. discoideum with plants, fungi and animals. b Proteome
comparison between D. discoideum, human and S. cerevisiae using the on-line program
PROCOM (http://procom.wustl.edu/). The intersections show the number of similar proteins with
an E-value <1072, D. discoideum shows more conserved proteins in common with human than
the yeast model does. Specifically, 1,687 proteins are present in human and D. discoideum but
absent in S. cerevisiae, which makes the social amoeba a suitable system to study the function of
new human proteins

translocated to the nucleus where they regulate the expression of developmental
genes. As occurs in the worm C. elegans, which also possesses a STAT homolog
(Wang and Levy 2006), no canonical JAK kinases have been found in D. dis-
coideum, suggesting the presence of other tyrosine kinases involved in STAT
activation. A recent study identified the kinase that activates STAT in D. dis-
coideum. This kinase belongs to a group of kinases known as tyrosine-like kinases
(TKLs) suggesting an atypical and possible ancestral regulation of STAT proteins
(Araki et al. 2012). The study of this class of proteins in the Dictyostelium model is
shedding light on their function and evolution (Soler-Lopez et al. 2004).
Another example of animal-like proteins in D. discoideum is illustrated by the
recent discovery of the first lamin-like protein in a non-metazoan organism.
Lamins are involved in severe inheritable diseases, including muscular dystrophy,
cardiomyopathy, lipodystrophy, and progeria (Batsios et al. 2012), and are
required for chromatin organization, gene expression, and cell cycle progression.
Along these lines, a comparative and functional genomic study aimed at
characterizing proteins of unknown function conserved between D. discoideum
and humans, but absent in the fungi S. cerevisiae and S. pombe. Of the total
number of proteins, 41 were identified fulfilling these criteria and 28 were suc-
cessfully disrupted by homologous recombination (Torija et al. 2006a, b). The
sequences of the encoded proteins did not show recognizable functional motifs that
would allow a prediction of their function. Two of these proteins turned out to be
fundamental for cell function. One of them is Vacuole membrane protein 1
(Vmpl), whose disruption in D. discoideum leads to defects in autophagy and
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other membrane traffic processes (Calvo-Garrido et al. 2008; Calvo-Garrido and
Escalante 2010). The other protein is Mitochondrial dysfunction protein A
(MidA), which is involved in D. discoideum and human cells in mitochondrial
bioenergetics acting as an assembly factor of Complex I of the oxidative phos-
phorylation chain (Carilla-Latorre et al. 2010).

3 From the Soil to the Laboratory: The Early Times
of D. Discoideum Research

The species D. discoideum can be considered as a newcomer in science history,
since it was discovered not so long ago by Raper in 1933 in the Craggy Mountains
of Western North Carolina (Raper 1935, 1936). At that time, several fundamental
characteristics of dictyostelids, such as the first description of phagocytosis phe-
nomena, had already been studied in other species of this group. It was revolu-
tionary when Vuillemin realized that Dictyostelium mucoroides engulfed and
digested bacteria intracellularly (Vuillemin 1903), in a way totally different from
fungi, which obtain their nutrients by extracellular digestion. Later on, Raper went
beyond mere observation and applied experimental biology to these organisms.
Once D. discoideum could be grown to large quantities using a lawn of bacteria
(Raper 1936, 1939), Raper addressed fundamental questions of cell biology and
development. He was the first to study systematically the capacity of D. dis-
coideum cells to ingest and kill pathogenic bacteria, anticipating the great
importance of this model for the study of infectious diseases (Raper and Smith
1939). He discovered that the proportion of stalk and spore cells is kept nearly
constant irrespective of the size of the developing structure (Raper 1940b).
Another important aspect of development concerns cell fate specification, and he
addressed this with elegant grafting experiments showing that the front of the slug,
upon culmination, gives rise to the stalk and that the rear gives rise to the spores
(Raper 1940a, b). All these early studies showed the enormous potential of this
organism for developmental biology (Escalante and Vicente 2000) and set the
stage for its success as an experimental system.

One of the first observations of directional cell movement in eukaryotic cells
was made by Leber in 1888, when he observed streams of leukocytes moving
toward an injured retina in rabbit (Leber 1888). Although the underlying cause of
the movement was suggested to be mediated by extracellular molecules, experi-
mental proof of chemotaxis and the identification of these molecules had to wait
for several decades (McCutcheon 1946). The groundbreaking studies in D. dis-
coideum by Bonner in 1947 (Bonner 1947) definitively settled the chemotaxis
hypothesis and convinced others that the aggregative movement of D. discoideum
cells toward the aggregation centers was a wonderful opportunity to characterize
this phenomenon. As described below, the opportunity was not wasted and now
this organism has become a leading model in cell motility and chemotaxis
research.
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The mysterious chemotactic molecule in dictyostelid movement was named
acrasin and its chemical nature was identified in 1968 (Konijn et al. 1968). Sur-
prisingly, the molecule turned out to be cyclic adenosine monophosphate (cAMP),
discovered only a few years earlier by Sutherland as an intracellular second
messenger in hormonal action (Rall and Sutherland 1958). cAMP is not the only
acrasin identified; other dictyostelid species use different molecules such as glorin
or folate for the same purpose. The identification of the first leukocyte chemotactic
molecule took another several years (Yoshimura et al. 1987; Walz et al. 1987).
These mammalian chemotactic molecules (called chemokines) are small peptides,
different from dictyostelid acrasin molecules but they act through conserved
receptors and signaling pathways.

The ease with which an organism can be grown and handled in the laboratory is
an important factor in the advancement of new experimental tools. Significant
efforts were invested to grow D. discoideum in liquid media; first in association
with live or dead bacteria (Gezelius 1962; Sussman 1961) and later, by the iso-
lation of strains capable of growing in axenic liquid broth medium (Sussman and
Sussman 1967; Loomis 1971). Two independent strains, AX1 (which later gave
rise to AX2) and AX3 (which later gave rise to AX4), were isolated from NC4 (a
natural isolate of the species D. discoideum) in two different laboratories by clonal
selection or mutagenesis. While the original NC4 isolate can only grow by
phagocytizing bacteria, these strains were able to grow axenically by macropin-
ocytosis, engulfing large amounts of liquid media. These new possibilities allowed
the manipulation of large amounts of cells for diverse purposes and made it
possible to synchronize development by washing off the nutrients and depositing
the cells in a moist filter.

The isolation and study of mutants has been of central importance in the history
of experimental biology. By studying the abnormal functioning of a given process,
one might infer the mechanisms controlling the normal function. Sussman’s group
was the first to isolate D. discoideum mutants affected in growth and in different
stages of development by exposing cells to UV-light. These mutants allowed the
first synergistic studies and led to the realization of the complex networks
underlying developmental processes, even in simple organisms (Sussman 1954;
Sussman and Sussman 1953; Sonneborn et al. 1963). In many cases, a mixed
population of two mutant strains could achieve normal development suggesting the
presence of non-cell autonomous defects that can be mutually complemented in
the mixed population. The particular genes affected in these mutants could not be
identified at that moment, but these studies anticipated the future advances of
developmental biology using this simple model.

Biochemical studies of enzyme activities in normal and mutant strains obtained
by chemical mutagenesis opened new frontiers for the characterization of devel-
opmental processes, not only at the morphological but also at the biochemical
level. An important example is the level and activity of enzymes involved in
polysaccharide synthesis (Loomis et al. 1976; Loomis 1969a, b, 1970; Loomis and
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Sussman 1966; Sussman 1965; Ashworth and Sussman 1967). The idea of a
complex regulation of the level of expression of certain genes at transcriptional
and translational levels during development was then clearly established (Roth
et al. 1968; Newell et al. 1969).

4 The Advent of Molecular Genetics Propelled
D. discoideum into the Post-genomic Era

In the 1970s, the development of recombinant DNA technology and DNA
sequencing (Maxam and Gilbert 1977) allowed molecular genetics to flourish in
several experimental systems. The first analyses of the D. discoideum genome
were accomplished by Firtel and Sussman, who analyzed its size and realized its
extreme AT-richness (Sussman and Rayner 1971; Firtel and Bonner 1972), and
about a decade later, some D. discoideum genes were sequenced (Peffley and
Sogin 1981; Hori et al. 1980; Poole et al. 1981). But the real breakthrough con-
cerning the potential of D. discoideum as a genetic system came with the finding
that D. discoideum cells could be transformed with exogenous DNA, which allows
a direct manipulation of specific genes (Hirth et al. 1982). DNA is integrated
randomly in the genome as tandem repeats of varying numbers of copies, but
currently non-integrative extrachromosomal plasmids are also available (Gaudet
et al. 2007; Veltman et al. 2009a, b; Firtel et al. 1985). This prompted the
development of a wide array of techniques that have, nowadays, become routine in
D. discoideum laboratories, including the expression of tagged proteins and
reporter genes, gene inactivation by homologous recombination, insertional
mutagenesis, and many other applications aimed at studying specific genes and
their functions (Eichinger and Rivero 2006; Meima et al. 2007; Dubin and Nellen
2010; Levi et al. 2000).

Among these techniques, special attention must be paid to the generation of
knock-out (KO) strains of specific genes by homologous recombination, which in
D. discoideum is very efficient and since this organism is haploid, the conse-
quences of the mutation can be determined directly in the clonal isolate without
further manipulation. Myosin heavy chain and alpha-actinin were the first genes
disrupted using homologous recombination in 1987 (De Lozanne and Spudich
1987; Witke et al. 1987), revealing the surprising finding that myosin is not
essential for cell viability and that it is required for cytokinesis and development.
Recent advances have facilitated the generation of large collections of strains
carrying mutations in selected genes, opening the future possibility to achieve the
systematic disruption of any single gene in this system (Torija et al. 2006a;
Wiegand et al. 2011). Multiple KO mutants can now be obtained using the Cre-
loxP system, and a remarkable example is the generation of a sextuple mutant
lacking five type-1 phosphoinositide 3-kinases and the PTEN phosphatase; this
mutant was used to investigate the role of phosphoinositide signaling in cell
motility (Hoeller and Kay 2007).
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A new step forward was the application in 1992 of another powerful technique:
insertional mutagenesis by restriction enzyme-mediated integration (REMI) (Ku-
spa 2006; Kuspa and Loomis 1992). Briefly, a linearized plasmid containing a
selection marker is electroporated together with a restriction enzyme into the cells.
The restriction enzyme will create compatible integration sites in the genome,
facilitating the integration of the plasmid. For example, the restriction enzyme
Dpnll (which recognizes the 4-base sequence GATC and generates GATC over-
hangs) will allow the integration of a plasmid cut with the compatible restriction
enzyme BamHI (that recognizes the 6-base sequence GGATCC and generates
GATC overhangs). The frequency of Dpnll-sites in the genome is much higher
than that of BamHI-sites, thus covering a wider spectrum of potential target genes.
If the insertion interrupts a gene necessary for development, the resulting phe-
notype can be easily identified, and the strain isolated for further manipulation.
This technique proved to be very efficient for generating mutants affecting diverse
aspects of development. The difference with mutants generated by chemical
mutagenesis or UV-light is that this technique enables the rapid identification of
the disrupted gene. Identification of the mutated gene is accomplished by plasmid
rescue and sequencing of the regions flanking the insertion (Fig. 3).

The potential of this technique was clearly illustrated by the work of Loomis,
who isolated a collection of 80 REMI mutants affected in development (http://
www-biology.ucsd.edu/labs/loomis/REMI/index.html). The study of some of these
mutants has revealed essential signal transduction pathways controlling develop-
ment and cell differentiation. The REMI technique also allows the identification of
genes specifically involved in a given process using the appropriate phenotypic
selection (Adachi et al. 1994; Nagasaki and Uyeda 2008).

The insertional mutagenesis has also been used in other screening strategies
such as the powerful second-site suppressor analysis, which allows the identifi-
cation of components of complex signal transduction pathways. It is based on the
identification of a second mutation that overcomes the defect of a primary
mutation. Second-site mutagenesis is performed on the mutant background using
REMI, which later will allow the recovery of the gene acting as a suppressor. After
antibiotic selection, transformants are screened for clones that display total or
partial recovery of the phenotype. The disrupted gene is expected to act as a
negative component downstream of the primary defect in a given signal trans-
duction pathway (Shaulsky et al. 1996). For example, the mutation of fagB, which
encodes a multidrug resistance transporter (MDR), blocked sporulation, and a
second-site suppressor screening performed on the fagB mutant revealed several
genes whose disruption partially bypassed the sporulation defect. One of these
suppressors of tagB mutation was found to be a phosphodiesterase, which plays an
essential role in the control of terminal differentiation (Shaulsky et al. 1996).

With all these new technical possibilities at hand, the next challenge was to
obtain the whole sequence of the genome. This would allow comparative and
functional genomic studies and fully exploit all the mentioned advantages.
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Fig. 3 Insertional mutagenesis in D. discoideum using REMI. A restriction enzyme (for example
Dpnll) is used to create insertion sites in the genome for a plasmid containing compatible ends (in
this case, cut with BamHI). Transformants can be screened for abnormal cell morphology or
developmental defects. Three mutants are shown as examples: multinucleated cells stained with
DAPI, cells with aberrant polarization during aggregation and a mutant arrested at the slug stage.
The disrupted gene can be identified by plasmid rescue of the genomic regions flanking the locus
of insertion. Recreation of the mutant phenotype can be obtained by homologous recombination
using the same construct

The sequence of the D. discoideum genome was published in 2005 (Eichinger et al.
2005). The genome is 34 megabases (Mb) in size, with six chromosomes encoding
an estimated 12,500 proteins. This makes it quite small and compact, similar to the
genome of the yeast model S. cerevisiae. The genome sequences of other dict-
yostelid species (D. purpureum, D. fasciculatum, and Polysphondylium pallidum)
are now also available (Sucgang et al. 2011; Heidel et al. 2011). A central resource
for dictyostelid genomics, dictyBase (http://www.dictybase.org/), provides
invaluable tools, including full annotation, expression analysis, and associated
bibliography.
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5 A New Frontier in D. discoideum Research: Modeling
Human Disease

Genome analyses have shown the presence of disease-related genes that are con-
served between D. discoideum and human (Eichinger et al. 2005). Many of these
genes are involved in processes that have been well conserved in evolution allowing
their study in the social amoeba in a meaningful way, as has indeed been proved in
many recent studies (Escalante 2011). In the past years, the number of studies in D.
discoideum aimed at understanding genes or processes directly related to human
disease has increased steadily as illustrated in the next sections of this chapter.

5.1 Pathogen—Host Interactions in D. discoideum

The bacterivore nature of dictyostelids and other protists imposes a strong selec-
tion pressure on the soil microbes. As a result, it is believed that some bacteria
have developed during evolution strategies to survive the attack of these predatory
amoebae. Pathogenic bacteria might have transformed these defense mechanisms
into virulence traits to survive the attack of professional phagocytes in the human
body: the macrophages and neutrophils. Since phagocytosis and endocytic traffic
are highly conserved in evolution, it is not surprising that the essential mechanisms
used by bacterial pathogens to evade and infect humans have been conserved in
the interactions with D. discoideum and can be conveniently studied in this model
(Lima et al. 2011; Steinert 2011).

D. discoideum cells can be easily co-cultured with pathogenic bacteria in agar
plates. If the amoeba is able to ingest and kill the bacteria, clear plaques appear.
Conversely, the absence of clear plaques reveals resistance to D. discoideum
predation and might indicate the presence of virulence mechanisms (Fig. 4). This
simple assay allows large-scale analysis of virulence levels among different iso-
lates, or genetic screening to identify host or pathogen determinants. In 1978, an
extensive study by Depraitere and Darmon (1978) tested up to 78 different gram-
positive and gram-negative bacterial species for their capacity to support D. dis-
coideum growth. They found that most of them were normally ingested and killed,
but also found some species that showed different degrees of toxicity for the social
amoeba. Since then, D. discoideum has been used as an infection model for a still
growing list of human pathogens. Some of them are able to grow intracellularly
and parasite the cell host, such as Legionella and Mycobacterium (Fig. 4); others
are extracellular pathogens able to kill the host cells using a variety of toxins, such
as Pseudomonas aeruginosa. The list of pathogens tested in the Dictyostelium
model includes species such as Salmonella typhimurium, Yersinia pseudotuber-
culosis, Burkholderia cenocepacia, Vibrio cholerae, Stenotrophomonas malto-
philia, Acinetobacter baumannii, and Pseudomonas fluorescens (Steinert 2011;
Sperandio et al. 2012; Iwashkiw et al. 2012).
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(a) (b)

Legionella pneumophila Klebsiella aerogenes

Fig. 4 Dictyostelium discoideum and bacterial pathogens. a Transmission electron micrograph
of an L. pneumophila-infected D. discoideum cell. Bacteria are concentrated within a single
vacuole. This photograph was reproduced with permission (Steinert 2011). b Pseudomonas
aeruginosa virulence tested in a simple plating assay. D. discoideum cells are mixed with the non-
pathogenic bacteria K. aerogenes or the pathogenic P. aeruginosa and plated on agar plates. D.
discoideum is only able to feed on the non-pathogenic bacteria and, after a few days, clear
plaques are formed

Pseudomonas aeruginosa is an opportunistic environmental bacterium that is
particularly dangerous in patients with severe burns and compromised immunity,
and it is one of the most common pathogens of nosocomial infections. It is also
responsible for frequent chronic infections in patients suffering from cystic
fibrosis. Pseudomonas is intrinsically resistant to antibiotics and it has developed a
large array of virulence factors. Flagella and pili facilitate the contact of bacteria
with their target cells and enhance their adhesion, which is a critical step in
infection. After contact, the type III secretion system is capable of injecting into
the cell cytoplasm an arsenal of cytotoxic molecules, which act at different levels
and interfere with as yet unidentified host cofactors (Kipnis et al. 2006). Other
products, such as elastase, alkaline phosphatase, and exotoxin A, are secreted into
the extracellular space by secretion systems I and II. The expression of many of
these systems is regulated in the bacterial population by a mechanism mediated by
extracellular signals, the “quorum-sensing” (QS) (Van Delden and Iglewski
1998). Mutations affecting these virulence systems in Pseudomonas makes the
bacteria more sensitive to D. discoideum predation and the correlation with data
obtained in other virulence systems (worms, rats, and mice) is near-perfect, sug-
gesting that the mechanisms of infection have been conserved (Lima et al. 2011;
Cosson et al. 2002; Pukatzki et al. 2002).

Measuring the virulence of opportunistic bacteria in mammalian models is
difficult since it requires immune-compromised mice or rats. This is very
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expensive and even impractical when the number of tests is high such as those
required for studies of clinical isolates or collections of mutated bacteria. The
reproducibility of such assays is also questionable since the response of an indi-
vidual to an infection depends on many different factors, which are often difficult
to control. Consequently, the use of simple experimental systems such as the worm
C. elegans and D. discoideum has become a reliable alternative in the research of
Pseudomonas and other opportunistic pathogens.

A nice example of such use is the study of the evolution of Pseudomonas
virulence within infected patients, as this requires massive testing of many isolates.
Clinical populations of P. aeruginosa from acute infections show a wide range of
virulence that can be conveniently tested in D. discoideum assays (Janjua et al.
2012). Another recent study has revealed that during the course of chronic
infections in cystic fibrosis patients Pseudomonas accumulates mutations in vir-
ulence genes such as the lasR gene involved in QS response. D. discoideum was
used to measure the virulence of hundreds of clinical isolates (Lelong et al. 2011;
Bradbury et al. 2011). A decrease in virulence was observed over the time of
infection, suggesting that the persistence of high virulence is not required to
maintain a chronic infection. Interestingly, there was no correlation between the
loss of lasR and the loss of virulence, indicating that other virulence traits must be
affected.

A recent report analyzed the impact of the Crc protein, a global regulator of
metabolism. A P. aeruginosa strain lacking Crc showed defects in type III
secretion and motility and showed a less virulent phenotype in D. discoideum.
These results suggest that Crc might be a good target in the search for new
antibiotics (Linares et al. 2010).

Despite the functional and genomic similarities among different P. aeruginosa
strains (Alonso et al. 1999; Morales et al. 2004), some differences in their path-
ogenicity have been observed (Lee et al. 2006). This is clearly exemplified by two
clinical isolates commonly used as model strains, PAO1 and PA14. As occur in
other models, D. discoideum is more sensitive to PA14 than to PAO1 (Carilla-
Latorre et al. 2008). To investigate the origin of these differences, D. discoideum
cells were exposed to either P. aeruginosa PAO1 or P. aeruginosa PA14 and after
4 h D. discoideum RNA was extracted. Transcriptome analyses by microarrays
showed the existence of common and specific responses of D. discoideum cells to
infection. The expression of 364 genes changed in a similar way upon infection
with one or the other strain, whereas 169 genes were differentially regulated
depending on whether the infecting strain was P. aeruginosa PAO1 or PAl4.
Effects on metabolism, signaling, stress response, and cell cycle can be inferred
from the genes affected. These results indicate that the infective process of bac-
terial pathogens can be strain-specific and more complex than previously thought
(Carilla-Latorre et al. 2008).

Intracellular pathogens interfere with the sequence of events leading to inter-
nalization by phagocytosis and intracellular digestion of the bacteria. In D. dis-
coideum and mammalian cells, phagocytosis is initiated by bacterial adhesion to
the cell surface. This triggers an actin cytoskeleton rearrangement at the site of
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ingestion that plays an essential role in the internalization and transport of the
phagosome vesicle into the cells. The signaling events involve heterotrimeric and
monomeric G proteins, phospholipases, PI kinases, phosphatases, and calcium ions
(Bozzaro et al. 2008). The following steps of maturation include acidification of
the phagosome by fusion with acidic vesicles containing a V-H*ATPase, and
fusion with non-acidic vesicles containing Nrampl, a divalent metal transporter
involved in the depletion of divalent metals that prevent bacterial growth (Peracino
et al. 2006, 2010, 2012). Successive recruitment of lysosomal hydrolases even-
tually leads to bacterial digestion. Undigested material is then exocytosed to the
exterior of the cell. The challenge is to understand how different pathogens
interfere with this sequence of events.

Legionella pneumophila is a pathogenic gram-negative bacterium responsible
for Legionnaires’disease, a severe life-threatening pneumonia. Legionella is
common in the natural environment where it lives within different amoeba species.
After ingestion, the bacteria are able to establish an intracellular niche evading
lysosomal degradation. This Legionella replicative environment allows the bac-
teria to grow and replicate inside amoebae and human cells. The establishment of
this intracellular niche is very complex and still poorly understood, but it is known
to involve the recruitment of mitochondria, endoplasmic reticulum (ER), and
smooth vesicles, and to block the fusion with lysosomes. The use of D. discoideum
mutants has revealed that Legionella uptake takes place by conventional phago-
cytosis requiring heterotrimeric G proteins (Steinert 2011). Legionella expresses a
number of effector proteins that are translocated to the cytoplasm by the secretion
system Icm-Dot, interfering with diverse signaling pathways involved in mem-
brane traffic. Some of these effectors include regulators of small GTPases (GEFs,
guanine exchange factors, and GAPs, GTPase activating proteins), interactors of
phosphatidylinositol 4-phosphate, a regulator of Arfl, and a protein involved in
vesicle transport from the Golgi to the ER.

The expression in D. discoideum of another Legionella effector, LegC3, leads to
the disruption of organelle trafficking by the accumulation of endosome-like
structures containing undigested material (de Felipe et al. 2008). Ankyrin B
(AnkB), another Legionella effector required for its replication, is essential for the
recruitment of polyubiquitinated proteins to the Legionella vacuole. The AnkB
effector achieves this by mimicking the action of host F-box proteins, thus
hijacking the conserved SCF ubiquitin ligase complex in macrophages and D.
discoideum (Price et al. 2009).

5.2 Pathobiology of Cell Motility and Chemotaxis

Cell motility and chemotaxis are essential for many aspects of the life cycle of
eukaryotes. From the earliest stages of development, cell migration is necessary
for the formation of the embryo. A paradigmatic example is that of the neural crest
cells, a multipotent, migratory cell population. After gastrulation, these cells are
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specified at the border of the neural plate. They move from there to colonize
different regions of the embryo, and then give rise to different cell types such as
connective tissue cells, cartilage, skeletal tissue, melanocytes, etc. (Trainor 2005).
Their movement is regulated by extracellular signals that act as attractants and
repellents of their migration (Jones and Trainor 2005). Cell migration is also
essential in wound healing, where fibroblasts must move to repair the wound (Kole
et al. 2005). The immune system is another example where white blood cells are
attracted to sites of infection and inflammation by chemotaxis to exert their pro-
tective function (Parent 2004; Jin et al. 2008). Chemokines are extracellular
molecules essential for guiding these immune cells to the site of infection.
Abnormal secretion of chemokines may lead to excessive recruitment of leuko-
cytes contributing to several inflammatory diseases such as chronic obstructive
pulmonary disease (COPD), multiple sclerosis (MS), atherosclerosis, inflammatory
bowel disease, and endocrine autoimmune disease. Another, no less important,
motility-dependent pathological process is cancer, where the migratory capacity of
transformed cells promotes their exit from the tissue of origin and the invasion of
new areas (Roussos et al. 2011; Condeelis et al. 1992). It is therefore not surprising
that many diseases are related with cell migration defects.

The motility behavior of leukocytes and D. discoideum cells is very similar in
response to their chemoattractants (chemokines and cAMP, respectively). Cells
elongate and polarize the cytoskeleton in the direction of the gradient. In both cell
types, the signal is transmitted into the cells by G-protein coupled receptors
(GPCRs) and the molecular parallelisms of signal transduction and the regulation
of the chemotactic machinery are wonderfully conserved as described in other
chapters of this book (Swaney et al. 2010; Wang et al. 2011a; King and Insall
2009; Jin et al. 2008).

The actin cytoskeleton is finely regulated during cell motility and chemotaxis
since it is responsible for generating the forces necessary for cell movement. A
number of diseases are associated with dysfunction of actin or its regulation, such
as defects in immunity, neuronal development, degenerative diseases, cancer, and
pathogen infection. D. discoideum has contributed to understanding the basic
principles of some of these diseases. A relevant example is the Wiskott-Aldrich
syndrome, an X-linked recessive immunodeficiency characterized by thrombocy-
topenia, eczema, and recurrent infections. The disease is caused by mutations in
the WAS gene encoding WASP, a protein expressed preferentially in the hema-
topoietic system. This protein regulates the actin nucleation complex Arp2/3 and
thus the formation of new actin filaments. Another member of the WASP family,
the actin nucleation promoting protein SCAR/WAVE, which is essential for the
generation of pseudopods, was first identified and characterized in D. discoideum
(Bear et al. 1998; Veltman et al. 2012; Ura et al. 2012).

Lissencephaly, which literally means smooth brain, is a severe developmental
brain defect caused by abnormal migration of neurons. This defect is caused by
mutations in either one of the two proteins Lissencephaly 1 (LIS1) and Double-
cortin (DCX), which interact with the microtubule and actin cytoskeleton. LIS1
and DCX have been characterized in D. discoideum and these studies have lead to
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surprising results about the function of these important proteins (Meyer et al.
2011). Expression of a hypomorphic lissencephaly causing allele of LIS1 in D.
discoideum led to severe abnormalities at the cellular level such as disruption of
the microtubule cytoskeleton, disorganization of the Golgi apparatus, detachment
of centrosomes from the nucleus, and reduced F-actin content. Moreover, a
potential relationship with the actin cytoskeleton was suggested by the interaction
with a potential actin regulator, RaclA (Rehberg et al. 2005). DCX and LISI
physically interact both in mammalian and in D. discoideum cells. Remarkably,
ablation of DCX in the mutant strain expressing the hypomorphic LIS1 leads to an
additional phenotype not present in the single mutants, a defect in the formation of
streams during aggregation. These double mutants were able to respond normally
when a few wild-type cells were added in the experiment, suggesting that the
defect in aggregation is not due to abnormal cytoskeleton rearrangement but to
defects in extracellular cAMP signaling. These and other additional experiments
led to the conclusion that DCX and LIS1 cooperate in a cytoskeleton-independent
manner to regulate cAMP signaling and open the question whether a similar
cooperation might also be present during brain development (Meyer et al. 2011).

Shwachman-Bodian-Diamond syndrome (SDS) is a severe hereditary disease
characterized by skeletal abnormalities, pancreatic insufficiency, bone marrow
failure, and increased sensitivity to infections. The observation that leukocytes
taken from SDS patients show abnormal orientation during chemotaxis led to the
hypothesis that cell motility might play a role in the etiology of the disease. The
function of the protein mutated in this syndrome (SBDS) is unknown and it has no
primary sequence similarity to any other protein or structural domain that would
indicate a possible function. Interestingly, the homologous D. discoideum protein
fused to GFP showed an enrichment of the protein in the pseudopods during cell
migration, suggesting a direct role in the chemotactic machinery (Wessels et al.
2006). However, recent work in D. discoideum led to unexpected results, since the
SBDS protein was found to be directly involved in ribosome assembly. These
results support the hypothesis that SDS is a ribosomopathy caused by abnormal
ribosome maturation (Wong et al. 2011).

5.3 Autophagy and Protein Aggregation Disorders

Autophagy is a lysosomal degradation pathway of the cell’s own material and is
highly conserved in all eukaryotes. Three forms have been described: chaperone-
mediated autophagy (CMA), microautophagy, and macroautophagy. They differ in
their physiological functions and the mechanisms to carry out the degradative
process. During CMA, specific proteins are recognized by chaperones and trans-
located through the lysosome membrane for degradation (Koga and Cuervo 2011;
Arias and Cuervo 2011). Microautophagy is a poorly defined process involving
invagination of the lysosome membrane; the resulting small vesicles containing
cytoplasmic material are degraded inside the lysosome (Mijaljica et al. 2011).
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The best known and the most conserved is the third type, macroautophagy (called
‘autophagy’ hereafter for simplicity) and it is the main cellular mechanism
involved in protein and organelle degradation (Yang and Klionsky 2010; Calvo-
Garrido et al. 2010).

Autophagy is triggered by starvation conditions such as nutrient or growth
factor depletion, but it is also induced in circumstances requiring for example the
elimination of protein aggregates and defective organelles, or in response to
bacterial pathogens. A double-membrane vesicle called autophagosome is formed
in the cytoplasm engulfing the cargo. This is followed by fusion of the auto-
phagosome with lysosomes and the subsequent degradation of the vesicle and its
content. The simple molecular constituents are released during this degradation
process to be recycled or used for ATP production.

During aging and neurodegeneration, cells accumulate abnormal protein
aggregates, misfolded proteins, and defective organelles that need to be removed
by autophagy, since they would otherwise interfere with normal cell function and
contribute to the increasing risk of suffering several disorders (Xilouri and Stefanis
2011). The enormous impact of autophagy on pathology and aging has just begun
to be recognized and it has started to attract the interest of medical research. Its
therapeutical manipulation might be of great importance to fight cancer and
degenerative diseases, to mention just two of the most devastating illnesses
affecting millions (Yang et al. 2011; Xie et al. 2011). Understanding the molecular
mechanisms of the autophagy machinery and its regulation is essential for its
potential use as a therapeutic target and we are still far from understanding it in
sufficient detail.

The first autophagy proteins were identified in yeast (coined Atg, for
“autophagy-related”) and grouped into functional complexes that are required for
the initiation, elongation, and completion of the autophagosomes, although the
precise mechanism of action of many of these proteins and the way they are
regulated are not completely understood. Three signaling complexes regulate the
initial inductive stage: Tor 1 kinase, Atgl kinase, and the class III PI3Kinase
complex. Vesicle expansion and completion require two ubiquitin-like conjugation
systems. In the first conjugation reaction Atgl2 is covalently bound to Atg5, a
reaction catalyzed by the El-type enzyme Atg7 and the E2 enzyme Atgl0. After
this, Atgl6 interacts with the Atgl2-Atg5 complex localized in the elongating
membrane. This step facilitates the second conjugation reaction involving Atg8
(known as LC3 in mammals), which is attached to the expanding autophagosome
membrane by conjugation to phosphatidylethanolamine (Fig. 5). Other proteins
have been recognized to be involved in autophagy but their functions are still
poorly defined. Examples are the membrane proteins Vmpl and Atg9, which are
believed to play a role in autophagosome membrane initiation. For further details
see the following reviews (Inoue and Klionsky 2010; Yang and Klionsky 2010;
Calvo-Garrido and Escalante 2010).

The origin and the mechanisms of formation of the autophagic double mem-
brane are still open questions. It seems that different organelles including the ER
and mitochondria can mediate the formation of the autophagosome membrane, but
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Fig. 5 Autophagic machinery in D. discoideum. The isolation membrane is a double membrane
that enlarges and finally engulfs parts of the cytoplasm, aggregated proteins or organelles. After
fusion with lysosomes, the content is degraded and recycled. The predicted D. discoideum
autophagic proteins are organized into functional complexes using the information available from
the yeast S. cerevisiae and mammalian cells. Some proteins such as Atgl01, UVRAG, Bif 1 and
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how these membranes are recruited and specified to become an autophagosome is
unknown (Reggiori 2006; Hailey et al. 2010). The PI3Kinase complex generates
phosphatidylinositol 3-phosphate (PtdIns3P) at the site of autophagosome forma-
tion and this signaling is essential for the recruitment of autophagic proteins. Many
other issues remain to be characterized, such as the mechanisms of membrane
elongation and completion, the regulation of the fusion with lysosomes, and the
link between the inductive signaling pathways, and the autophagic machinery. The
autophagy process is so complex that other unknown autophagy-related proteins
are expected to exist.
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A number of studies in D. discoideum have revealed the similarities (both
morphological and molecular) of its autophagic machinery with that of animal
cells and, importantly, the presence of homologous autophagic proteins in D.
discoideum and mammals that are absent in S. cerevisiae such as Atgl01, FIP200,
and Vmpl (Calvo-Garrido et al. 2010; King et al. 2011; King 2012). In D. dis-
coideum, as in mammalian cells, nascent autophagosomes originate in the cyto-
plasm from multiple origins and fuse with lysosomes, which are also animal-like.
In contrast, in the yeast model S. cerevisiae, as in other fungi, these structures are
concentrated and assembled in a single location of the cytoplasm near the single
huge lysosome, the so-called vacuole.

Several markers have been optimized to study different stages of autophago-
some formation as well as techniques to monitor autophagic flux (Calvo-Garrido
et al. 2011; King et al. 2011), allowing a good level of molecular definition of the
autophagic process in the Dictyostelium model. A number of mutants in D. dis-
coideum have been generated affecting genes coding for at least one component of
each of the referred functional complexes and the membrane proteins Atg9 and
Vmpl (Otto et al. 2003, 2004; Calvo-Garrido and Escalante 2010; Tung et al.
2010). A common phenotype in D. discoideum autophagy mutants is aberrant
development and, interestingly, the severity of the phenotype depends on the
mutated gene. The strongest phenotypes correspond to mutations in the kinase
Atgl and the transmembrane proteins Atg9 and Vmpl. Vmpl is an ER protein that
also co-localizes with autophagosomes, suggesting a role in the initial stages of
autophagosome formation from the ER, modulating the spatial and temporal
dynamics of PtdIns3P signaling (unpublished results). Apart from affecting
autophagy, ablation of the protein causes defects in other membrane-dependent
processes such as protein secretion and the functioning of the contractile vacuole,
an organelle responsible for osmoregulation in social amoebas. Interestingly,
Vmpl has been proposed to have a role in pancreatitis and cancer (Ropolo et al.
2007; Grasso et al. 2011).

Another remarkable trait of autophagy mutants in D. discoideum is the presence
of ubiquitinated protein aggregates, which are also common features in patholo-
gies like Alzheimer’s and Parkinson’s disease, amyotrophic lateral sclerosis,
Huntington’s disease (HD), etc. The above-mentioned differences in the severity
of the developmental phenotypes among autophagic mutants correlate quite well
with the size and number of ubiquitin-positive protein aggregates (Calvo-Garrido
and Escalante 2010). An attractive hypothesis is that the observed phenotypes are
aggravated by the presence of these aggregates. The protein composition of the
aggregates was partially analyzed in a mutant strain lacking Vmp1 and showed the
presence of P62 (also known as Sequestosome 1), an adaptor protein involved in
autophagic clearance of several substrates and also implicated in diverse protein
aggregation disorders and infectious diseases (Zheng et al. 2011; Mostowy et al.
2011). The study of the formation and degradation of these aggregates is clinically
important as it might provide opportunities for effective therapies.

It is still debated if protein aggregates in neurodegenerative diseases are the
cause of the disease or a cell defense mechanism to accumulate and separate
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abnormal proteins that otherwise would be toxic. Several studies in D. discoideum
suggest that the protein aggregation phenotype might be deleterious for cell
function, perhaps acting as a sink for other normal proteins that are attracted to the
aggregate and thus lose their normal localization. This phenomenon was recently
described in D. discoideum when VASP, an actin-binding protein, was expressed
with an endosomal targeting signal. The mis-targeting of this protein leads to the
formation of huge actin aggregates reminiscent of Hirano bodies, often present in
neurodegenerative diseases. These actin aggregates were found to sequester a
number of actin-binding and endosomal proteins promoting their disappearance
from the cytoplasm, their normal location (Schmauch et al. 2009). Interestingly,
the strong defect in the cytoskeleton observed in D. discoideum cells with Hirano
bodies can be mimicked by disruption of these sequestered proteins, opening the
possibility that protein sequestration might also contribute to neuronal malfunction
in these pathologies. Hirano body-like aggregates can also be induced in D. dis-
coideum by the overexpression of a truncated form of a 34 kDa actin-binding
protein (Maselli et al. 2002). A recent report showed that both autophagy and the
proteasome pathway contribute to the degradation of Hirano bodies in D. dis-
coideum. Moreover, the autophagosome marker protein GFP-Atg8 co-localized
with Hirano bodies in wild-type D. discoideum cells, but not in cells deficient in
the autophagic proteins Atg5 or Atgl (Kim et al. 2009).

D. discoideum is also a promising model to understand the normal physiolog-
ical role of the presenilins, which are key proteins in Alzheimer’s disease. Pre-
senilins are the catalytic moiety of y-secretase, a protease that cleaves a wide
variety of integral membrane proteins. Inappropriate processing of amyloid pre-
cursor protein (APP) by this protease is associated with familial Alzheimer’s
disease. The analysis of null mutants indicates that presenilin complexes regulate
cell differentiation and phagocytosis in D. discoideum. Remarkably, D. discoideum
cells are able to process ectopically expressed human APP, and thus it might serve
as a valuable model to understand the pathology and to apply high-throughput
screening of new therapeutic drugs (McMains et al. 2010).

HD is a neurodegenerative genetic disorder caused by the presence of poly-
glutamine tracts in the protein huntingtin. D. discoideum has a huntingtin homolog
whose disruption leads to pleiotropic defects in different cellular processes
including cell motility, adhesion, and cytokinesis suggesting that huntingtin, as
also suspected in human, is a complex multifunctional protein (Myre et al. 2011;
Wang et al. 2011b).

Unexpected connections of human diseases with autophagy might arise from
studies in D. discoideum. This is the case of the human VCP (p97) gene, whose
mutations cause IBMPFD (inclusion body myopathy with early onset Paget’s
disease of bone and frontotemporal dementia), ALS14 (amyotrophic lateral scle-
rosis), and HSP (hereditary spastic paraplegia). This protein is conserved in D.
discoideum and the expression of the most prevalent mutation leads to defects in
growth, development, proteasomal activity, and autophagy. Interestingly, a novel
relationship of VCP with the core autophagic protein Atg9 has been discovered,
which is based on mutual inhibition (Arhzaouy et al. 2012).
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5.4 The D. dictyostelium Model of Mitochondrial Disease

The mitochondrion is the organelle responsible for the generation of most cellular
ATP through oxidative phosphorylation, and thus plays a key role in cellular
bioenergetics. Similar to impaired autophagy, mitochondrial dysfunction affects
the energy status of the cell and affects multicellular development. It should be
noted that mitochondria are also involved in other important functions such as
apoptosis, calcium homeostasis, lipid synthesis, generation of reactive oxygen
species, aging, etc. (Sanz et al. 2006; Barja 2004; Satrustegui et al. 2007; Lopez-
Lluch et al. 2008; Cadenas 2004; Fernandez-Moreno et al. 2007; Kompare and
Rizzo 2008; Suen et al. 2008). Mitochondrial diseases are caused by genetic
mutations in proteins encoded in the mitochondrial genome or in the nuclear
genome. The pathological phenotypes of mitochondrial diseases are very complex
and include blindness, deafness, epilepsy, heart disease, muscle, and neurological
disorders, etc. Although many different associated mutations have been identified,
the relationship between genotype and phenotype is still poorly understood. For
example, the same genetic defect might result in different symptoms and the
opposite is also true, similar outcomes might be originated by different genetic
lesions (Debray et al. 2008; DiMauro and Schon 2008). Mitochondrial dysfunction
is also believed to be involved in neurological disorders such as Parkinson’s
disease and Alzheimer’s disease (Santos et al. 2011). The inefficient clearance of
damaged mitochondria by mitophagy, a specific form of autophagy, is believed to
be responsible for the accumulation of defects in mitochondria leading to cell
malfunction and pathology during aging and neurodegenerative diseases (Xilouri
and Stefanis 2011; Winslow and Rubinsztein 2011).

D. discoideum is a suitable model to study mitochondrial diseases for several
reasons. It combines a powerful genetic tractability with a unique life cycle that
provides a great variety of reproducible phenotypes associated with mitochondrial
dysfunction (Francione et al. 2011). As occur in humans, mitochondrial disease in
D. discoideum is characterized by what is known as pathological thresholds, so
that some phenotypes appear more sensitive than others to the level of mito-
chondrial dysfunction. A number of different strategies are available in D. dis-
coideum to generate sub-lethal mitochondrial defects such as RNAi (RNA
interference) (Morita et al. 2005), antisense inhibition (Kotsifas et al. 2002),
heteroplasmic disruption of mitochondrial genes (Francione and Fisher 2011), and
disruption of nuclear genes encoding mitochondrial proteins (Torija et al. 2006b).

Traditionally, it has been assumed that low levels of ATP are the principal
factor in mitochondrial diseases. However, recent studies in the Dictyostelium
model suggest that some of the symptoms might be the consequence of abnormal
regulation of signaling pathways. The relationship between the AMP-activated
protein kinase (AMPK), a critical regulator of the energy status of the cell, and
mitochondrial diseases has been clearly established in D. discoideum (Bokko et al.
2007). AMPK is highly sensitive to the AMP/ATP ratio and it is activated when
ATP levels decrease as a consequence of mitochondrial dysfunction. Once
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activated, AMPK tries to re-establish the cellular energy levels by activating
pathways that generate ATP while inhibiting others that consume it (Hardie 2011).
Antisense inhibition of the mitochondrial chaperonin 60 produces defective photo/
thermotaxis at the slug stage and affects growth and morphogenesis in D. dis-
coideum. Interestingly, these defective phenotypes are suppressed when AMPK
expression is knocked-down in this mutant. Conversely, the expression of a con-
stitutively active form of AMPK in wild-type cells mimics the observed pheno-
types. These data strongly suggests that AMPK is chronically activated in D.
discoideum cells with mitochondrial dysfunction (Bokko et al. 2007; Francione
et al. 2009). Interestingly, recent reports indicate that abnormally activated AMPK
is accumulated in cerebral neurons in Alzheimer’s disease and other neurode-
generative disorders (Vingtdeux et al. 2011; Choi et al. 2010).

An added value of D. discoideum is the presence of complex I (CI), the largest
complex of the respiratory chain that couples the oxidation of NADH to the
reduction of ubiquinone and the transport of protons across the mitochondrial inner
membrane. This complex is not present in some yeast models such as S. cerevisiae
or S. pombe, although it is present in others such as Yarrowia lipolytica. CI has an
enormous impact on human disease, since about 40 % of inherited mitochondrial
disorders involve isolated or combined deficiencies in CI activity. CI contains 45
protein subunits in human and D. discoideum codes for most of these proteins
(Francione et al. 2011). Despite its complexity, relatively few assembly factors
have been described to assist in the correct assembly and stability of this huge
complex. Studies in D. discoideum have led to the discovery of MidA (also known
as PRO1853) and its role in CI function. Mutant D. discoideum cells where MidA
has been ablated show a specific defect in CI activity that has also been confirmed
in human HEK293T cells where MidA was down-regulated by RNAi. Moreover,
both D. discoideum and human MidA interact with the essential CI subunit
NDUFS2 (Carilla-Latorre et al. 2010). MidA deficiency not only causes the typical
AMPK-dependent defects seen in other mitochondrial mutants, but also produces
additional phenotypes related to phagocytosis and macropinocytosis that highlight
the complexity of mitochondrial diseases even in this simple model. All these data
suggest that MidA is a good candidate to be involved in human mitochondrial
disease.

5.5 Molecular Pharmacology in D. dictyostelium

Understanding the mechanism of action of drugs and toxic compounds at the
cellular and physiological levels is fundamental in clinical research. This difficult
task is in part hampered by the use of complex models, for example mammalian
cell lines, which are very different in origin and properties and often harbor
mutations and chromosome duplications. Along the same line, and apart from the
inherent ethical problems, the use of mammalian models (mice and rats) is
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expensive and the necessity to use large numbers of animals (for example in drug
screening) increases the costs even more.

But above all, in such complex models it is impossible to use unbiased genetic
screening to clonally isolate mutant strains and the analysis of single and multiple
KOs is far from simple. These problems can be partially circumvented by using
simple and genetically tractable organisms such as D. discoideum. In spite of the
evolutionary distance, recent research has shown an amazing conservation of the
mechanisms of action of some drugs between the social amoeba and humans.

One example in which D. discoideum has proved useful is in deciphering the
mechanisms underlying the resistance and sensitivity to chemotherapeutic drugs
such as cisplatin. Only in Spain, approximately, 200,000 people are diagnosed
with cancer every year and many of them are treated with chemotherapeutic drugs,
which are cytotoxic molecules that are more efficient in killing rapidly dividing
cancer cells than normal cells. However, one of the most important problems is
that tumors often become resistant to the drugs. The mechanisms of such resis-
tance are not completely understood and this knowledge is essential to design new
anticancer drugs and new strategies. A blind genetic screening in D. discoideum
for selection of mutants resistant to cisplatin opened new avenues for the research
into the mechanisms of resistance (Alexander and Alexander 2011). Mutagenesis
was performed by REMI to identify genes involved in cisplatin resistance. None of
the identified genes were previously implicated in cisplatin action (Li et al. 2000).
One of them was the gene encoding the enzyme sphingosine-1-phosphate (S-1-P)
lyase, a highly conserved enzyme of the sphingolipid metabolic pathway (Li et al.
2001) (Fig. 6a). This discovery led to further characterization of this pathway
using KOs and overexpression strains, which demonstrated that multiple enzymes
of this biochemical pathway are involved in the mechanism of action of cisplatin
and other chemotherapeutic drugs in the Dictyostelium model and, most impor-
tantly, also in human cells (Alexander and Alexander 2011). These studies suggest
that the balance between the signaling sphingolipids ceramide and S-1-P deter-
mines whether a cell dies or lives in the presence of the drug. Thus, modulation of
the activity of sphingolipid metabolizing enzymes is a potential new target for
improving cancer therapy.

Bipolar disorders are complex pathological conditions leading to extreme
changes in mood. Current treatments for bipolar disorder include, among others,
valproic acid (VPA) and lithium (Li). The effects of these compounds are complex
and seem to affect diverse signaling pathways, but their precise sites of action and
the signaling pathways involved are largely unknown (Ketter 2010). In both
D. discoideum and mammalian cells, VPA and Li acting at different levels are able
to increase the level of activation of the MAP kinase ERK2 by increasing its
phosphorylation (Einat et al. 2003). MAPK pathways are involved in neuronal
differentiation and plasticity and thus are good candidates to be involved in the
disease.

Extracellular signal-regulated kinases (ERKs) are a class of MAP kinases
functioning in many different signaling pathways. In D. discoideum there are two
ERK kinases (ERK1 and ERK2). ERK?2 is involved in the chemotactic response to
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Fig. 6 Molecular pharmacology in D. discoideum. a Schematic representation of the sphingo-
lipid metabolic pathway involved in cisplatin resistance. b MAPK regulation by VPA and Li,
used to treat bipolar disorders. ERK2: extracellular regulated kinase 2; pERK?2: phosphorylated
ERK2; MKP: MAPK phosphatase; MEK: MAP kinase kinase; PKA: protein kinase A; GSK3:
glycogen synthase kinase 3. ¢ Inositol phosphate and phosphoinositide signaling regulation by
bipolar disorder treatments. PO: prolyl oligopeptidase; MIPP: multiple inositol polyphosphate
phosphatase; IPPase: inositol polyphosphate phosphatase; IMPase: inositol monophosphatase.
d Schematic representation of the structure of PIP2 (phosphatidylinositol 4,5-biphosphate) and its
cleavage by PLC (phospholipase C) to generate DAG (diacylglycerol) and InsP3 (Inositol 1,4,5-
triphosphate). See the text for a complete description of the pathways

cAMP and cell differentiation during development (Nguyen et al. 2010). The use
of KO strains and overexpressors suggests the model depicted in Fig. 6b
(Ludtmann et al. 2011). Treatment of D. discoideum cells with cAMP gives rise to
a transient phosphorylation of ERK2 and the use of Li or VPA induces a signif-
icant increase in this effect. However, they do so by affecting different pathways.
VPA-induced ERK?2 phosphorylation can be mimicked by decreasing intracellular
cAMP or PKA activity and by pharmacological inhibition of phosphotyrosine
phosphatase activity, suggesting that VPA acts by inhibiting the de-phosphoryla-
tion of ERK2 (Boeckeler et al. 2006). The precise mechanism and the crosstalk
between the cAMP pathways and ERK2 are not fully defined and require further
studies in D. discoideum and mammalian cells. The effect of Li is believed to
involve inhibition of GSKA since GSKA ablation reduces the lithium effect on
ERK?2 phosphorylation, while VPA has an increased effect in this mutant sug-
gesting that VPA acts through a GSKA-independent mechanism.
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VPA and Li have also been shown to modulate another fundamental and well-
conserved signaling pathway, the inositol phosphate pathway (Fig. 6¢). Li atten-
uates inositol recycling by inhibiting the enzymes inositol monophosphatase
(IMPase) and inositol polyphosphate 1-phosphatase (IPPase) (Williams et al.
2002; Allison et al. 1980; Hallcher and Sherman 1980; Berridge et al. 1989).
Additional studies by REMI mutagenesis identified prolyl oligopeptidase (PO) as
the gene disrupted in a mutant resistant to the block in development exerted by Li
(Williams et al. 1999). PO mutants had elevated InsP3 levels, suggesting an effect
on this signaling pathway. In agreement with this, the effect of Li, VPA and
carbamazepine (another mood-stabilizing drug) on development was reversed by
addition of exogenous inositol. A similar situation was also observed in mam-
malian neurons (Williams et al. 2002; Eickholt et al. 2005). Although PO is
supposed to be involved in the cleavage of small peptides containing prolyl res-
idues, a recent study established a clear link between PO and the enzyme multiple
inositol polyphosphate phosphatase (MIPP) involved in the formation of InsP3 by
the breakdown of InsP4, InsP5, and InsP6 (King et al. 2010). As expected, the
ablation of MIPP results in reduced InsP3 levels and its overexpression leads to the
opposite effect. Moreover, the PO-dependent effect on inositol signaling requires
active MIPP. Taken together, these results suggest that PO is an inhibitor of MIPP
activity. Importantly, a significant decrease in PO activity has been reported in
bipolar disorder patients undergoing Li treatment (Breen et al. 2004).

Another layer of complexity is the presence in D. discoideum of a gene
expression regulatory mechanism where the activation of MIPP induces the
expression of inositol-regulatory genes including IMPase and IPPase, which are
targets of Li, and inositol synthase 1 (INO1), involved in the synthesis of inositol.
Interestingly, these observations have been reproduced in human cell culture (King
et al. 2010).

A related signaling pathway, the phosphoinositide pathway, has also been
implied in the mechanism of action of bipolar disorder drugs thanks to the work in
D. discoideum (Xu et al. 2007; Chang et al. 2012). VPA treatment reduces
phosphoinositide levels and this observation led for the first time to the suggestion
that elevated phosphoinositol signaling might be an important factor in the
development of the disease. Remarkably, this idea is supported by the observation
of increased levels of phosphatidylinositol-4,5-bisphosphate (PIP2) in untreated
patients and its down-regulation by the drugs (Soares et al. 1997, 2000). Further
observations in D. discoideum implicate phosphoinositides as a target for Li
treatment. Translocation of protein kinase B (PkbA) to the membrane is mediated
by the interaction of its PH domain with PIP3, thus serving as a marker of PIP3
levels. Li was found to reduce PkbA translocation, suggesting a defect in PIP3
signaling. Once more, these observations were reproduced in human cells (King
et al. 2009). In summary, the results in the Dictyostelium model support the
hypothesis that Li and VPA exert their action through inositol depletion but also
through attenuation of phosphoinositide signaling.
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6 Concluding Remarks

The studies reviewed in this chapter justify the interest in D. discoideum as a
model system to study several aspects of biomedical sciences and its potential to
open new avenues in the study of mechanisms of human disease. A recent bib-
liometric analysis has shown that more than 75 % of research still focuses on the
10 % of proteins that were known before the human genome was sequenced
(Edwards et al. 2011). This conservative tendency is still stronger for proteins of
unknown function. Some of these proteins are highly conserved among evolu-
tionarily distant species suggesting that they play relevant roles, perhaps related to
human diseases. The inherent difficulty in the study of a disease-related protein of
unknown function or the complexity of signaling networks in pathology can be
partially overcome by the powerful genetics of simple models, as illustrated in this
review. These models may serve to give us new and unexpected insights.
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Genome Analysis of Social Amoebae

Gernot Glockner

Abstract Genomics is now an indispensible part of the biological sciences. Today
a species description without genome information is incomplete. This chapter
describes the current knowledge on the genome of the model species Dictyostelium
discoideum. A comparison with other social amoebae genomes covering the whole
breadth of this branch of evolution carves out driving forces of speciation and the
common toolkit of all social amoebae. The vast evolutionary distance within this
branch makes ortholog detection difficult. While the coding capacity of all social
amoebae is largely conserved, species specific gene family expansions of proteins
for environmental sensing, signaling, and secondary metabolites provide for
diversification. The sequences of the functional chromosomal elements (telomeres
and centromeres) are not conserved, rather they seem to have underwent severe
modifications. Nucleosome patterns link the social amoebae to other, more
sophisticated multicellular systems. Comparative curated databases make this
wealth of genome information accessible and play an important role for the dis-
semination of the knowledge on this evolutionary branch.

1 Genomics

Genomics has revolutionized the biologist’s view on taxonomy, species, and traits
in the last few years. Molecular data provide an unambiguous data source for the
analysis of these features and allow an unprecedented detailed view on the evo-
lutionary history of organisms. Initially, only a handful of model organisms were
selected for a full genome analysis since in the early years of genomics sequencing
was expensive and standard methods for computational analysis were still in
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development. Among this selection was Dictyostelium discoideum, a primary basic
genetic model system for the analysis of development, signalling, and the cyto-
skeleton. It soon became evident however, that only one species as representative
for whole eukaryote evolutionary branches is not enough to get insight into evo-
lutionary events and trajectories in the eukaryote tree. To be able to discern species
specific from branch specific inventions, genomes of several species must be
deciphered and compared to each other. Thus, immediately after the completion of
the D. discoideum genome in 2005 (Eichinger et al. 2005; Glockner et al. 2002),
several comparative genomics projects were launched. The previously calculated
detailed phylogeny of the main groups of Dictyostelids (Schaap et al. 2006)
enabled the selection of species from each of the four main groups of social
amoebae for comparative purposes.

2 Nuclear Genomes of Social Amoebae
2.1 The Model Organism D. discoideum

Assembly of sequences ranging from only 100 bases to a little bit more than 1 kb
normally yields only draft genomes, i.e. genomes represented by a large number of
unordered contigs separated by gaps of unknown length. If higher order organi-
zational features of a genome should be analyzed these contigs must be brought
into their natural order and as many gaps as possible should be filled. For D.
discoideum a genetic map of the genome already existed (Kuspa et al. 1992;
Loomis et al. 1995) although routine crosses with sufficient progeny for linkage
analysis are rarely successful (Francis 1998). This genetic map was based on
mutants with a visible phenotype and therefore of low resolution. To get a marker
dense map of the genome a physical mapping method [happy mapping (Dear and
Cook 1993)], which does not rely on sexual reproduction, was employed with this
species (Konfortov et al. 2000; Williams and Firtel 2000). Both the genetic and the
“Happy” map generally agreed thus providing the basis for the reconstruction of
whole chromosomes. The maps also showed that the 34 Mb of the genome are
distributed over six chromosomes.

Dictyostelium discoideum has a genome highly biased towards A and T
nucleotides. With a mean A/T content of 78 % (Table 1) it exhibits the second
highest bias so far observed, only surpassed by Plasmodium falciparum (Gardner
et al. 2002). Later comparisons between these highly biased genomes revealed,
that they employ different strategies to achieve such high A/T contents. The A/T
bias influences the codon usage more pronounced in D. discoideum than in P.
falciparum, while P. falciparum extends its intergenic regions with long A/T
stretches (Szafranski et al. 2005). Long stretches of A/T rich codons encoding the
same amino acid (mainly asparagine) contribute significantly to the overall A/T
content in D. discoideum and considerably alter also the amino acid sequence of
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Table 1 Genome properties of social amoebae. Only completed genomes are shown

DD DP DL PP DF
Contigs 226 1,213 54 52 33
Supercontigs 6 838 54 41 25
Total nucleotides (Mbp) 35 33 23 33 31
Average contig length 155 27 433 634 1,064
(kbp)
Overall nucleotide 77.6 75.4 70.2 68 66.2
frequency (A/T %)
Palindrome arm size (kb) 45 26 14 15 28
Mitochondrial genome size 55 52 47 48 56
(kb)
Chromosome numbers 6 nd 8 (or more) 7 6
Repeat content(%) ~10 3.4 <1 <1 <1
Telomere repeat structure  Palindrome Palindrome TAGGG + TAAGGG TTAGGG
arm arm? palindrome
arm
Predicted coding sequences 13,433 12,410 10,958 12,373 12,173
(CDS)
Average gene length 1,579 1,689 1,596 1,552 1,672
Gene density (CDS per 396 376 470 375 392
Mb)
Nucleotide frequency in 72.6 69.9 67.8 63.8 63.2
CDS (A/T %)
Predicted tRNAs 401 375 61 273 198

DD: Dictyostelium discoideum; DP: D. purpureum (both group 4); DL: D. lacteum (group 3); PP: Polysp-
hondilium pallidum (group 2); DF: D. fasciculatum (group 1)

the encoded proteins. No functions so far could be assigned to those homopolymer
runs and later genome wide comparisons revealed that the position of these runs
within a protein is not conserved (Sucgang et al. 2011). Thus, the only purpose of
the homopolymer runs is seemingly to drive the A/T content of the genome to
higher extremes. The A/T bias also prevented the usage of large insert size vectors
like fosmids or bacterial artificial clones (BAC) since recombination in the bac-
terial host frequently affects the inserts resulting in deletions in the inserts of these
clones (Glockner et al. 2002).

The analysis of the coding capacity of the D. discoideum genome brought a big
surprise: It encodes more than twice the protein coding genes than the unicellular
budding yeast Saccharomyces cerevisiae (Goffeau et al. 1996). Presumably, the
higher complexity of the cytoskeleton, the amoeboid mobility, sophisticated sig-
nalling systems, complex environments, and the developmental cycle require this
higher amount of genetic information in D. discoideum.

The D. discoideum genome harbours comparably many transposable elements
(TEs). With a total of 10 % of the whole genome this is by far more than in other
unicellular species observed (Glockner et al. 2001). The TEs comprise retro-
transposons and DNA transposons. Additionally, some smaller repeated sequences
were found. The TEs exhibit a non-random distribution in the genome. Some TEs
(the TREs) use tRNAs as target sequences for integration and thus are mainly
found (with a few exceptions) in a defined vicinity of tRNAs. Dictyostelium
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intermediate repeat sequence (DIRS) elements on the other hand are restricted to
the tips of the chromosomes where they form extensive clusters interspersed with
some DNA elements. Three of these clusters could be reconstructed by making use
of read pair and positional information on single nucleotide polymorphisms
(SNPs) (Glockner and Heidel 2009). These clusters are up to 300 kb long and,
according to the analysis of the distribution of SNPs in DIRS elements, exchange
these elements or parts of clusters among each other either by homologous
recombination or transposition. It remains enigmatic why a genome densely
packed with protein coding genes enables the spreading of TEs. Possibly, the
restriction of TEs to certain regions of the genome ameliorates the adverse effects
of transposition events. On the other hand increased mortality of strains harbouring
TEs at uncommon positions could be responsible for clearance of these strains
from the population (Winckler et al. 2002, 2005).

Previous genetic analyses had shown that many protein components indispen-
sible for multicellular life forms in the Opisthokontha branch of eukaryote life
(comprising Metazoa, Amoebozoa, Fungi, and some unicellular flagellated spe-
cies) are also present in D. discoideum. A genetic analysis using mutants however
is hampered by the fact that functions or parts of functions are often encoded
redundantly in genomes. The complete genome then gave additional insight into
the composition and extent of gene families. Several gene families, myosins,
actins, rho related proteins, rasGEFs, kinesins, etc. (Joseph et al. 2008; Kollmar
2006; Kollmar and Glockner 2003; Rivero et al. 2001; Wilkins et al. 2005), were
analysed separately yielding information on basic eukaryote family sets and spe-
cies specific expansions.

As a surprise came the finding that transcription factors are rare in this genome
and that basic helix-turn-helix motifs are missing. This indicates that transcription
either plays a minor role in regulation of the life and development of D. dis-
coideum or that specifically adapted not yet identified transcriptional regulators are
encoded in this genome.

2.2 Comparative Sequencing of Other Social Amoebae

The development of next generation sequencing (NGS) technologies over the last
few years made genome analysis much cheaper. This enabled the sequencing of
additional species within the social amoebae. To date at least a genome of one
species in each of the four main branches of social amoebae is available in draft or
complete state (Heidel et al. 2011; Sucgang et al. 2011; Felder et al. 2013). Here,
genomes are considered complete, if all or nearly all contigs could be ordered and
oriented or gap closure procedures were employed to close as many remaining
gaps as possible. This is only possibly if additionally to the NGS data large insert
size clones are used to order and orient contigs in their natural order along the
chromosomes. Since the A/T bias is not so extreme in the other social amoebae
groups it was possible to construct fosmid libraries enabling long range mapping
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of contigs (Heidel et al. 2011). Table 1 lists relevant features of the available 5
genomes. Intriguingly, the total genome size ranges from 23 Mb for D. lacteum
from group 3 to 34 Mb for D. discoideum in group 4. Part of the larger size of D.
discoideum compared to all other social amoebae is attributable to the exceptional
amount of TEs in D. discoideum, but another part is due to more extensive gene
family expansions and larger intergenic regions. Thus, all genomes have nearly the
same coding capacity, emphasizing the establishment of a life style early in
evolution with only a few modifications required for the differentiation into
lineages.

Orthologs between the species can be identified, if the similarity is not decayed
below a certain threshold. Over the whole range of species in the social amoebae
only roughly half of the genes have clear orthologs (Heidel et al. 2011). If no
similar protein can be detected in another species, but an encoded protein contains
an identifiable domain, this domain might be a hint that functional relationships
exist between otherwise unrelated proteins. For example only a minority of tran-
scription factors has identifiable direct orthologs, but the transcription factor
domains are equally present in all genomes. Possibly, the lack of similarity is here
due to the adaptation of these factors to a specific genomic environment.

Alignments of coding DNA between species are possible, if the coding region
in question represents a highly conserved protein and the protein sequence is used
as a guide for the alignment (Fig. 1). The third position of each codon can be
altered often without changing the amino acid sequence in the protein. The
alignment shows that this is the case at almost all third positions, which indicates a
saturation with mutations. This fact emphasizes the large evolutionary distance
between the species analysed. Synteny is scarce between groups, only a few genes
have the same neighbours in species of different groups. Moreover, the location on
a certain chromosome as it is the case in Drosophila species (Heger and Ponting
2007) is also not conserved. This indicates a frequent reshuffling of the genetic
material irrespective of the chromosomal position.

The analysis of gene families revealed that only some specific families are
affected by differential family expansions, others have nearly the same number of
members in each genome with clear orthology relationships among the members.
One of the most prominent examples of species specific differences is the poly-
ketide synthase family (PKS). This family has more than 15 members in each
species. A phylogenetic analysis revealed that only a few PKS family members
had orthologs in other species, the majority of the members cluster together in
species specific clades. Thus, while this family has a common origin, species
specific amplifications contribute to species diversification.

Taken together, families encoding proteins required for environmental sensing,
defence, or production of secondary metabolites seem to be driving forces for
speciation, while the basic repertoire for the vegetative and developmental cycle
remained remarkably stable.

Interestingly, chromosomal structures are variable within the social amoebae.
The DIRS element is present as a cluster at each tip of the chromosomes of D.
disoideum and here constitutes the centromeres (Dubin et al. 2010). This might
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Fig. 1 DNA alignment of gene cdc123 between six social amoebae of which the genomic
sequence is known. Coding sequences were retrieved from the respective databases and aligned in
MEGAS (Tamura et al. 2011) based on the amino acid sequence. Thus the alignment was built
from three-base blocks (codons). Identical residues are marked with an asterisk above the
alignment. The overall conservation is depicted as blocks below the alignment. DD Dictyostelium
discoideum; DP D. purpureum (both group 4); DL D. lacteum (group 3); PP Polysphondilium
pallidum, AS Acytostelium subglobosum (both group 2); DF D. fasciculatum (group 1)

also be true for D. fasciculatum, where also, albeit smaller, DIRS clusters were
found at chromosomal tips (Fig. 2). All other genomes as the nearly complete
assemblies of P. pallidum, D. lacteum, and D. fasciculatum show, do not contain
enough DIRS sequences to endow each chromosome with at least one DIRS
element. Instead, in case of D. lacteum a short species specific sequence is located
at chromosome tips, whereas P. pallidum has a complex pattern of sequences at
each end of the chromosome (Fig. 2). It is not clear, which sequences fulfil the role
of centromeres in these species since no functional analysis was done so far. We
only can state that obviously the functional elements of centromeres are different
from those in D. discoideum. Likely, DIRS elements were already the centromeres
in the last common ancestor of social amoebae, since the most divergent groups 1
and 4, represented by D. fasciculatum and D. discoideum, have such centromeres.
The other species analysed have engaged other sequences to fulfil these functions.
The telomere sequences also differ between species (Fig. 2). While group 1-3
species have normal eukaryote telomere structures with differing telomere repeat
sequences at chromosomes (Table 1 and Fig. 2), group 4 species seem to have
replaced these with long sequences stemming from the rDNA palindrome (see
below). The rDNA palindromes normally have the same structures at the ends as
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(" D. discoideum
g >
DNA
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Fig. 2 Schematic representation of chromosome structures and palindromes. Only species for
which the structures were investigated in detail are shown

the chromosomes of the species. Only in case of D. lacteum these structures differ
between chromosomes and rDNA palindrome. While the chromosomes are
endowed with normal telomere repeat sequences, the palindrome has structures
resembling those in D. discoideum. This situation could be interpreted as an
intermediate stage between that with the basic eukaryote telomere sequences seen
in groups 1 and 2 and the complete replacement of those sequences by a specific
sequence stretch as in D. discoideum and presumably also in D. purpureum, since
no eukaryote telomere sequences could be found in this assembly (own analysis).

Taken together, the original centromeres and telomeres seem to have been
exchanged several times in the social amoebae clade so that each species has its
unique outfit with such features.

3 Plasmids, rDNA Palindrome, and Mitochondrial
Genomes

Besides the nuclear genome in social amoebae there exist extrachromosomal
elements and plasmids in the nucleus and organellar genomes in mitochondria.

3.1 Plasmids

It is unknown which role plasmids play in the life of social amoebae. No function
besides for plasmid maintenance itself could so far be assigned to one of the



42 G. Glockner

protein coding genes of the deciphered plasmid sequences. Plasmids seem also to
be dispensable since some strains harbour them and some not without any obvious
differences in fitness or other features (Rieben et al. 1998).

3.2 rDNA Palindromes

Extrachromosomal elements encode the rRNA genes on an inverted repeat with a
small centre region of only a few bases. Such an organisation is also called a
palindrome. The purpose of the palindrome is to provide the organism with an
amplified number of rRNA genes just like the repeated arrays of rRNA genes in
chromosomes of other organisms (Pendas et al. 1993). Besides the genes the
palindrome contains repeated sequence stretches, which are species specific. Thus,
the palindromes cannot be aligned to each other outside the genic regions. The
extent of the repeats of the non-coding part of the palindrome arms is responsible
for the varying length of the palindrome in the different species from a mere 14 kb
in D. lacteum to more than 80 kb for one arm in D. discoideum (Heidel et al. 2011;
Sucgang et al. 2003). Since the palindromes are presumably being replicated like
chromosomes they also harbour species specific chromosomal end structures
(Fig. 2).

3.3 Mitochondria

The mitochondrial genomes are around 45 kb in length (Table 1). They all encode
the same genes mainly in the same order. Only one segmental shift occurring in
group 4 could be observed (Heidel and Glockner 2008). Comparison to the
Acanthamoeba castellanii mitochondrial genome revealed extensive syntenic
regions also to this distantly related genome within the Amoebozoa (Glockner and
Noegel 2013). The mitochondrial genomes are thus stable in terms of coding
capacity and gene order, yet the nucleotide sequence is so divergent that align-
ments outside the coding regions are impossible. The coding parts of the mito-
chondrial genomes were also used to calculate a molecular phylogeny. The tree
obtained differed from the previously calculated rDNA and some protein coding
genes based phylogeny of social amoebae, but agreed with the second best pos-
sible tree (Schaap et al. 2006). Later calculations based on large concatenated data
sets from complete genomes confirmed the correctness of the mitochondrial tree.
Thus, the revised social amoebae phylogeny shows a bifurcation of groups 1/2 and
3/4 rather than a sequential emergence of the major branches.
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4 Regulation of Transcription on a Global Scale

Efforts are underway to characterize the whole transcriptomes during the devel-
opmental cycle of all social amoebae of which the genomes are currently known.
So far, only data on the transcriptomes of D. discoideum and D. purpureum are
available. Initially, for D. discoideum microarrays were used to produce expression
profiles of all at that time available genes (Booth et al. 2005; Sasik et al. 2002).
Later, RNASeq (Oshlack et al. 2010) was also employed, which is a more sensitive
method for transcriptome analysis.

A comparison of transcription of D. discoideum and D. purpureum during the
developmental cycle revealed that this program is largely conserved between the
two species (Parikh et al. 2010). Given the large evolutionary distance of the two
species, which is estimated to be between 300 and 400 million years, this is
remarkable. It remains to be shown that this grade of conservation is also present
in the more distantly related groups. Yet, at least the core components remained
presumably unchanged since the establishment of the whole clade some
600 million years ago.

Only in the last few years it became apparent that besides proteins also small
RNAs play a pivotal role in regulation of expression. Some species of these RNAs
play roles in silencing transposons. Indeed, a large number of such RNAs were
found to regulate DIRS and skipper elements in D. discoideum (Hinas et al. 2007).
Furthermore, also some developmental genes seem to be regulated by such RNAs.
For other social amoebae species currently are no data on small RNAs available.

Methylation of DNA or histones is another way to regulate transcription. The
genomes of social amoebae only harbour DNA-methyltransferase, which meth-
ylates Cs in a context independent manner. These methylases are involved in
silencing of some, but not all transposon species (Kuhlmann et al. 2005). Thus,
regulation of transposon activity is either achieved by siRNAs (DIRS and skipper)
or DNA methylation (TRE elements). Histone methylation was also proven to play
a role in developmental timing in D. discoideum (Chubb et al. 2006).

Gene transcription is also influenced by the packaging state of the DNA around
a certain locus (Farkas et al. 2000; Ito 2003). Thus, the analysis of nucleosome
positions around genes is an indispensible step towards the complete under-
standing of gene regulation in an organism. Global analysis of nucleosomes can be
done using next generation sequencing technology. In short, DNA is cross-linked
with the proteins attached to it and is subsequently digested using endonucleases.
This way, only DNA covered by proteins remains intact and can be, after selective
enrichment and reversal of the cross-link, sequenced. Such analyses in different
eukaryote model organisms revealed that non- coding portions of a gene are
normally depleted of nucleosomes. Not surprisingly, this same pattern seemingly
common to all eukaryotes was found in D. discoideum. In D. discoideum the
transcripts have poly-T tracts at their 5’ end and poly A-tracts at their 3’ end.
These tracts are associated with nucleosome free regions. The nucleosome border
regions are precisely marked with homo- and heteropolymeric tracts of A and T
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nucleotides (Chang et al. 2012). The nucleosomes do not change their position
upon entry into the developmental cycle as revealed by the comparative analysis of
nucleosome positions between the vegetative state and 4 h into the developmental
cycle. One interesting finding was that the transcriptional start site is marked by
nucleosomes at the +1 position indicative of a paused RNA polymerase in the
same way as in most multicellular systems in contrast to unicellular species. Thus,
a multicellular stage seems to depend not only on coding capabilities of an
organism but also on DNA occupancy properties. Since currently nucleosome data
are available only for a handful of species this finding must remain preliminary
until more species have been examined.

5 Curation of Genomes and Databases

Genome analyses should not end with the completion of a first draft annotation of
a genome. Rather, annotation must proceed and ameliorated by integrating liter-
ature, the latest genome sequence, new data like expression analysis, and infor-
mation on mutation phenotypes. Fortunately, in the early days of the D. disoideum
genome project a database system was set up to fulfil all these purposes (Fey et al.
2009). Now, dictybase (http://dictybase.org) has curated all D. discoideum pre-
dicted genes and made them publicly available. Other genomes are being inte-
grated so that this database will give a comprehensive overview on all available
genomes of social amoebae. Another database has been used to initially annotate
the genomes of three social amoebae (D. lacteum, D. fasciculatum, and P. palli-
dum; http://sacgb.fli-leibniz.de) (Felder et al. 2013). This database also provides
alignments of all genes to their best bidirectional hits and tools for the analysis of
synteny between genomes. A further database provides information on the draft
and yet incomplete genome of Acytostelium subglobosum (http://acytodb.
biol.tsukuba.ac.jp/).

6 Future Directions of Genomics in Social Amoebae

Social amoebae likely diverged at least 600 million years ago (Heidel et al. 2011).
This is a larger time span than the evolution of vascular plants needed, and only a
little bit less than that for the evolution of Metazoa. Given the big differences in
genome size and coding capacity observed in these evolutionary branches, it is
surprising that these features remained stable in the social amoebae. Since we now
have genomes from all major social amoebae branches in hand we can extrapolate
that this is true for most, if not all social amoebae. The small genome size thus
makes it easy to sequence additional genomes at very low costs. However, this
approach only makes sense if species specific inventions are under investigation,
since the common genetic outfit of social amoebae has been described already in
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detail (Heidel et al. 2011). The genome sequence of new species must be also
endowed with transcriptome data. Of great interest will be to investigate the
regulation and timing of transcription in diverse social amoebae taxa. This will
foster our understanding of the evolution of regulatory circuits. Systems biology
approaches then can elucidate why the developmental cycle remained stable and
whether this stability is an intrinsic feature of the sophistication of the cycle.
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Signalling During Dictyostelium
Development

Cornelis J. Weijer

Abstract Dictyostelium has become an important model system to study the
molecular details of the signalling pathways controlling gradient sensing and cell
polarisation that control localised activation of the actin—-myosin cytoskeleton
responsible for evolutionary highly conserved mechanisms of chemotactic cell
movement up chemoattractant gradients. 3’-5' cyclic AMP is the chemoattractant
that controls the chemotactic cell movements that result in aggregation of up to
several hundred thousand cells, slug formation, migration and fruiting body for-
mation. The coordination of these complex cell movements require long-range
cAMP mediated cell—cell signalling based on periodic initiation of cAMP signals
in the aggregation centre and slug tip and relay by surrounding cells, resulting in
highly dynamic patterns of cAMP wave propagation. Model calculations have
shown that the dynamic feedbacks between autocatalytic cell-cell cAMP signal-
ling and cAMP-mediated collective chemotactic cell movement result in emergent
properties that readily explain multicellular morphogenesis. cAMP signalling not
only controls cell movement but also acts as a key morphogen to control cell
differentiation, which in turn affects cell type specific cell-cell signalling and cell
movement, adding an additional layer of feedback. To fully understand the mul-
ticellular morphogenesis of this organism at the level of cell behaviours, it will be
needed to integrate the detailed cell type proportioning mechanisms in models
describing cell—cell signalling and movement. Dictyostelium is likely to be the first
eukaryotic organism where it will be possible to quantitatively understand how
multicellular development and morphogenesis arise as emergent properties from a
few relatively simple collective cell behaviours.
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1 Introduction

One of the central aims of the study of development is to understand how distinct
cellular behaviours e.g. division, differentiation, apoptosis and shape changes and
movement are coordinated in space and in time to result in emergent properties at
the tissue and organism level. The coordination of these cellular behaviours
requires extensive signalling between cells of different types and cells and their
environment. Signalling is mostly mediated by chemical and mechanical signals,
although other forms of communication through electrical fields and light are also
known. In slime moulds, signalling between cells and the environment plays an
essential role in processes such as the location of food through sensing of
metabolites and quorum sensing, during which process the cells determine their
own density relative to the available level of food supplies (Kessin 2001; Gole
et al. 2011). The latter process controls the decision to either keep on looking for
nutrients or to start the starvation induced multicellular developmental cycle to
make gametes or spores. Food is located through chemotaxis towards metabolites
such as folic acid secreted by bacteria. During the vegetative phase of the life
cycle, cells secrete chemorepellent signals that results in dispersal of cells,
increasing their probability of finding new food reserves (Kakebeeke et al. 1979).
These repellents have been poorly characterised and little is known about the
signal transduction pathways. Once the cells start to develop, they signal each
other and this results in the aggregation of hundred to several hundred of thousands
of cells which depending on the prevailing environmental conditions can either
result in the entry in the sexual cycle which includes the formation of macrocysts
through cell fusion followed by meiosis and hatching as described elsewhere in
this volume (O’Day 1979; Lewis and O’Day 1985) or in the entry of the asexual
developmental cycle which results in the formation of fruiting bodies. In this
chapter, we will describe cell-cell signalling mechanisms that the cells use to
coordinate their movement behaviour during development, discuss briefly how
they contribute and interact with signals controlling differentiation and we will
highlight how the interactions between cell—cell signalling movement and differ-
entiation control the emergent morphogenesis at the organismal level (Weijer
2004). We will also discuss key intra-cellular signalling mechanisms and pathways
that coordinate the molecular mechanism underlying cell-cell signalling and
chemotactic cell movement.

2 Cell Movement and Signalling to the Cytoskeleton

Cell movement is characterised by a series of complex behaviours. It is generally
thought that cell movement involves cycles of pseudopod or lamellipod extension
at the front end of a migrating cell, coupled with retraction in the rear end of the
cell (Fig. 1a). During these processes new cell-substrate contacts are made in the
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Fig. 1 a, b Cells moving in response to cAMP gradient. Pseudopods extend in the direction of
the gradient extend. Pseudopods extending away chemoattractant source retract. Extension is
driven by actin polymerisation (green). Retraction is driven by assembly of Myosin II filaments
(blue). Direction of extension and retraction are indicated by small black arrows. The circular
arrow in the extending pseudopod indicates a strong local autocatalytic feedback mechanism
operating between signal detection by cAMP receptors and actin polymerisation at levels of
highest external signal. The blocking arrows indicate long-range inhibition resulting in retraction
of pseudopods pointing away from the chemoattractant source possibly resulting from a
competition for limited resources. ¢ Simplified signal transduction scheme from receptor to
chemotaxis. cAMP binds to the cAMP receptor. This activates a heterotrimeric G protein, which
in turn activates Ras. Downstream of Ras there are at least four parallel signal transduction
pathways involving PI3 kinase signalling, TorC2 signalling, signalling through PIA2 and through
cAMP to the actin-myosin cytoskeleton. There may also be Ras-independent signalling
pathways, possibly through the Dock180/Elmo family of Rac Gef’s

front and broken in the back. These behaviours are primarily brought about by
dynamic changes in the actin—-myosin cytoskeleton and interacting components
such as transmembrane adhesion molecules (Ridley et al. 2003). Extension is
believed to be driven by localised polymerisation of actin filaments resulting in a
pushing force to the membrane. Once the membrane is extended new contacts with
the substrate need to be made and this involves the formation of transient focal
adhesions. In the back of the cells, actin filaments depolymerise and contacts with
the substrate need to be broken. This requires force and this involves the action of
myosin Il mini filaments which are involved in contracting the actin filament
network, which could also play a role in stimulating actin filament depolymer-
isation. Since the membrane is not able to stretch much, it appears likely that
continuous membrane synthesis needs to be coordinated with actin polymerisation
and pseudopod or filopod extension, while depolymerisation may be coupled to
localised membrane resorption (Bretscher and AguadoVelasco 1998). Indeed fast
migrating cells such as Dictyostelium have been shown to turn over their mem-
branes every 10 min and mutants defective in membrane secretion are defective in
locomotion (Bretscher and AguadoVelasco 1998; Zanchi et al. 2010). There is
likely an important role for different classes of unconventional myosins that link
the cytoskeleton to the membrane, in both tension sensing and movement of
components of the cytoskeletal machinery along the membrane (Chen et al. 2012).
Deletion of several of these myosins especially of class I myosins have been
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shown to result in severe movement defects (Fukui et al. 1989; Wessels et al.
1991; Dai et al. 1999; Falk et al. 2003). At the same time that the cell is extending,
the cellular contents of the cell needs to be displaced and this involves likely
transport of material along both the actin and microtubule network involving
different classes of motor proteins. The cytoskeletal machinery appears always to
be running as shown by the fact that cells extend and retract pseudopods essen-
tially continuously. Non-stimulated cells extend pseudopods in random locations
around the cell, resulting in a very low persistence of directional migration
resulting in what is known as a random walk (Soll et al. 2003; Sasaki et al. 2007).

3 Cellular Behaviours During Chemotaxis

There is evidence that cells can modulate the rate of cytoskeletal dynamics in
response to extracellular factors and can move faster or slower depending on the
factor and its local concentration (Rifkin and Goldberg 2006; Song et al. 2006). This
process is known as chemokinesis. Chemokinesis will result in cells avoiding areas of
these factors if they stimulate movement and in accumulation of cells if they inhibit
movement. In case where movement stimulating factors are secreted in an autocrine
manner, this will result in cell dispersal. Through these mechanisms, cells of different
types can also influence each others behaviours and they may well play a role during
the development of Dictyostelium. However, another more efficient mode of control
of cell motility is well established during the development of Dictyostelium and this
is chemotaxis. During chemotaxis in Dictyostelium, cells measure a gradient of a
chemoattractant and then use this information to bias the extension or persistence of
protrusions up or down the direction of the gradient (Wang et al. 2011; Cai et al.
2012). Although chemotaxis can result from a temporal measurement of the
concentration at different locations, the evidence suggests that in Dictyostelium
the cells measure a spatial gradient over the length of the cell, although due to the
adaptation in the chemosensory systems the temporal component also plays a role in
chemotaxis in vivo during aggregation as will be discussed in more detail later
(Fisher et al. 1989; Iijima et al. 2002).

Starving Dictyostelium cells have been shown to be able to respond accurately
to steep but also to very shallow gradients of the chemoattractant 3’-5'cyclic-AMP
(cAMP) (Andrew and Insall 2007; Fuller et al. 2010). One view of the underlying
mechanism of chemotaxis is that in the presence of an external gradient of a
chemoattractant such as cAMP, the cells persistently extend successive pseudo-
pods in the direction of rising cAMP concentration, while at the same time by
some global inhibition mechanism suppressing the extension of lateral pseudopods
(Van Haastert and Devreotes 2004). In this view, there is a direct coupling between
the concentration of the chemoattractant and the local rate of actin polymerisation
driving the formation of a new pseudopod. A competing view is that cells extend
pseudopods a constant cell specific internal rate of around three pseudopods per
minute and that this process is not dependent on the chemoattractant concentration
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(Andrew and Insall 2007). Furthermore, the direction of pseudopod extension is
essentially random, although it has been suggested that pseudopods and new
pseudopods form preferentially close to the site where the preceding pseudopod
was initiated. This process results in a cell having several pseudopods at any given
time and chemotaxis results from the fact that the pseudopod in a higher local
cAMP concentration persists, while a pseudopod in a region of lower cAMP
concentration is retracted. This process will result in a gradual movement of the
cell up a chemoattractant gradient (Andrew and Insall 2007; King and Insall 2009).
In this model, cells move in the right direction essentially by an error correction
process, continuously updating their directionality in response to the signal. The
latter has been shown to work remarkably well in detailed model computations
(Neilson et al. 2011) making the assumption that there is an internal competition
for available resources (Fig. 1a, b). These models include local activation and
local and global inhibition working on different time scales.

4 Signalling During Chemotaxis

Much current research is directed towards understanding the molecular mechanism
by which cells detect cAMP gradients, polarise their cytoskeleton and move in
response to cAMP gradients (Fig. 1c) (Chen et al. 2007; Franca-Koh et al. 2007;
Insall and Andrew 2007). Cells can respond very reliably to very shallow gradient
of cAMP, where it is estimated that the difference in occupied cAMP receptors
between the front and the back is just few percent, while the total number of cAMP
receptors occupied is very low (Ueda et al. 2001). Therefore, it is assumed that an
internal amplification mechanism exists that amplifies the weak external signal
gradient into a large internal signal gradient that results in a reliable polarisation of
the actin—myosin cytoskeleton and directional movement up the cAMP gradient
(Fig. 1a, b). It is currently though that there exists a gradient sensing mechanism,
the chemical compass, which is followed by an internal amplification mechanism
that controls the polarisation of the cytoskeleton, which may well involve the
cytoskeleton itself (Bourne and Weiner 2002; Franca-Koh and Devreotes 2004).
This view is based on the observation that the initial signalling events, receptor
activation and G protein activation occur in the presence of inhibitors of actin
polymerisation, but that for full-blown activation of downstream pathways such as
Ras and phosphatidyl-inositide 3 kinase (PI3 kinase) activation among others,
actin polymerisation is required (Devreotes and Janetopoulos 2003). To explain
the differences in cytoskeletal organisation especially actin polymerisation
between the front and the back of the cell it has been suggested that the compass is
based on a local excitation global inhibition (LEGI) model (Ma et al. 2004). In this
model, a local stimulus results in the local production of an excitation variable
(receptor occupancy, G protein activation) of limited range as well as a long-range
inhibitory signal. The difference between excitation and inhibition is assumed to
be proportional to an effector output such as actin polymerisation, thus resulting in
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a front-to-back gradient of activation (Iglesias and Devreotes 2008). Another
property of this system is that the excitation normally increases faster in time than
the inhibitor; the LEGI mechanism can provide perfect adaptation, but it does not
necessarily provide any amplification (Iglesias 2012; Wang et al. 2012). Since the
response of individual cells to a standard stimulus has been shown to be essentially
bimodal, i.e. some cells respond where others do not. This has been taken to imply
that the LEGI module is followed by an amplification module with cell specific
variable thresholds. This results in individual cells in a population responding at
different concentrations.

Much work has gone into identifying the components of the compass, the
mechanism of short-range activation and long-range inhibition as well as the source
of signal amplification. It has become clear that there is no amplification, for
instance through ligand-induced clustering and redistribution at the level of the
receptors. The receptors remain homogenously distributed in the membrane in the
presence of a chemotactic gradient (Ueda et al. 2001). The receptors have been
shown to diffuse in the membrane, where they activate G heterotrimeric proteins,
but there is also no evidence for differential distribution of G proteins in the
membrane in response to a chemoattractant gradient (Jin et al. 2000). Furthermore,
there is no evidence for amplification nor for adaptation at the level of G protein
activation, as measured by dissociation of G, and Gy, subunits using a fluorescence
resonance energy transfer (FRET)-based approach (Janetopoulos et al. 2001). The
next step in the cascade is activation of the Ras oncogenes RasG and RasC (Kae
et al. 2004; Sasaki et al. 2007; Sasaki and Firtel 2009). There may be some
amplification of the signal at this stage. The activation of Ras is thought to result
from the balance by activation of a RasGef (Guanine Nucleotide Exchange Factor
activating Ras) and inactivation by a RasGap (GTPase Activating Protein) (Takeda
et al. 2012). This has been suggested to act as an incoherent feed-forward mecha-
nism. Activated Ras is then involved in the activation of several downstream
pathways such as the activation of the TORC2 complex and PI3 kinase which in
turn result in the activation of PkB (Charest et al. 2010). There is a strong ampli-
fication at the level of the activation of PI3 kinase, which involves translocation of
PI3 kinase to the membrane in a Ras-dependent manner and a dissociation of PTEN
from the membrane (Iijima and Devreotes 2002). The difference between these
competing reactions, synthesis and degradation results in an amplification of the
response, which may be further amplified by a feedback of actin polymerisation of
PI3 kinase localisation. Activated PkB in combination with PkBR1 result in the
phosphorylation of several targets and may play a role in the activation of actin
polymerisation and inhibition of myosin thick filament assembly in the front
(Chung and Firtel 1999; Chung et al. 2001; Kamimura et al. 2008). Surprisingly, it
has been shown that knockout of all PI3 kinase signalling (five PI3 kinases and Pten)
results in cells that can still do chemotaxis rather well (Hoeller and Kay 2007; Kay
et al. 2008). This has led to investigation of further parallel pathways, involving
other phospholipases such as Phospholipase A2 as well provide further evidence of
a role for cGMP signalling in cell polarisation and chemotaxis (Chen et al. 2007,
Veltman et al. 2008; Kamimura and Devreotes 2010) (Fig. 3). Furthermore, there is
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recently increasing evidence that parallel signalling pathways to the cytoskeleton
may involve members of unconventional Gefs of the Dock180/Elmo families (Para
et al. 2009; Pakes et al. 2012; Yan et al. 2012). It remains to be discovered how the
activation of these components are coupled to the cAMP receptors, and whether the
responses are G protein dependent.

Activation of Rac has been shown to destabilise the Wave/Scar complex which
in turn results in the formation of the Arp2/3 complex and nucleation of new actin
filaments from existing filaments (Bear et al. 1998; Blagg and Insall 2004; Ibarra
et al. 2005). These new filaments are capped by capping proteins and cross-linked
to each other and membranes by a host of proteins (Eddy et al. 1997). Localised
actin polymerisation in the leading edge then results in the generation of protrusive
forces as described above.

Actin polymerisation in a broad front results in the formation of lamellipodia,
however, cells are known to form large numbers of filopodia, fine protrusive
structures. Filopodia may be involved in gradient sensing or in force generation
and assist in movement, since deletion of components that results in ablation of
filopodia often also result in defects of cell migration. It appears that actin poly-
merisation in filopodia is dependent on that local activation of formins, rather than
being dependent on the activation of the Arp2/3 complex and these are shown to
have interaction with wave (Schirenbeck et al. 2005a, b). Unconventional myosins,
especially myosin VII, play a key role in bundling and possibly transport of
components along the actin bundles in the filopodia as well as in the control of cell
substrate adhesion via interactions with talin (Maniak 2001; Faix and Rottner
2006; Galdeen et al. 2007).

Cells move by extending pseudopods at their leading edge, a process driven by
localised actin polymerisation which requires the action of members of the myosin
I family and inhibition of the formation of myosin II thick filaments through
phosphorylation of the tail of the myosin heavy chain on several threonine residues
(Yumura et al. 2005; Bosgraaf and van Haastert 2006; Goldberg et al. 2006). To
move, cells need to pull up their back ends and suppress the extension of lateral
pseudopods. This involves the formation and contraction of actin—-myosin II thick
filament networks, actin depolymerisation and is dependent on internal cAMP
levels (Falk et al. 2003; Zhang et al. 2003). To move forward, the cells must gain
traction from the substrate on which they are moving. This requires the formation
of multiple transient (10-20 s) cell-substrate contact sites that are actin rich and
have been shown to transduce traction forces to the substrate (Bretschneider et al.
2004; Uchida and Yumura 2004). It appears that cells may undergo alternating
phases of actin driven extension at the front and myosin II driven contraction at the
back (Iwadate and Yumura 2008). Much work is directed towards the investigation
of the molecular mechanisms resulting in signal detection and cell polarisation,
this has been extensively reviewed elsewhere recently and will not be covered here
in detail (Willard and Devreotes 2006; Janetopoulos and Firtel 2008). In addition
to this, more recent methods have been developed to investigate the traction and
motive forces produced by migrating cells and to use these methods to characterise
the molecular mechanisms that translate cell polarisation into directed movement
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(Del Alamo et al. 2007; Meili et al. 2010; Bastounis et al. 2011). This is a complex
area of research that will undoubtedly gain in importance in the future, since it
allows a functional quantitative characterisation of how signalling is translated into
motive forces underlying directed cell movement.

5 Cell-Cell Signalling Controlling Cell Movement During
Multicellular Development

Since Dictyostelium development takes place in the absence of food, under star-
vation conditions only limited cell divisions occur during multicellular develop-
ment. Morphogenesis therefore primarily results from the movement of individual
differentiating cells into a relatively complex structure, the proportions of which
are essentially independent of how many cells exactly aggregate. Key questions
are, which signals guide the movement behaviour of thousands of cells during
development, which signals control differentiation and how do cell—cell signalling,
movement and differentiation interact to form a fruiting body?

6 Aggregation

Starvation induces changes in the gene expression programme that results in the
cells acquiring the ability to respond to cAMP gradients by chemotaxis through
mechanisms described above, but importantly they also acquire the ability to
produce and secrete and degrade cAMP (Saran et al. 2002; Iranfar et al. 2003).
Aggregation is caused by periodic cAMP synthesis and secretion by cells in the
aggregation centre. The cells initially become chemically excitable and will pro-
duce cAMP when stimulated with cAMP. Binding of cAMP to the serpentine
transmembrane cAMP receptor results in stimulation of signal transduction cas-
cade that leads to the activation of an adenylylcyclase (ACA), that within tens of
seconds produces cAMP part of which is secreted to the outside (Fig. 2). The
secreted cAMP binds to the receptor and thus is part of an autocatalytic feedback
loop resulting in a rapid increase of cAMP production. However, stimulation of the
receptor also activates an adaptation process that with a small time delay results in
the inhibition of ACA activation and a cessation of cAMP production. Since
cAMP diffuses away into the extracellular medium and is also degraded by
secreted cAMP phosphodiesterases, this results in a drop in cAMP levels, which in
turn results in de-adaptation of the cells (Fig. 2). Both excitation and adaptation
depend on the receptor-dependent activation of a heterotrimeric G protein,
resulting in activation of Ras, which in turn activates PI3 kinase, which phos-
phorylates phosphatidylinositide(4,5)phosphate (PIP2) to phosphatidyl-(3,4,5)-
phosphate (PIP3). PIP3 then activates many downstream pathways leading to
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Fig. 2 cAMP signalling activates cAMP relay and chemotaxis. Extracellular cAMP binds to a
transmembrane serpentine cAMP receptor and activates two distinct signal transduction
pathways. One pathway leading to organisation of the actin-myosin cytoskeleton and
chemotaxis. The second pathway results in activation of the aggregation stage adenylylcyclase
(ACA). Activation of ACA results in cAMP production part of which is secreted and binds to the
receptor to form a positive feedback loop where a little extracellular cAMP results in the
production of more. Binding of cAMP to the receptor also activates an adaptation process that
inhibits both ACA activation and the chemotactic signal transduction pathway. Once adaptation
reaches a full response, the production of cAMP ceases and cAMP secretion stops. Since cAMP is
continuously degraded by an extracellular cAMP phosphodiesterase, extracellular cAMP levels
fall which allow the cells to de-adapt and start a new cAMP response

chemotaxis and ACA activation (Mahadeo and Parent 2006). The activation of
ACA is critically dependent on the PIP3-dependent binding of cytosolic regulator
of adenylyl cyclase (CRAC) to the membrane where it is activated which is
required for adenylyl cyclase activation and chemotaxis (Comer et al. 2005).
There are no special cells that form aggregation centres and they form in a
stochastic manner. Aggregation centres from cells will produce and secrete cAMP
continuously at a low but increasing level. Most of this secreted cAMP will be
degraded by the secreted cAMP phosphodiesterase. However, since gene expres-
sion is heterogeneous, some cells will produce and secrete a little more cAMP than
others. Due to this heterogeneity in gene expression and stochastic distribution of
cells, by chance there will be an area where some cells can just produce enough
cAMP to start the amplification of the signal through positive feedback (Gregor
et al. 2010; Kamino et al. 2011). This locally produced cAMP diffuses to neigh-
bouring cells, which now detect an above threshold signal to which they can
respond and therefore amplify the signal and pass it on to their neighbours,
resulting in the formation of travelling waves of cAMP. Since the cAMP waves
direct the chemotactic movement of the cells to their source, this will result in an
increased local cell density in the region that initiated the signal, making it more
likely that the cells in this region will fire again once they are de-adapted. Through
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these feedbacks, the group of cells that started signalling will establish itself as an
aggregation centre. cCAMP receptor mutants with lower affinity for cAMP show
altered patterns of wave propagation but also in extreme cases result in mutants
that can still propagate waves, but these wave fragments do not set up aggregation
centres. This is caused by the fact that the time it takes between two oscillations is
too long and the cells will disperse again by random movement resulting in the
generation of waves in other random locations (Dormann et al. 2001b). Several
centres will arise in random locations and compete to attract cells. Faster oscil-
lating centres will encroach on slower oscillating centres and finally can wipe them
out. Successful centres will typically send out a series of around 20 cAMP waves
that will attract up to several hundred thousands of other cells to the initial
aggregation centre to form a mound.

Detection and amplification of this signal by surrounding cells coupled with
desensitisation of the cAMP producing cells results in the propagation of waves of
cAMP away from the aggregation centre (Fig. 3). Cells detect the rising phase of
the wave and move in the direction of increasing cAMP concentration, once the
waves passes; the cells are adapted and are insensitive to the falling phase of the
wave and therefore do not turn around and chase the wave once it has passed.
These cAMP waves therefore guide the cells towards the aggregation centre,
where they accumulate into a three-dimensional aggregate, the mound (Dormann
and Weijer 2001, 2003). During the synchronised chemotactic movement phase
cells elongate, while during the falling phase of the waves, the cells are amoeboid
in shape. The large-scale spatiotemporal patterns of cells behaviour can be visu-
alised as changes in light scattering since moving elongated cells scatter more light
(Fig. 3a). These wave can thus successfully be used to visualise and measure the
spatiotemporal dynamics of wave propagation at all stages of development
(Fig. 3b—d). Recently, this method has been used to perform a high throughput
analysis of cAMP signalling mutants (Sawai et al. 2007). Initially, the cells move
towards the aggregation centre as individuals, but after 10-20 waves have passed
they form bifurcating aggregation streams, in which the cells make head to tail
contacts via a calcium-independent adhesion molecule, contact site A and side to
side contacts via a calcium-dependent cadherins (Wong et al. 2002; Harris et al.
2003). Stream formation is dependent on the localisation of ACA in the rear of the
aggregating cells, resulting in polarised cAMP secretion from the back of the cells
(Kriebel et al. 2003). cAMP wave propagation can be observed at the individual
cell level by following the localised translocation of PIP3 at the leading edge of the
cell (Dormann et al. 2002, 2004). The number of cells in aggregation streams
appears to be controlled by the local concentration of a secreted extracellular high
molecular weight protein complex, counting factor, which through modulation of
movement and adhesion may control the numbers of cells that stably migrate in an
aggregation stream (Jang and Gomer 2008).
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Fig. 3 Optical density waves reflect cAMP waves at different stages of development.
a Aggregation centres initiate cAMP waves. These propagate from the centre outward (black
arrow). Cells detect the rising phase of the cAMP wave and move in the direction of higher
cAMP concentrations (bottom figures and arrows, colour of cells and arrows indicates degree of
light scattering). During their chemotactic movement, the cells elongate and this changes their
light scattering properties. When during the rising phase of the wave, many cells move in
synchrony, this results in increased light scattering waves reflecting the rising phase of the cAMP
signal. b Spiral optical density waves during the early aggregation phase, when the cells are still
in a monolayer on agar. ¢ Optical density waves in a streaming aggregate. In the body of the
aggregate, multi-armed spiral waves rotate counter clockwise throwing off individual wave-fronts
that propagate down the streams to the periphery of the aggregate white arrow indicates the
direction of wave propagation, the black arrow indicates the direction of cell movement. d A slug
migrating to the right, showing two dark optical density waves that travel from right to left (white
arrow), cells move to the right following the tip (black arrow)

7 Mound and Slug Formation

After the cells have aggregated they form a hemi-spherical structure, the mound.
Mounds are characterised by rotating waves of cAMP that direct the counter
rotational periodic movement of the cells. Cells start to differentiate into prespore
and prestalk cells during aggregation, based on physiological biases like nutri-
tional state and cell cycle position at the time of starvation already present in the
population before aggregation (Weeks and Weijer 1994; Araki et al. 1997). As a
result, there is little correlation between the time of arrival in the mound and
differentiation fate. Therefore, initially the prestalk and prespore cell types display
a salt and pepper distribution in the mound (Fig. 5a). A subpopulation of prestalk
cells sort out to form the tip and the slug tip guides the movement of all other cells
thus acting as an organiser (Weijer 2004). External cAMP has been shown to be
able to affect cell sorting of neutral red labelled prestalk cells at the mound stage
(Matsukuma and Durston 1979; Sternfeld and David 1981). More recently, use of
a temperature-sensitive ACA mutant has shown that ACA activity is required
in vivo for cells to be able to sort to the tip (Patel et al. 2000). The tips action as an
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organiser can be mimicked by the periodic injection of cAMP pulses of the right
frequency and duration (Matsukuma and Durston 1979; Dormann and Weijer
2001), suggesting that the tip is a source of periodic cAMP waves, in agreement
with the fact that prestalk cells express ACA and the extracellular cAMP phos-
phodiesterase pdeA (Verkerke-van Wijk et al. 2001; Weening et al. 2003). More
recently, it has become clear that prestalk cells likely generate more force in
response to a chemotactic signal than prespore cells. This can be the result of the
increased myosin expression and assembly by cells in the prestalk zone (Eliott
et al. 1991, 1993). More recently, it has been shown that it likely also involves
differential regulation of the actin cytoskeleton especially through filamin (Blagg
et al. 2011). Furthermore, it is possible that differential expression of adhesion
molecules such as DdCad the Dictyostelium cadherin analogue may contribute to
cell sorting (Wong et al. 2002; Sriskanthadevan et al. 2011).

It is not yet known which signals control tip cell fate (see below), but it is
becoming clear that to proceed from the aggregate to the mound stage cell-cell
adhesion and or contact start to play an important role. Mutants defective in the
putative single pass transmembrane contact molecules lagC, lagD cannot proceed
beyond the aggregation stage and are defective in tip formation (Kibler et al.
2003). There is evidence that Dictyostelium may possess several integrin-like
adhesion molecules (Cornillon et al. 2008) and it has been known that mutants in
talin, paxillin and a lim domain protein which are thought to couple adhesion
molecules to the actin cytoskeleton are all defective in cell sorting (Chien et al.
2000; Tsujioka et al. 2004; Bukharova et al. 2005). Sorting of prestalk cells
towards the tip requires the invasive movement of prestalk cells through a tightly
packed mass of other (Tasaka and Takeuchi 1979; Weijer 2004; Kay and
Thompson 2009). Myosin II is absolutely required for progression beyond the
mound stage and it is known that prestalk cells express higher levels of myosin II
(Eliott et al. 1991; Springer et al. 1994). For prestalk cells to sort, they need to
assemble more myosin thick filaments than prespore cells (Singer and Dormann
Weijer 2013). There is also evidence that cell type specific changes in the orga-
nisation of the actin cytoskeleton may affect cell sorting, since mutants affecting
the cell type specific regulation of filamin, a major actin cross-linking protein and
RapGapA which controls Rapl1 activity involved in control of adhesion both affect
cell sorting out of prestalk cells (Parkinson et al. 2009; Blagg et al. 2011).
Together all these observations suggest that tip formation is the result of cellular
properties specific to tip forming cells. Tip cells express high levels of ACA
resulting in increased signalling ability, therefore allowing them to set up a new
independent signalling centre that can outcompete the aggregation centre organ-
ising the mound. They also assemble more myosin II thick filaments, critical to
their ability to produce more force in response to a cAMP signal (Clow et al.
2000). This latter property, allows them to push other cells aside and re-aggregate
within the mound to form the tip.

In slugs, optical density waves can be seen to propagate from the middle of the
prestalk zone to the back, reflecting the periodic movement of the cells forward
(Fig. 3). These optical waves are strictly dependent on the tip. Cells in the tip often
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rotate perpendicular to the direction of slug migration, especially when it is lifted
from the substrate. In the back of the slug, the cells move periodically forward and
all cells move on average with slug speed. It has been shown that the assumptions
cAMP wave propagation and chemotaxis in response to these waves is in principle
sufficient to explain morphogenesis from single cell via aggregation, stream and
mound formation to cell sorting and slug formation. The interactions between cell
signalling and cell movement can be described by relatively simple mathematical
models in a robust way and it would appear that these process are sufficient to
explain Dictyostelium morphogenesis (Fig. 4) (Vasiev and Weijer 2003; Umeda
and Inouye 2004). However, the situation is almost certainly more complex since
strains lacking the aggregation stage ACA can still form slugs, when they over-
express the catalytic subunit of protein kinase A, suggesting either that there either
exists an ACA-independent mechanism to produce periodic cAMP signals, for
instance involving cAMP generation by other adenylylcyclases ACB and or ACG
and the recently discovered cAMP stimulated cAMP phosphodiesterase (Meima
et al. 2003) or that there exists altogether different mechanisms that can control
cell movement such as contact following (Umeda and Inouye 2002). The latter
mechanism does, however, not explain which signals direct the movement of the
cells in the tip. The hypothesis that prestalk cells generate much of the force for
migration in the slug has been supported by traction force measurements produced
by measuring the local deformation of elastic gels by migrating slugs (Rieu et al.
2005). These measurements show that the posterior region of the slug generates
much of the motive force during migration. Measurements of forces in slugger
mutants have further suggested that the anterior-like cells provide the motive force
for the prespore zone of the slug (Rieu et al. 2009). These results all suggest that
cell-type specific differences in cell mechanics differences are critical for cell
sorting and slug migration.

8 Differentiation

It is well established that Dictyostelium slugs can form from as few as a few
hundred cells and can contain up to several million cells, while the proportions
between spore and stalk cells remain relatively constant (Rafols et al. 2001; Maruo
et al. 2004). A major goal is to understand the relationship between cell movement
and the signals that control differentiation. These signals must be able to maintain
the correct proportioning of the prespore and prestalk celltypes in an environment
of extensive cell movement and changes in shape of the slug. In the slug, the
different cell types are arranged in a simple axial pattern, pstA cells in the tip, a
band of pstO cells that form the upper and part of the lower cup of the fruiting
body, prespore cells, precursors for spores, which are intermingled anterior-like
cells and rearguard cells precursor to the lower cup and basal disk in the back of
the slug (Fig. 5a) (Williams 2006; Yamada et al. 2010). It seems evident that this
requires adaptive signalling dynamics, but the signals and the details of their
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Fig. 4 Model calculation of wave propagation and cell movement from aggregation to slug
migration using a hydrodynamic model. The top row depicts the aggregation up to the mound
stage. The first image starts with the randomly distributed cells (yellow) which are organised by a
spiral wave of cCAMP (red). They form aggregation streams and finally a hemispherical mound
(Vasiev et al. 1997). The middle row shows cell sorting and the formation of a slug. The mound
consists of two cells types: 20 % yellow prestalk cells and 80 % blue prespore cells. They are
initially randomly mixed. The cAMP waves (purple) organise the movement of the cells. In the
model, the assumption is that the prestalk cells are more excitable and develop more movement
force in response to a cAMP wave. As a result of this, they move towards the centre of the mound
and up to form the tip. The separation of the cells feeds back on the signal propagation resulting
in the formation of a twisted scroll wave. This leads to an intercalation of the cells and an upward
extension of the slug (Vasiev and Weijer 1999). The botfom row shows that a slug organised by a
scroll wave can move (Vasiev and Weijer 2003)

regulation are not yet understood in detail (Fig. 5b). cAMP pulses control the
expression of aggregation stage genes necessary for cAMP relay and cell—cell
contact and cAMP is necessary for prespore gene expression in later development
(Saran et al. 2002; Iranfar et al. 2003). Prespore cells in turn produce DIF (dif-
ferentiation inducing factor, a small chlorinated hexaphenone), which controls the
differentiation of pstO cells (Kay and Thompson 2001; Maeda et al. 2003;
Thompson et al. 2004; Saito et al. 2006). DIF spreads by simple diffusion from the
prespore zone in adjacent regions where it controls the differentiation of prestalk O
cells and possibly rearguard cells (Fukuzawa et al. 2003). Cells in the pstA zone
express ACA and studies investigating the cyclic AMP-dependent nuclear trans-
location of the transcription factor statA have shown that cAMP levels are high in
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Fig. 5 Cell types and cell type proportioning in Dictyostelium. a During aggregation cells start
to differentiate into prestalk (dark grey) and prespore cells (light grey). Since cells arrive in the
mound in random order they from a salt and pepper distribution of cell types. After a variable
time of movement, the prestalk cells re-aggregate to form the tip and the initial prestalk zone. The
tip guides the movement of all the other cells and the structure elongates to from a slug that
topples over and migrates away. In the slugs, there are at least four cell types. The tip is made up
of PstA (dark grey) cells, followed by a cohort of PstO (light grey) cells, which together form the
prestalk zone. The prestalk zone is followed by the prespore zone in which mainly prespore cells
are intermingled with anterior like cells, cells of prestalk character that do not sort but express
ACA and relay the cAMP signal. In the back of the slug, the rearguard cells are found. b Prespore
and prestalk cells differentiate from vegetative stage cells. The early differentiation in aggregation
stage cells requires cAMP pulses. The cells then differentiate into prestalk and prespore cells.
Prestalk cells initiate cAMP waves and extracellular cAMP is needed for prespore gene
expression. Prespore cells make DIF which is necessary for PstO cell differentiation. Prestalk
cells secrete DIF-ase that inactivates DIF. Prestalk cells differentiate into stalk cells and prespore
cells differentiate into spores. Stalk differentiation is inhibited by NH;. An open question is how
cell-type proportioning works quantitatively which is the subject of further modelling studies

the tip, while cAMP is lower elsewhere in the slug (Dormann et al. 2001a; Ver-
kerke-van Wijk et al. 2001), compatible with the idea that all cells in the tip relay
the cAMP signal and only the anterior-like cells in the rest of the slug. The signals
and signalling pathways that control the expression of functionally important tip
enriched molecules such as ACA and myosin II presumably involve signalling
through the Stat pathway (Wang and Williams 2010; Araki and Williams 2012),
but the exact details remain to be established. It also remains to be seen how
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accurate cell type proportioning is achieved in slugs despite their vastly different
sizes and dynamic changes in shape.

The switch from migrating slugs to culmination appears to be controlled by a
fall in ammonia concentration. The identification of a number of ammonia
transporters some of which are expressed in the very tip and when deleted show a
slugger phenotype supports the importance of ammonia as a morphogen (Kirsten
et al. 2005, 2008; Singleton et al. 2006). Ammonia signals most likely through the
histidine kinase DhkC to the response regulator domain of the internal cAMP
phosphodiesterase RegA, which is a major determinant in the control of intra-
cellular cAMP levels (Singleton et al. 1998; Saran et al. 2002). High ammonia is
expected to result in activation of regA and low internal cAMP levels. A drop in
ammonia is expected to result in a rise of intracellular cAMP and stalk cell
differentiation.

In conclusion, Dictyostelium is besides being a system of choice to investigate
the molecular mechanisms underlying cell polarity and chemotaxis also as an
excellent model system to investigate the basic cell—cell signalling mechanisms
that underlie multicellular tissue formation and morphogenesis.
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The Chemotactic Compass

Dawit Jowhar and Chris Janetopoulos

Abstract Cells have an amazing ability to sense very shallow gradients of
chemoattractants and move directionally. This fundamental process is critical for
development and numerous disease states. Dictyostelium has emerged as one of
the best understood model systems for elucidating the complex signaling pathways
that drive chemotaxis. This review focuses on the signaling mechanisms regulating
directed migration and discusses the role of polarity and development on our
current understanding of this process. We highlight new findings using a second
chemoattractant, folic acid and suggest that this chemical cue should be used when
a developmental defect is suspected. We also speculate on recent studies which
suggest that researchers should use our new understanding of the temporal and
spatial relationships of signaling and cytoskeletal proteins to guide future
experiments.

1 Chemotaxis

Chemotaxis is the directed migration of cells up or down a chemical gradient. This
process is critical during many eukaryotic processes including development and
wound healing (Wood et al. 2006; Frost et al. 2009; Schneider et al. 2010),
numerous disease states including cancer (Di Gennaro and Haeggstrom 2012;
Varani 1982; Roussos et al. 2011; Miiller et al. 2001; Condeelis and Segall 2003)
and the immune response (Liu et al. 2012; Franciszkiewicz et al. 2012). While
bacterial cells use a well-defined temporal mechanism to migrate directionally
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(Baker et al. 2006), eukaryotic cells are capable of interpreting spatial cues across
the length of a cell. The mechanism regulating this eukaryotic “chemotactic
compass” has remained more elusive. When a cell is exposed to a chemical signal,
numerous processes occur before it migrates in response to the gradient. First,
there is signal interpretation and integration. The external cues are detected by
transmembrane receptors which trigger a set of signaling events that initiate cell
migration (Ridley 2001). This binding of chemoattractants on the external surface
of the cell must be “transduced” to the interior of the cell. While conformational
changes in the receptor trigger the activation of downstream responses, many of
the initial events that occur after chemoattractant binding are still not well
understood. What is clear is that migratory cells have an ability to amplify many of
the “upstream” signals.

Numerous biosensors have been developed to visualize these events in living,
migrating cells (Augsten et al. 2006; Chiu et al. 2002; Kae et al. 2004; Parent et al.
1998; Funamoto et al. 2002; Bretschneider et al. 2002; Rehberg et al. 2005).
Signaling cascades and effector molecules are preferentially activated and local-
ized to where the chemoattractant concentration is higher, while others segregate
and become active at the low side of the cell. An important part of this rear-
rangement involves the cytoskeleton, which plays a critical role as the cell begins
to establish polarity, and has a defined leading and trailing edge. These localized
responses at the front and rear of the cell make up the engines that drive migration,
so that the cell can move directionally. Once a cell begins to migrate in the proper
direction, the cell often enhances its polarity and feedback mechanisms further
contribute to a defined leading edge and rear of a cell (Devreotes and Janetopoulos
2003). This reinforces pseudopodia extension in the correct direction. Asymmetric
distributions of cytoskeletal components such as F-actin will occur at the leading
edge, with myosin filament assembly at the rear of the cell (Van Haastert and
Devreotes 2004).

For many mammalian cells, the basic steps of migration occurs with the initial
extension of lamellipodia, the forming of new adhesions, the contraction of the cell
body, and the detaching of the rear of the cell from the substrate (Ridley 2001).
The development of many new biophysical methodologies has been used to further
our understanding of the physics that regulate these movements and cell shape
changes (Hur et al. 2009; Curtis et al. 2007; Schoen et al. 2010; Kraning-Rush
et al. 2012). Similar techniques, combined with modeling approaches are being
developed to understand the biophysics underlying the movement of the simple
eukaryote Dictyostelium discoideum (Alonso-Latorre et al. 2011; Xiong et al.
2010; Takeda et al. 2012; Nishimura et al. 2012; Semplice et al. 2012; Driscoll
et al. 2012). As discussed below, much progress has been made in understanding
eukaryotic chemotaxis, but we still have a long way to go, with the social amoeba
leading the way in our understanding of this complex process.



The Chemotactic Compass 73

2 Dictyostelium as Model System for Chemotaxis

Dictyostelium has proven to be an excellent model system for the study of che-
motaxis. While there are over 100 discovered species of Dicytostelia (Bonner
2009), most of the work on Dictyostelium chemotaxis has been focused on
D. discoideum (Maria et al. 2011). It has been more than 75 years since the
discovery of D. discoideum by K. B. Raper (Raper 1935), and there has been a
tremendous amount of work performed on this genetically and biochemically
tractable system to understand the different behaviors these social amoeba display
in response to chemical signals. Nonessential genes in these cells are highly
amendable to genetic manipulation, with targeted gene disruptions obtainable in a
few weeks. Its relatively small genome is sequenced and RNAi and insertional
mutagenesis can be used to identify the function of novel genes (Landree and
Devreotes 2004; Garcia et al. 2009; Eichinger et al. 2005). Pathways regulating
chemotaxis are conserved throughout evolution, as was discovered early on when
investigations using D. discoideum first showed that eukaryotic cells use serpen-
tine receptors coupled to the heterotrimeric G proteins to undergo chemotaxis
(Devreotes 1994; Parent et al. 1998). It was only after this discovery that a similar
signaling cascade was found in mammalian neutrophils during directed migration
(Kim et al. 1996, Franca-Koh et al. 2009).

3 ¢cAMP and Folic Acid

D. discoideum respond to a number of chemoattractants depending on the stage of
their lifecycle. During vegetative growth, amoeba will respond to folic acid (FA)
when grown in axenic media (Palmieri et al. 2000), but respond more robustly
when grown in the presence of the bacterium Escherichia coli (Pan et al. 1972;
Srinivasan et al. 2013). Cyclic adenosine monophosphate (cAMP), on the other
hand, is the chemoattractant during aggregation and development (Konijn and
Meene 1967). Upon starvation, cells enter a developmental program, and after
several hours, they begin to secrete cAMP at 5-6 min intervals. This periodic
regulation of cAMP is a consequence of the ability of the cells to bind cAMP and
synthesize more, and thus propagates the signal. cAMP receptors (CARs) sense
cAMP, and activate adenylyl cyclase, which converts cAMP from ATP (Dinauer
et al. 1980). An adaptation response occurs which is independent of cAR1 phos-
phorylation and cAMP release is halted. cAMP phosphodiesterases, both intra-
cellular and extracellular are activated and lower the cAMP levels and the cells
ready themselves for the next wave (Snaar-Jagalska et al. 1990; Theibert and
Devreotess 1986; Reymond et al. 1995; Insall et al. 1994; Pupillo et al. 1992;
Bader et al. 2007). Individual cells aggregate by cAMP-mediated chemotaxis to
form first mounds, and then multicellular structures called slugs, which are pho-
totactic and will ultimately give rise to fruiting bodies that contain spores (Kessin
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2001; Kay 1982). Compromises in the cAMP signaling pathway can lead to
developmental delay or arrest, and cells will remain as smooth monolayers when
grown on a non-nutrient surface (Pitt et al. 1992; Garcia et al. 2009). For phe-
notypic analysis, clonal populations can be grown on a bacterial lawn where they
form plaques and starve. Developmental and migratory mutants can be readily
identified by the size of the plaque and the ability to form fruiting bodies. Work
derived from understanding this developmental process has provided much insight
into the role of many molecules critical for cell signaling and motility. However,
mutants that appear to be defective in aggregation should also be assayed for their
ability to chemotax to FA, which does not require a developmental program. This
will rule out a developmental defect that results in the cells not being competent to
respond to cAMP (see below). This lack of responsiveness can be a problem since
many signaling molecules that are used during chemotaxis are also critical for the
signal relay necessary for early development and cell polarization.

4 The Dictyostelium cAMP Receptors

Dictyostelium have transmembrane cAMP receptors that belong to the G Protein
coupled receptor superfamily (Xiao et al. 1997; Strader et al. 1995). There are four
cAMP receptors in Dictyostelium (designated cARs 1-4) that are expressed at
different stages of the development life cycle (Klein et al. 1988; Saxe et al. 1991).
cARI is expressed during early development while cAR3 is expressed later during
aggregation and reaches maximal expression during the mound stage of slug
formation (Johnson et al. 1993). cARs 2 and 4 are expressed in the prestalk cells
during slug formation, and later fruiting body stages, respectively (Johnson et al.
1993; Saxe et al. 1991; Insall et al. 1994). The affinities of these receptors for
cAMP are also different with cAR1 having the highest affinity and cAR 3 having
the least affinity (Dormann et al. 2001). cAR3 shares 56 and 69 % amino acid
sequence identity with cAR1 and cAR?2, respectively (Johnson et al. 1993).

5 cAR Structure and Localization

The structure of the cAMP receptors reveals that they have seven transmembrane
domains with an extracellular amino terminus and an intracellular carboxy tail
(Klein et al. 1988). Ligand induced as well as basal phosphorylation occurs on the
C-terminal tail of the cytoplasmic region of cAR1, which contains several clusters
of serine residues (Hereld et al. 1994). Work from the Devreotes lab identified the
first cluster of cytoplasmic serine residues as being responsible for a reduced
affinity for cAMP (Caterina et al. 1995). In addition, dominant negative cARI
mutants, which are constitutively phosphorylated, block development, possibly
through persistent activation of mechanisms that normally regulate cAR1 signaling



The Chemotactic Compass 75

(Zhang et al. 2005). Further characterization of cAR1 phosphorylation demon-
strated that it was not essential for terminating processes such as adenylyl cyclase
activation and actin polymerization (Kim et al. 1997). By genetically encoding
cARI1 with the green fluorescent protein (GFP), it was found that these receptors
appear to be distributed uniformly on the plasma membrane (PM) during gradient
sensing (Xiao et al. 1997). The same phenomenon has also been shown in
mammalian neutrophils during chemotaxis (Servant et al. 1999). This work sug-
gested that the signal amplification, as seen by a number of in vivo biosensors,
must occur “downstream” of receptor activation.

6 Signaling After Receptor Activation

The binding of chemoattractants to the receptors catalyzes the exchange of gua-
nosine triphosphate (GTP) for guanosine diphosphate (GDP) and allow both the
GTP-bound o-subunit and free iy complexes to signal to downstream effectors
(Gilman 1987; Bourne 1997). The first in vivo look at G protein dynamics in
response to a stimulus was performed using D. discoideum (Janetopoulos et al.
2001). The a2 and ffy-subunits rapidly dissociated and reassociated upon addition
and removal of cAMP, respectively. Interestingly, the G proteins appeared to
remain in an active conformation in the presence of cAMP, even though responses
had declined. This suggested that adaptation must be downstream or independent
of heterotrimeric G protein activation. Upon dissociation of the Gfy subunit from
Go, indirect evidence has shown that Gfy leads to the activation of the small
GTPase Ras (Jin 2011). Ras proteins serve as molecular switches whose activity is
regulated by Ras GEFs (Guanine nucleotide Exchange Factor) and GAPS (GTPase
activating Proteins) (Bourne et al. 1991; Boguski and McCormick 1993; Bolourani
et al.2006). In addition, Ras activity does not increase in response to chemoat-
tractants in cells lacking functional heterotrimeric subunits (Kae et al. 2004; Sasaki
and Firtel 2000).

Ras is the first marker to show an amplified asymmetric response during
migration and is followed closely at the PM by changes in the level of the enzymes
that synthesize and degrade the phosphoinositides (PIPs) that include PI(3,4)P2,
PI(3,4,5)P3, and PI(4,5)P2 (Whitman et al. 1988; Sasaki et al. 2004, 2007). In D.
discoideum, P1 3-kinases and the tumor suppressor PTEN relocate to the front and
back of the cell, respectively (Ilijima and Devreotes 2002). Similar mechanisms
have been shown in numerous mammalian systems (Ménager et al. 2004; Weiss-
Haljiti et al. 2004). While enhanced motility may contribute to the metastatic
properties of mammalian cells, where PIPs are improperly regulated (Vazquez and
Sellers 2000; Samuels et al. 2004; McCubrey et al. 2006; Hollestelle et al. 2007,
Fang et al. 2007; Berns et al. 2007; Pandolfi 2008), numerous studies have also
shown that these components are not critical for chemotaxis, and in some
instances, the phenotypes are actually rather marginal (Wang 2009; Stephens et al.
2008; Kay et al. 2008). Interestingly, it has also been shown that Ras and PI3K



76 D. Jowhar and C. Janetopoulos

activity, along with PTEN, are reciprocally regulated and along with many other
components, play an important role in the asymmetric shape changes occurring
during cell division (Janetopoulos et al. 2005; Janetopoulos and Devreotes 2006).
The critical role of these signaling molecules in cell division makes it likely that
there are redundant pathways and/or compensation of other pathways that insures
that a cell propagates if one signaling pathway is perturbed. For instance, in D.
discoideum when the small G protein Ras G is disrupted, expression levels of Ras
D and B increase substantially (Bolourani et al. 2010). Ras D expression has also
been found to go up in cells lacking Ras C and G (Srinivasan et al. 2013). When
observed from an evolutionary context (Fig. 1), these findings suggest that the
regulatory elements controlling cell shape changes evolved first, and only after the

Fig. 1 Evolutionary model for random movement, cytokinesis, and chemotaxis. Since cells
divide and move randomly in the absence of heterotrimeric G protein function, a feedback loop
has been proposed that is activated autonomously and without extracellular stimuli and evolved
prior to the introduction of serpentine receptors and heterotrimeric G proteins. This loop requires
cytoskeletal and plasma membrane regulators that simultaneously recruit PI3K and delocalize
PTEN from the protrusion site and the rear of the cell. It is assumed that the regulators for Ras/
PI3K/PTEN and F-actin polymerization/disassembly can influence the initiation and decay of the
circuit. As the process is stochastic, it is speculated that an increase in the level of any of the
responses over a threshold level may be sufficient to trigger the feedback loops and pseudopod
formation, while components such as GAPs and phosphatases regulate the threshold and level/
time of activation. Chemoattractants activate receptors and heterotrimeric G proteins and these
molecules, through mostly unknown mechanisms, are able to bias the circuit. Interestingly,
polarity does partially silence the circuit as random pseudopods and macropinocytosis are down
regulated. This may help provide amplification that induces cell polarity and supports directed
migration. Adapted from Janetopoulos and Firtel (2008), FEBS
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development of serpentine receptors and heterotrimeric G proteins did a cell
“compass” develop (Janetopoulos and Firtel 2008; Sasaki et al. 2007).

There are many mutants identified by screens over the years that have identified
components that clearly are involved in cell motility in D. discoideum, yet there
are only a few dozen at most that appear to be pure chemotaxis mutants. Many of
these mutants were identified by their inability to aggregate and form fruiting
bodies after starvation, a process that requires the proper timing of cAMP oscil-
lations. If these waves are not proper, cells do not upregulate the cAMP machinery
and fail to fruit. Unfortunately, in many cases these mutants are developmental and
not chemotaxis mutants. If a cell has not upregulated the cAMP receptors, then of
course it will not migrate well to a cAMP gradient. Similarly, if a cell line is not
polarizing properly, then it is likely not going to migrate in response to cAMP.

It may be difficult to generate new mutants of key components since many of
these molecules also regulate cell division. We have tested many available mutants
to migrate directionally to the chemoattractant FA. FA chemotaxis becomes
extremely robust when vegetative cells are grown in the presence of bacteria.
The upregulation of FA receptors does not require a developmental program
(Srinivasan et al. 2013). To date, we have found only two mutants that are unable
to chemotax to FA; those lacking the Ga4 subunit that presumably couples to the
unknown FA receptor, and cells lacking the G/ subunit. Cells lacking PI3Ks, PLC,
Ras C and G, PKBA and PKBRI1 (Srinivasan et al. 2013), and numerous TorC
components including Rip3, Lst8, and Pianissmo (Ricktor) all chemotax to FA
(Janetopoulos lab, unpublished results). Several mutants tested have been shown to
have severe chemotaxis defects, including Ras C/G double nulls. Ras C/G double
nulls were reported to be completely blind in a cAMP gradient (Bolourani et al.
2010). We tested multiple Ras C/G null strains and they are all defective in
development, but chemotax well to FA. The latter results and the fact that the TorC
components all chemotax to FA are consistent given that cells lacking both PKBA
and PKBR1 chemotax to FA, although their overall motility appeared compro-
mised and they are aberrant as compared to wild type cells. The above findings,
coupled with the critical nature of many of these molecules in cell division, likely
mean that genetic screens targeting chemotaxis and polarity mutants performed up
to this point are not saturated. There may be components critical for both cell
division and migration that have not been identified because they grow slowly or
not at all and suggest that conditional mutants may be necessary to find other core
regulatory elements critical for chemotaxis.

7 Temporal Responses to Chemoattractants Provide
Valuable Spatial Information

The biosensor PH-GFP, a marker for PI(3,4)P2 and PI(3,4,5)P3 rapidly redis-
tributes to the PM in response to uniform cAMP or FA stimulation (within a few
sec) (Parent et al. 1998). PI3K is also rapidly recruited to the PM, while PTEN
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follows a reciprocal time course and moves from the PM to the cytosol (Funamoto
et al. 2002). Other leading edge proteins such as actin binding proteins and coronin
display similar localizations (Bretschneider et al. 2002). It has also been found that
the localization of cortexillin, which contains a PI(4,5)P2 binding motif (Faix et al.
2001), mirrored that of Myo2-GFP and PTEN-GFP and moved from the PM to the
cytosol (Srinivasan et al. 2013). These findings suggest that the uniform activation
of the heterotrimeric G proteins leads to a dramatic reorganization of the PM, and
that the quiescent state is more similar to the rear of a cell, while the PM at the
peak of the response is most representative of the leading edge. The cytoskeletal
and signaling molecules that show polarized distributions in migrating cells also
redistribute between the PM and cytosol when cells were given a uniform stimulus
of chemoattractant (Srinivasan et al. 2013). These findings suggest that the iso-
lation of membrane-associated proteins in response to a uniform stimulus could be
a powerful method for isolating leading edge and rear proteins of polarized cells.
Similarly, global changes in lipids and other metabolites in response to a temporal
stimulus of chemoattractant may reveal other molecules that are spatially localized
during directed cell migration.

8 The Role of Polarity in Migration

The morphology and behavior of unpolarized and polarized cells were investigated
during gradient sensing and gradient switching. Most polarized cells make big U-
turns when a gradient is reoriented (Srinivasan et al. 2013). In contrast, vegetative
cells extend multiple pseudopods that tend to be oriented toward the initial FA
source. When the gradient is switched, unpolarized cells stopped immediately and
extended pseudopods toward the new direction of the gradient. These findings
demonstrated that the apparent biased random walk of unpolarized cells is more
efficient at rapidly changing directions than fully polarized cells. This may be a
useful characteristic so that feeding D. discoideum can rapidly reorient to the
correct direction of food sources. In addition, unpolarized cells have the capacity
to generate phagosomes along the entire periphery of the cell (Srinivasan et al.
2013).

Unpolarized cells taken from bacterial lawns and treated with Latrunculin-A
were unable to form a stable PH-GFP crescent toward a FA source. PI(3,4,5)P3
oscillations were observed all over the PM regardless of direction of the gradient.
However, in polarized cells, the PI(3,4,5)P3 crescent was stably localized toward
the high side of the cAMP gradient. Interestingly, highly unpolarized cells, whe-
ther responding to FA or cAMP, were unable to make stabilized PI(3,4,5)P3
responses as was determined by examining cells that have been starved for 4 h
(Srinivasan et al. 2013). It may be that these underlying “random” crescents in
vegetative and in 4 h starved unpolarized cells are generated by an oscillatory
mechanism that is independent of the heterotrimeric G proteins and can only be
biased to some extent by the chemotactic signal transduction system. Polarized
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cells appear to be able to suppress these basal oscillations and focus the
P1(3,4,5)P3 synthesis in the direction of the gradient and redistribute PTEN to the
rear of the cell. This ability to dampen the random activity provides a focusing
mechanism that likely helps cells to migrate up a concentration gradient. It is
likely that unpolarized cells responding to FA are still performing spatial sensing
and integrate the signal across the entire periphery of the cell. This may increase
the probability of random pseudopods on the high side of the gradient. However, it
is also possible that the pseudopods are reinforced in the correct direction and that
FA-mediated signaling is not capable, by itself, of generating a pseudopod
(Andrew and Insall 2007).

9 Dictyostelium Heterotrimeric G Proteins and Functions

The putative FA receptor and the Dictyostelium cAMP receptors are coupled to
heterotrimeric G proteins (Ga, f and y) which mediate the majority of the sig-
naling responses (Bagorda and Parent 2008). To date, 14 Ga subunits, 1 Gf
(although there is another putative Gf subunit of unknown function) and a single
Gy subunit have been identified in the D. discoideum genome (Eichinger et al.
2005). The Go2 subunit couples to the cARI1 receptor and is essential for devel-
opment and chemotaxis toward cAMP, while the Ga4 subunit is critical for FA-
mediated chemotaxis (Kumagai et al. 1991; Hadwiger et al. 1994; Janetopoulos
et al. 2001). The Go4 subunit is homologous to the Ga2 subunit and has 41 %
amino acid sequence identity (Hadwiger et al. 1991).

Cells lacking Gf fail to aggregate or display typical chemoattractant induced
responses. In addition, Gf§ is required for receptor G protein coupling (Wu et al.
1995). Workers in the Devreotes lab also investigated the structure and function of
the D. discoideum Gy and demonstrated that this subunit is necessary for anchoring
Gf; to the membrane. Deletion of a CSVL motif in the carboxy terminal of Gy lead
to the relocation of Gp to the cytosol. In addition, cells with this truncation were
unable to sense a CAMP gradient (Zhang et al. 2001).

Biophysical approaches including Forster resonance energy transfer (FRET)
and fluorescence recovery after photobleaching (FRAP) showed that the G protein
subunits continuously shuttle from a cytosolic pool to the plasma membrane
whether they were active or inactive (Fig. 2, top) (Elzie et al. 2009). Interestingly,
the Go2 subunit demonstrated a longer half time on the plasma membrane when
cells were in the presence of cCAMP. The resident time on the plasma membrane of
the Gfy complex did not change, showing very strong evidence for the complete
dissociation of the heterotrimer when in the active state. It is still unclear whether
the G2, presumably in an active GTP-bound state, is coupled to the receptor or
another binding partner at the inner leaflet of the plasma membrane when cAMP is
present (Elzie et al. 2009).

This data suggests that that the Go-subunit might locally activate downstream
effectors, whereas diffusible Gfy subunits could potentially act as inhibitory
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molecules. This fits a model proposed by Levine et al. (2006), which suggested
that the G proteins themselves make good candidates for the activator and inhibitor
molecules that they propose underlie the large gain seen in the responses at the
leading edge during gradient sensing. As depicted in the cartoon, the data pre-
sented in the Elzie et al. manuscript suggest that the Go subunit remains local and
the Gfy subunits diffuse away (see Fig. 2, bottom for model). Further support for
this idea comes from single-molecule analysis of cAR1-YFP, which was shown to
have two different receptor populations in the absence of signaling. Some were
immobile and some were mobile, suggesting that some cARI is not precoupled to
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Fig. 2 G protein heterotrimers cycle between the cytosol and plasma membrane. a FRAP
experiments were conducted on Go2-null cells expressing Go2-CFP, Gf-null cells expressing -
CFP, AX2 cells expressing y-YFP and cAR1/3-null cells expressing cAR1-YFP. Go2-CFP, f-
CFP, and y-YFP had similar recovery rates, whereas cARI-YFP recovery was significantly
slower. b Model for G protein cycling in Dictyostelium discoideum. Inactive heterotrimers
continuously cycle between the cytosol and cAR1 or the inner leaflet of the plasma membrane. It
is likely that the lipid modifications of both Go2 (palmitoylation and myristoylation) and Gy
(isoprenylation) play a significant role in the heterotrimer interacting with the plasma membrane.
Upon binding of cAMP to the receptor, there is a change in receptor conformation that might
increase the affinity of the receptor for the Go2 subunit. The conformational change in cAR1
simultaneously triggers the exchange of GDP for GTP on the Go2 subunit and the heterotrimer
dissociates. Because the Gfy subunit does not apparently change its residency time on the plasma
membrane, time spent in the empty-pocket conformation is probably extremely fast and the Go2
subunit might remain coupled to the receptor in the GTP-bound state. It is also possible that both
GDP- and GTPbound Go?2 subunits interact with both receptor and the plasma membrane, or
effector molecules (E) in the latter case, when activated. This is supported by data showing that
the Go2 subunits still interact with the plasma membrane in cells lacking cAR1 and cAR3. In
either situation, this dissociation is complete, and the active Gfy subunit diffuses away from the
membrane. The intrinsic GTPase activity of the Ga2 subunit hydrolyzes the bound GTP and the
receptor, membrane or effector molecule and Go2 subunits dissociate. Because we have been
unable to measure changes in FRET in the cytosol, liberated Gf§y subunits probably find free Go2
subunits and reform the heterotrimer. This model can explain both the loss of G protein FRET
and the lack of a change in membrane Gf}-subunit intensity upon receptor activation. From Elzie
et. al. (2009)

the G protein (De Keijzer et al. 2008). The authors further found that the immobile
fraction was almost identical in chemotaxing cells to that seen at the leading edge
of cells lacking the Ga2 subunit. They interpreted this to mean that there was
uncoupling of the receptor from the G proteins in response to cAMP. Taken
together with the FRAP results, the single molecule results suggest that the Go2
subunits might be interacting with the receptor directly, but binding the membrane
or proteins on the membrane after receptor activation. This local increase of G2
subunits at the front of a cell may in turn provide the molecular component for the
initial linear amplification that occurs during gradient sensing.

We have recent data that suggests that cAR1 partially redistributes to the rear of
the cell during chemotaxis, overturning the long held belief that receptors are
uniformly localized during gradient sensing (unpublished results, Janetopoulos
lab). Our results suggest that activated receptors migrate to the rear of the cell
while naive receptors localize to the front of the cell. There is a large fractional
increase in the number of receptors in the rear of the cell, yet the cell continues to
move up the gradient. This suggests that these receptors are either desensitized or
uncoupled from the heterotrimeric G proteins. Uncoupling would fit the data
described above for the quantitation of the cAR1 immobilization fraction at the
leading edge of a chemotaxing cell. This might also explain the single molecule
data obtained by Ueda and colleagues showing that cAMP binding at the leading
edge differed dramatically from the kinetics at the rear of a cell (Ueda et al. 2001).
It is exciting that the molecular characterization of the chemotactic compass has
returned back to one of the earliest discovered components. It will be interesting to
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see what roles cARI1 plays in amplifying the internal cellular responses and
whether this work will also translate to our understanding of directed migration in
mammalian systems.
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Transcriptional Regulators: Dynamic
Drivers of Multicellular Formation, Cell
Differentiation and Development

Rafael D. Rosengarten, Balaji Santhanam
and Mariko Katoh-Kurasawa

Abstract In this chapter, we examine what is known about the roles of individual
transcription regulators in mediating development in Dictyostelium discoideum.
We present a broad review of the field, covering genetic, biochemical, molecular,
and bioinformatic experiments that illuminate transcriptional regulation in the
context of developmental events. We highlight evidence for evolutionary con-
servation where it exists, and have sought to underscore the power of RNA
sequencing as a tool for comparative studies and global analysis. We believe that
as next generation, omics approaches are more widely applied, we may paint a
more complete picture of the gene regulatory networks governing dictyostelid
development, and gain insight into general evolutionary processes that shape
developmental biology.

1 Introduction

Dictyostelid amoebae inhabit the forest soil, consume bacteria through phagocy-
tosis, and grow as solitary unicellular organisms when resources are abundant.
Once food is depleted, they initiate a tightly regulated developmental program that
culminates in the formation of a multicellular fruiting body (summarized in Kessin
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2001). Among dictyostelid species whose genomes are available, Dictyostelium
discoideum (Raper 1935) and Dictyostelium purpureum (Olive 1901) belong to the
same clade (group 4) in the Dictyostelium phylogeny (Schaap et al. 2006). They
have similar sized, AT-rich genomes encoding for about 12,000 predicted proteins,
of which an estimated 7,619 proteins share significant reciprocal amino acid
sequence similarity (Eichinger et al. 2005; Sucgang et al. 2011). The primary
nucleotide sequences of their genomes, meanwhile, are highly divergent, reflecting
an evolutionary distance of roughly 400 million years, comparable to that between
humans and jawed fish (Sucgang et al. 2011).

Nevertheless, these congeneric amoebae display a striking similarity in the
morphological progression of their developmental programs. They both initiate
their developmental programs upon starvation, secreting cAMP, and aggregating
toward the signal by chemotaxis (Konijn et al. 1969). Through a series of mor-
phogenic changes, the multicellular organism eventually culminates to form a
fruiting body: a droplet of spore cells (the sorus) held atop a cellular stalk (Raper
1940). Various differences in D. purpureum development relative to D. discoideum
include: D. purpureum developmental structures take shape 4 h later; D. purpur-
eum begins stalk formation during migration, rather than as part of culmination; D.
purpureum constructs triangular cellular supports for its sporophore, rather than
basal discs; and the color of the D. purpureum sorus is, eponymously, purple rather
than translucent yellow (Schaap et al. 2006). Despite these differences, develop-
ment of these species results in fruiting bodies of similar shape at the end of the
24 h developmental cycle.

The observation that ontogeny is largely conserved over deep evolutionary time
suggests that the genetic mechanisms regulating development are conserved as
well. One powerful approach to dissecting the molecular physiology of develop-
ment is to measure global changes in gene expression over time. In eukaryotes,
transcription is governed by the interplay of several classes of proteins (Fig. 1)
(Krebs et al. 2013). General transcriptional machinery including RNA polymerase
assembles near the start of transcription, in many cases binding TATA-box
sequences through a component TBP (TATA-binding protein). Certain transcrip-
tion factors bind cis-DNA elements in the promoters of genes in a sequence-
specific manner, activating or repressing the transcription of target genes. These
regulatory acting transcription factors (“Transcription Factors/Regulators” in
Fig. 1) are the main subject of this chapter, herein interchangeably referred to as
TFs. TFs communicate with the general transcriptional machinery via mediators.
Additionally, chromatin remodelers and histone modifiers play essential roles in
determining the accessibility of DNA for these other molecules to bind. The
particular interactions regulating transcription will be somewhat different in
organisms throughout the eukaryotic evolutionary tree, affected by differences in
genomic organization, promoter and gene structures, and the complement of
regulatory proteins, yet the overall scheme is highly conserved.

Comparative transcriptomics of D. discoideum and D. purpureum using RNA-
seq continues to shed light on the genetic interactions that regulate transcription,
and how these affect development (Parikh et al. 2010b). In D. discoideum, 243
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Fig. 2 Functional categories of D. discoideum proteins involved in transcriptional regulation, as
annotated in dictyBase. For each segment, the numbers of orthologs found in each model
organism, or common to all listed, are tabulated. H.s: Homo sapiens, M.m: Mus musculus, D.m:
Drosophila melanogaster, C.e: Caenorhabditis elegans, S.c: Saccharomyces cerevisiae, A.t:
Arabidopsis thaliana, D.p: Dictyostelium purpureum

genes encode proteins predicted to regulate transcription, including components of
general transcriptional machinery (29), transcriptional regulators (145), mediators
(28), chromatin remodelers (14), and histone modifiers (27) (Fig. 2). A significant
number (180) of these have orthologs in D. purpureum (Fisher’s test,
p value = 2.49 x 107°), and 69 retain significant amino acid similarity between
D. discoideum and other eukaryotic model organisms over 1 billion years
removed. In addition to amino acid sequence similarity, coordinated expression of
transcriptional regulators during specific developmental events suggests orthologs
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Fig. 3 Expression profile of transcriptional regulator genes during development. Heat map
represents standardized mRNA levels (determined by RNA-seq) of 145 genes of all predicted
transcriptional regulators in D. discoideum. There are two major transitions (red lines) with three
broad developmental stages: (/) entering development, (2) multicellular assembly, and (3)
culmination and fruiting body formation. Within the first stage, two distinct blocks of upregulated
genes might reflect two developmental events, starvation response (0—4 h), and aggregation from
unicellularity to multicellularity (4-8 h). Changes in regulatory gene expression during
subsequent morphogenic events are less dramatic and partly-overlapped but still display a
molecular signature associated with developmental progression

retain conserved functions. Comparing the transcriptional profiles between these
species over the 24 h developmental period, more than 50% of the transcriptional
regulation-related orthologs show almost identical expression trajectories (Pear-
son’s correlation > 0.5). The conservation of transcriptional programs in D. dis-
coideum and D. purpureum helps explain the similarity in their developmental
progression and morphologies. We describe transcriptional regulators and their
roles in D. discoideum development in the following three sections divided based
on major developmental events and transitions in transcriptional profiles (Fig. 3).

2 Entering Development

Perhaps the most curious aspect of Dictyostelium biology, commonly invoked as a
subject for investigation, is its faculty to grow as single celled amoebae, only to
later aggregate and undergo multicellular development. Starvation provides the
environmental cue to exit vegetative growth in favor of the developmental pro-
gram leading to spores that may disperse to more hospitable environments. In the
earliest stages of D. discoideum development, the first transcriptional changes
occur before cells generate pulsatile cAMP. Cell density sensing factors such as
prestarvation factor (PSF) and conditioned medium factor (CMF) initiate the
expression of numerous early developmental genes via the protein kinase A (PKA)
pathway (Gomer et al. 1991; Mann and Firtel 1989; Rathi and Clarke 1992;
Schulkes and Schaap 1995). The subsequent establishment of cAMP pulsing
depends on an initial low-level accumulation of the high affinity cAMP receptor
cARI1, and the production of cAMP by adenylate cyclases. These early expressed
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genes, carA (encoding cAR1) and acaA (encoding adenylate cyclase A), enable
cAMP pulse-dependent gene expression. Nanomolar levels of cAMP oscillate due
to the complex interplay of cAMP receptors, adenylate cyclases, phosphodies-
terases, and other factors (Aubry and Firtel 1999; Laub and Loomis 1998). This
oscillatory signal coordinates the chemotactic aggregation of hundreds of thou-
sands of amoebae from a wide area, as cells migrate toward the aggregation center
and relay the cAMP signal to other cells behind in the field. Thus, the progression
from starvation into development depends on carA and acaA expression, which is
regulated directly or indirectly by multiple transcription factors, including MybB,
CbfA, and SrfB.

MybB is a myeloblastosis (MYB) domain-containing protein that belongs to the
27-member D. discoideum myb gene family. Expression is observed almost
immediately after starvation and peaks around 12 h (Parikh et al. 2010b). The
mybB gene was identified by a restriction enzyme-mediated integration (REMI)
screen for “synag” mutants, those with synergizable aggregation defects (Otsuka
and Van Haastert 1998). These mutants have defective cAMP signaling, but
development proceeds normally when mutants are co-developed with wild-type
cells or when cAMP pulses are provided exogenously. The mybB null exhibits an
aggregation minus (agg-) phenotype and shows greatly reduced carA and acaA
expression, preventing cAMP-mediated chemotaxis and cAMP relay. These
mybB~ defects are rescued by ectopic expression of acaA, but not of carA. These
data suggest MybB is involved in regulating cAMP synthesis.

Like MybB, C-module binding factor A (CbfA) is essential for the initiation of
acaA expression, and therefore the initiation of development (Siol et al. 2006;
Winckler et al. 2004). CbfA contains an amino-terminal jumonji-C domain
characteristic of chromatin modifiers, a non-canonical zinc-finger containing
region, and a carboxy (C)-terminal domain with an AT-hook DNA-binding motif
(Horn et al. 1999). An amber-mutation knockdown strain (chfA“"™), produc-
ing ~5% of wild-type CbfA protein, failed to enter development (Winckler et al.
2004). The chfA”" mutant does not express acaA and thus its aggregation defects
can be explained by the inability to synthesize cAMP. The chfA mutant shares
many features with the mybB null. Mixing cbfA™" cells with wildtype, or pulsing
exogenous cAMP in suspension, partially restores the developmental phenotype
and the expression of early developmental genes like acaA, but not of postag-
gregative genes such as tgrCl (formerly lagC, for “loose aggregate”). This
implies that the chfA”" mutant retains the capacity to respond to cAMP. Similar to
the acaA™ mutant, development is restored by the constitutive expression of the
catalytic subunit of PKA (Wang and Kuspa 1997). RNA-seq data reveal that chfA
expression increases post-starvation, peaking around 12 h in D. discoideum,
suggesting a possible role in later development as well (Parikh et al. 2010b). The
C-terminal domain of CbfA is highly conserved in all dictyostelids, and was
sufficient to regulate most CbfA-dependent gene expression in vegetative cells
(Schmith et al. 2013). The domain’s function is conserved such that expression of
C-terminal of distantly related Polysphondylium pallidum CbfA restored aberrant
gene expression in a D. discoideum mutant. This work implies that the C-terminal
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domain and jumonji-C/zinc-finger domain have distinct evolutionary roles and
could function independently for vegetative and developmental gene regulation.

Unlike the requirement of MybB and CbfA for initiating development and
cAMP pulsing, srfB~ shows precocious development (Galardi-Castilla et al. 2008).
The srfB gene encodes the second D. discoideum protein found to have similarity
with MADS-box transcriptional factors of the serum response factor (SRF) family.
In a srfB null, acaA and carA are expressed 2 h prior to wildtype, suggesting SrfB
might play a regulatory role by repressing these genes. In spite of early expression
of these genes, the s7fB mutant fails to relay cAMP, though they are capable of
responding to ectopic cAMP. Further, the s7fB mutant exhibits a complex set of
expression patterns of vegetative and early developmental genes. For example,
expression of vegetative ponA (ponticulin) persisted into development, while ctsD
(cathepsin) and alyB (lysozyme) were atypically downregulated in the mutant.
EDTA-stable adhesion, which is established at 6 h of normal development, is
highly impaired in the srfB null. Since this defect was restored by ectopic cAMP
pulsing, it is likely that s7fB~ cells under-express early developmental genes
required for aggregation, such as csaA (adhesion protein). Taken together, the
evidence suggests SrfB contributes to regulating the starvation response and early
developmental events.

Once cAMP pulses begin, carA and acaA expression rapidly increases as part of
a positive feedback mechanism to maintain the oscillatory signal (Firtel 1996).
cARI1 transcription factor (Crtf), which is present throughout development, is
likely one of the transcriptional regulators that establish this loop (Mu et al. 2001;
Parikh et al. 2010b). Mobility shift assays and DNA affinity chromatography
showed Crtf is a zinc-dependent binding protein of a carA promoter element
responsible for early expression of cAR1. The crtf null suffered severely impaired
aggregation and displayed only basal levels of carA expression, as well as abro-
gated expression of csaA and gpaB (G-protein o2). Ectopic cAMP pulsing rescued
the aggregation defect and restored expression of early developmental genes.
However, delayed and asynchronous development could not be rescued by con-
stitutive carA expression, indicating crtf misregulates additional cAR1-indepen-
dent or global pathway(s) (Mu et al. 2001, 1998).

During normal development, cells chemotax along a pulsatile cAMP gradient,
entering streams that lead to an aggregation center. After aggregation, a multi-
cellular mound forms, cell differentiation begins in the mound, and extracellular
cAMP accumulates to constant micromolar levels (Abe and Yanagisawa 1983).
This continuous high concentration of cAMP (in contrast to nanomolar pulses)
suppresses early aggregative genes, like carA, and activates expression of post-
aggregative genes, including tgrC1 (adhesion molecule), cprB (cysteine protease),
and rasD (Ras GTPase). Crtf may also be important for the sharp transition to cell-
type-specific gene expression when extracellular cAMP rises (Mu et al. 2001). In
crtf cells, differentiation markers such as ecmA and cotB were expressed even in
the absence of high levels of cAMP, suggesting Crtf may repress some cell dif-
ferentiation genes to regulate proper developmental progression. Later still, low
spore viability persisted despite 8-Br-cAMP (a membrane permeable cAMP
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analog) activation of PKA, suggesting Crtf plays another role in sporulation either
apart from, or downstream of, PKA. In sum, Crtf directly activates early carA
expression, is essential for the expression of other early developmental genes, and
appears to have additional targets in later stages of development.

G-box binding factor (GBF) is a well-characterized TF that regulates
postaggregative and cell-type-specific gene expression (Brown and Firtel 2001;
Schnitzler et al. 1994). GbfA was identified by affinity purification of the nuclear
activity bound to the G-box in the promoter of the prespore(psp)-specific gene
cotC (Powell-Coffman et al. 1994; Schnitzler et al. 1994). G-box motifs that
contain two GT/CA-rich sequences were found enriched in postaggregative and
cell-type-specific gene promoters (Haberstroh et al. 1991; Hjorth et al. 1990; Pears
and Williams 1987; Powell-Coffman et al. 1994). Prior to cloning the gbfA gene,
G-box motifs were shown to be essential for the expression of the prestalk (pst)
genes cprB and ecmB, and required in concert with another poly-AT cis-element
for proper psp gene induction (Ceccarelli et al. 1992; Hjorth et al. 1990; Hjorth
et al. 1989). Expression of ghfA increases in the early hours after starvation, with
continual, high levels that suggest GbfA may be active throughout development,
possibly playing numerous roles (Parikh et al. 2010b; Schnitzler et al. 1994). The
gbfA” mutant fails to express both postaggregative and cell-type-specific genes
during development on solid media and in suspension with exogenous cAMP
pulses. The null phenotype is characterized by arrested development at the loose
aggregation stage, wherein mounds repeatedly disperse and reaggregate. This
defect is cell-autonomous and thus not rescued by co-development with wild-type
cells (Schnitzler et al. 1994).

Physical cell—cell contact is also required for proper TF modulation of devel-
opmental genes. For example, TgrC1, though not a TF, is essential for normal
expression of postaggregative genes and subsequent cell-type-specific genes.
TgrCl is a cell surface immunoglobulin-like domain-containing protein that
mediates cell—cell interactions and allorecognition with its binding partner TgrB1
(Benabentos et al. 2009; Dynes et al. 1994; Hirose et al. 2011). Null mutants of
tgrC1 and gbfA have similar developmental phenotypes. Phenotypic rescue and
global expression analyses define the relationship between rgrCI1 and gbfA as a
feed-forward loop (Iranfar et al. 2006; Sukumaran et al. 1998). Both transcrip-
tional regulation by GbfA and some unidentified intracellular signaling derived
from TgrCl-mediated cell-cell interactions are necessary for the developmental
switch from aggregation to cell differentiation stages.

3 Multicellular Assembly

Following aggregation, Dictyostelium cells undergo a series of morphogenetic
changes in response to inter- and intracellular signaling molecules, including
cAMP and the chlorinated hexaphenone DIF-1. Complex gradients of signaling
molecules potentiate and antagonize one another and induce the progression of
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development. These signals are generated by, and relayed to, gene products under
the precise control of transcription factors. Genes representing bZIP, Myb, STAT,
and GATA family TFs are active in various cell types in Dictyostelium, integrating
dynamic information regarding cellular identities, molecular signals, and spatial
position. As the mound tightens and begins to change shape, becoming tipped and
then forming a slug (or finger), cells migrate and sort, giving rise to a structure
with distinct cellular populations. Classic studies of slugs stained with the vital dye
neutral red indicated the presence of two distinct cell populations, one capable of
generating spores, and the other stalk (Bonner 1959; Raper 1940). These popu-
lations are readily mapped in the developing structure. Both progenitor cells are
found scattered throughout the mound initially, but once the slug forms, psp and
pst populations show precise spatial and numerical proportioning. Pst cells con-
stitute the front 20% of the slug while psp cells occupy the rear 80%. Psp cells are
generally viewed as a fairly homogeneous population, while pst cells are a het-
erogeneous class containing multiple sub-types including pstA, pstO, pstAB, pstB,
and pstU (reviewed in Fukuzawa 2011).

The pst subtypes can be distinguished by reporter gene expression driven by
cell-type-specific promoter regions, especially of genes ecmA and ecmB, encoding
extracellular matrix proteins that contribute to the stalk tube. For example, pro-
moter analysis of the pst-specific gene ecmA delineated two regulatory regions that
differentially direct cell-type-specific expression. The region proximal to the ecrmA
transcription start site controls its expression in pstA cells, located in the anterior
part of the pst region. The distal ecmA promoter region directs expression in two
cell types, pstO cells located in the posterior part of the pst region adjacent to the
psp population and anterior-like cells (ALC) scattered throughout the psp region
(Early et al. 1993). Expression from the ecmB promoter marks the pstB cells along
the ventral side of the slug, and also pstAB cells arranged in a cone-like group in
the anterior region (Ceccarelli et al. 1991). The very tip of the anterior pstA region
contains cells that seem important for slug migration and culmination, and display
expression from the proximal fragment of the cudA promoter (Fukuzawa and
Williams 2000). The most recently described type, pstU, derives from a subset of
ALCs and is marked by expression from the promoter of rtaA (lipid exporter gene)
(Yamada et al. 2010). During culmination, the various pst cells differentiate and
migrate to form the stalk proper, the basal disc, as well as lower and upper cup
structures. The fact that the various cell populations are discernible based on
differential gene expression suggests that each type possesses a distinct molecular
physiology.

DIF-1 deficient mutants fail to differentiate some pst cell types and do not
develop proper stalks (Saito et al. 2008; Thompson and Kay 2000). Screening
mutants in submerged monolayers exposed to DIF-1 can reveal genes essential for
stalk cell differentiation. One such assay isolated dimA (DIF-1 insensitive mutant),
encoding a basic leucine zipper (bZIP) transcription factor (Thompson et al. 2004).
In the dimA mutant, DIF-1 neither induces stalk formation nor suppresses spore
production. Since bZIP TFs are known to dimerize, Huang et al. (2006) searched
the D. discoideum genome for candidates that might interact with DimA. They
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found DimB based on the similarity of predicted dimerization domains and spa-
tiotemporal co-expression with dimA, and confirmed that the proteins can interact
in vitro. Another class of TF was also identified by a similar screening as DimA.
GtaC (alternatively, DimC) belongs to the zinc-finger domain-containing GATA
family, which canonically bind to a core GATA motif (Keller and Thompson
2008).

Both dimA™ and dimB~ mutants developed long slugs lacking the pstO region
and eventually formed fruiting bodies with a compromised basal disc and lower
cup. In contrast, graC™ mutant formed small slugs and tiny fruiting bodies in which
the basal disc was incomplete. DIF-1 induces the nuclear accumulation of all three
Dim proteins, although the nuclear accumulation of DimA is dependent on DimB.
In a monolayer assay in the presence of both 8-Br-cAMP and DIF-1, wild-type
amoebae form stalk cells, however, dimA~ formed spores. Under the same con-
dition, gtaC™ cells remained as undifferentiated amoebae, while dimB™ and dimA ™~/
dimB~ double mutants entirely failed to differentiate, ultimately succumbing to
non-vacuolar cell death. DIF-1 functions concurrently in two pathways: stalk
induction and spore suppression. DimA may mediate DIF-1 suppression of spore
production, while GtaC might mediate DIF-1 stalk induction. The severe response
of the dimB mutant to these stimuli might be related to DimB’s proposed multi-
functionality (described below). Taken together, DimA, DimB, and GtaC play
distinct roles in the DIF-1 signaling cascade.

DimB was also independently purified by another group with affinity chroma-
tography of two fragments in the ecmA promoter (Zhukovskaya et al. 2006). Beta-
galactosidase reporter assays and ChIP analysis revealed that DIF-1 induces DimB
binding to the promoter core sequence of ecmA responsible for normal pstO/ALC-
specific expression, consistent with the observation that DimB induces ecmA
expression in pstO, but not in pstA (Fukuzawa 2011; Huang et al. 2006; Zhu-
kovskaya et al. 2006). DimB was found to accumulate in the nucleus specifically in
pstB cells and bind to the ecmB promoter to activate its expression. In the dimB~
background, the expression pattern of ecmB remained unchanged in the anterior
region, but was measurably lower in the ventral region of the slug, and very few
pstB and lower cup cells could be detected (Yamada et al. 2011). DimB also acts as
a repressor, binding CCCCAC sequences in the promoter of the psp-specific gene
pspA to silence its expression in pstO cells (Nufiez-Corcuera et al. 2012). DimB
seems to be a multifaceted TF for cell-fate determination, regulating ecmA
expression in pstO/ALC ecmB in pstB cells, as well as repressing pspA in pstO cells.

Signal transducers and activators of transcription A (STATa) was identified by
mass spectrometry as a protein that bound the repressor regions of the ecmB
promoter (Kawata et al. 1997). In mammalian systems, post-translational modi-
fications and interactions with protein inhibitor of activated STAT (PIAS) family
members are key regulatory mechanisms of STAT activity. Kawata and colleagues
have described the first example of non-metazoan STAT pathway involving
Dictyostelium STATa and PIAS (Kawata et al. 2011; reviewed in Kawata 2011).
STATa, the first of four Dictyostelium STAT proteins, is encoded by dstA and
developmentally regulated, with its nuclear localization dependent on extracellular
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cAMP levels mediated at least in part by cAR1 (Araki et al. 1998; Dormann et al.
2001). The dstA™ mutant exhibits complex morphological defects during devel-
opment including: delayed aggregation, partially explained by decreased cAMP
chemotaxis; a prolonged migratory slug stage; abnormal culmination; an inability
to clearly delineate its pst region; and irregularly shaped fruiting bodies with
columnar structures containing undifferentiated amoebae and very few vacuolated
stalk cells (Mohanty et al. 1999). The complexity of the null phenotypes suggests
STATa involvement in regulating a variety of pathways including the spatial and
temporal expression of key pst genes such as ecmB and tip-organizer cudA.

Another member of the STAT family, STATc (dstC), was cloned via low
stringency hybridization to the SH2 domain of the dstA gene. In response to DIF-1,
STATc appears to translocate to the nucleus in pstO cells and ALCs, requiring the
tyrosine kinase-like protein SplB/Pyk?2 for activation (Araki et al. 2012; Fukuzawa
et al. 2001). The dstC™ mutant displays accelerated early development and pro-
longed slug migration. In dstC™ slugs, ecmA expression is dramatically higher
throughout the pst region, and the expression, normally balanced between pstA
and pstO, shifts higher in pstO suggesting that STATc acts as a repressor of ecmA
in the pstO cells (Fukuzawa et al. 2001).

MybE, another Myb domain-containing TF, was purified biochemically using a
distal fragment of the ecmA promoter (Fukuzawa et al. 2006). Expression of mybE
expression displays a monotonic increase until 12 h of development and a late
peak around 20-24 h (Parikh et al. 2010b). The mybE mutant phenocopies the
morphological defects of DIF-1 insensitive mutants and shows reduced expression
of ecmA in both pstO cells and ALCs. Intriguingly, unlike the dim mutants, the
expression of ecmB is distributed randomly throughout the mybE™ slug, suggesting
de-repression of ecmB in various cell types or the mislocalization of pstAB cells.
Either way, MybE appears to play a key role in the expression of cell-type-specific
genes, and in the proper partitioning of these subpopulations (Fukuzawa et al.
2006).

More recently, a myelin regulatory factor (MrfA) was found to directly asso-
ciate with a proximal fragment of the ecmA promoter (Senoo et al. 2012). MrfA
expression peaks around the aggregation stage (Parikh et al. 2010b). The mrfA~
cells show delayed development and reduced pstA-specific gene expression in the
slugs (Senoo et al. 2012). While this family of TFs is not well understood outside
of the metazoans, the identification of another transcriptional regulator in Dicty-
ostelium that affects the ecmA cell-type marker underscores the complexity of
overlapping gene networks.

Transcription factors play critical roles in shaping cellular populations within
the multicellular Dictyostelium organism. They integrate numerous chemical
signals, like DIF-1 and cAMP, and convert this information into specific cellular
behaviors. The DIF-1 signaling pathway appears to be highly conserved evolu-
tionarily—orthologs of all proteins involved in the production of DIF-1 in D.
discoideum were identified in the D. purpureum genome, and key proteins (i.e.,
DmtA, des-methyl-DIF-1 methyl transferase) have been shown to retain function
between these species (Motohashi et al. 2012). A major role was just discovered
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for ¢c-di-GMP in D. discoideum stalk differentiation at culmination (Chen and
Schaap 2012). This molecule is the product of diguanylate cyclase, encoded by
dgcA. While dgcA does not have a predicted ortholog in D. purpureum, it is
functionally conserved in other dictyostelids such as Polysphondylium pallidum.
The recent discovery of novel factors that induce stalk cell fate suggests we still
have a lot to learn about the mechanisms of differentiation and multicellular
developmental transitions.

4 Culmination and Fruiting Body Formation

Environmental cues dictate whether slugs continue migrating or culminate to form
fruiting bodies. Temperature influences the rate of migration, and light increases
the amount of ammonia produced by cells (Bonner et al. 1989, 1988; Poff and
Skokut 1977). Slugs stop migrating to begin culmination when they sense a drop in
ammonia concentration (Schindler and Sussman 1977). The tip of migratory slugs
is thought to mediate these decisions and thus the area is called tip-organizer
(Smith and Williams 1980). As culmination initiates, pstA and pstO cells enter the
elongating stalk tube, which ultimately embeds in the basal disc. Stalk cells
become vacuolated and eventually die (Jermyn et al. 1996). Concurrently, elevated
intracellular cAMP mediates spore encapsulation, a process induced by at least
three signal peptides known as spore differentiation factors (SDFs) (Anjard et al.
1998, 2009). Several transcription factors are involved in regulating the decision to
begin culmination and others in the spore differentiation and maturation processes.

Over three decades ago, D. discoideum mutants were generated by chemical
mutagenesis that fail to leave the slug stage and culminate, known as the “slugger”
phenotype (for example, see Smith and Williams 1980). Fukuzawa and colleagues
(1997) sought to identify these genes by REMI mutagenesis. Their culmination-
defective mutant, cudA, encodes a putative TF that localizes to the nucleus, and is
expressed in two separated regions in the slug: the tip-organizer and psp regions.
The cudA slugger forms gnarled structures failing to specify both stalk cells and
spores, and can be rescued by the expression of cudA in pst cells. While the
expression of pst specific genes ecmA and ecmB appears to be normal, cudA™ cells
show reduced expression of expl7 (expansin-like 7) in tip-organizer cells, and psp
marker genes including spiA, cotC, and pspA (Fukuzawa et al. 1997; Wang and
Williams 2010). The distinct spatial separation of exp/7 and cotC expression
appears to be driven by combinatorial effects of CudA with GbfA. Interestingly,
the dstA™ mutant has reduced cudA expression in its tip-organizer cells, suggesting
these TFs may interact as well (Fukuzawa and Williams 2000; Ogasawara et al.
2009; Shimada et al. 2004; Wang and Williams 2010).

A similar REMI screen for slugger mutants yielded the mybC gene. MybC is
also essential for the transition from slug to culminant (Guo et al. 1999). Peak
mybC expression is observed around 16 h, and its mRNA is enriched in the pst
area in slugs, the basal disc and stalk-tube entry region in culminants, and the
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stalk-tube proper (Guo et al. 1999; Parikh et al. 2010b). Over the course of mybC~
development, ecmA expression was delayed and levels of ecmB were dramatically
reduced. These results suggest that MybC plays a regulatory role in various pst
subtypes. The levels of the psp genes cotA and cotB (but not pspA and cotD) were
significantly reduced in the mutant as well. The mybC™ defect proved to be non-
cell autonomous, rescued by co-development with as few as 10% wild-type cells,
which suggests a defect in some aspects of intercellular signaling. Indeed, the
mutant failed to produce key signal peptides SDF-1 and SDF-2. Further, the mybC~
morphological defect could be rescued by overexpression of PKA catalytic domain
or by induction of PKA via 8-Br-cAMP treatment, though production of SDF-1
and SDF-2 were not restored. These results suggest that MybC regulates the
production of SDF-1 and SDF-2, which in turn signal the activation of the PKA
pathway leading to developmental maturation.

The putative TF PadA (pst a differentiation) was identified in a DIF-1 mono-
layer assay for mutants lacking ecmB induction (Nufiez-Corcuera et al. 2008).
PadA belongs to the Nitrogen Metabolic Regulation Protein family and is thought
to be essential for growth. In vegetative cells, padA expression remains low, then
mRNA begins to accumulate around 14-16 h and peaks around 20-24 h of
development (Nufiez-Corcuera et al. 2008; Parikh et al. 2010b). A temperature-
sensitive mutant padA” exhibited slow vegetative growth, delayed development,
hypersensitivity to ammonia, and compromised spore viability, even at the per-
missive temperature. When padA”™ develops at the restrictive temperature, it
exhibits severe phenotypes: no growth in axenic cultures and permanent devel-
opmental arrest around culmination without making any stalk cells or spores. The
mutant failed to express ecmA in the pstA region and ecmB in pstAB cells, at least
partly explaining the developmental arrest. PadA might also regulate the slug-to-
culminant switch via the repression of two candidate targets, ammonium trans-
porter genes amtA and amtC (Nufiez-Corcuera et al. 2008).

Whereas slugger mutants fail to culminate, often due to misregulated or abol-
ished stalk differentiation, the late developmental phenotype “stalky” describes
mutants that form fruiting bodies with greatly reduced or absent sori. StkA, iso-
lated as a REMI mutant that fails to produce sori, is a putative GATA family TF
with two distinct zinc-finger domains (Chang et al. 1996). Transcript levels of stkA
show a monotonic increase over development and are enriched in psp cells (Chang
et al. 1996; Parikh et al. 2010b). Consistent with its phenotype, the stkA™ mutant
showed a delay in the expression of psp genes pspA and corC, total abrogation of
spore differentiation marker spiA, and late, persistent overexpression of pst genes
ecmA and ecmB. These results suggest that StkA plays roles as a negative regulator
of stalk-related pathways and an activator of spore formation. The stalky pheno-
type was not reversible by activation of either the Gsk3 or PKA pathway. Further,
four activated targets of StkA, culmination-specific proteins A and B (cspA, cspB),
RNA binding protein rnpA, and SrfA-induced gene sigB (see below), were iden-
tified by differential mRNA display (Loughran et al. 2000).

Similar to StkA, the MADS-box transcription factor SrfA mediates processes
involved in spore maturation (Escalante and Sastre 1998). In fact, SrfA and StkA
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have been shown to share some downstream transactivation targets (Escalante
et al. 2004, 2003; Loughran et al. 2000). Degenerate PCR against the conserved
mammalian MADS-box domain led to srfA cloning. The srfA™ mutant exhibits
delayed culmination and this defect is exacerbated under slug-migratory condi-
tions. Its irregular fruiting body contains severely compromised spores, charac-
terized by an abnormal round shape, reduced phase-birefringence, and
dramatically low viability. Loss of viability is due at least in part to incomplete
cellulose deposition indicative of partial spore coat formation (Escalante and
Sastre 1998). The srfA locus includes several alternative promoters that drive
spatially and temporally variable expression, with transcripts gradually accumu-
lating throughout development and spiking around 16-20 h (Escalante et al. 2001;
Escalante and Sastre 1998; Parikh et al. 2010b). The proximal promoter is
responsible for induction in pst cells, while a middle promoter induces general
slug-wide expression. Upon culmination, the distal promoter strongly upregulates
srfA expression in psp cells and maturing spores, likely induced by the cAMP-
PKA pathway. Downstream transcriptional defects in the srfA~ background
include dramatic reductions of ecmB expression in pstAB cells and of the late
spore gene spiA in the sorus. In addition to spore-maturation, SrfA may be
important for regulating ecmB expression at the slug tip, a region critical for the
slug-to-culminant switch (Escalante et al. 2001; Escalante and Sastre 2002, 1998).
More than 20 SrfA-induced genes (sig) were identified by microarray analysis,
expanding on earlier cDNA subtraction results (Escalante et al. 2004, 2003).

BzpF, one of 19 D. discoideum bZIP TFs, plays a similarly important role in
spore maturation and viability as SrfA does, yet acts in a largely independent
pathway (Huang et al. 2011). Expression is detected from 16 h, peaking at 24 h
and enriched in spores. Transcriptional network and bioinformatics analyses
implicated BzpF as a cAMP response element binding protein (CREB)-like protein
(Parikh et al. 2010a). Development of bzpF~ resulted in fruiting bodies with
irregular, thick stalks, and translucent sori containing compromised spores.
Ectopic PKA activation did not rescue the phenotype. Specific binding motifs
almost identical to the canonical mammalian element CRE were identified in vitro,
while bioinformatics analyses using protein-binding DNA microarray and RNA-
seq data identified more than 30 putative downstream targets including sigD, sigKk,
and rnpA, which are also induced by SrfA. Fifteen of these were induced by 8-Br-
cAMP in wildtype but not in bzpF~, indicating BzpF is necessary for their
expression via the PKA pathway. Two of these genes were upregulated during
vegetative growth when bzpF was overexpressed, indicating that BzpF alone is
sufficient to drive their expression (Huang et al. 2011). In sum, BzpF is important
for at least two developmental processes, earlier pst differentiation and later spore
maturation. It is sufficient for the expression of a subset of its targets, but likely
requires interacting partners to activate many others.

Transcription factor activated by calcineurin (TacA) directly integrates cell
signaling and physiology with changes in gene expression. Recognizing that
cytosolic calcium levels affect stalk cell differentiation, and that Ca** responsive
phosphatase calcineurin (CN) 1is developmentally regulated, Thewes and
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colleagues (2012) sought to identify an effector molecule that relays these signals
into a transcriptional response. TacA was identified in a whole genome search to
identify proteins similar to Saccharomyces cerevisiae Crzl, a well-characterized
TF that translocates to the nucleus upon dephosphorylation by CN. TacA
expression is developmentally regulated and RNAi knockdown mutants show
delayed development resulting in smaller fruiting bodies with less ascended sori.
TacA translocates to the nucleus in response to ectopic addition of Ca**. RT-PCR
analysis revealed misregulation of pst markers ecmA and ecmB, as well as mis-
expression of Ca®*-regulated cupC and patA. The authors propose that TacA
negatively regulates these genes as an effecter of the Ca**/CN signaling pathway
(Thewes et al. 2012).

5 Open Questions and Future Directions

Painstaking work over the last several decades has established the involvement of
many transcription factors in Dictyostelium development. These have been iden-
tified by genetic screens, molecular and biochemical analyses, and increasingly,
bioinformatics predictions. As the Dictyostelium community adopts and adapts
methods for increasing throughput, collecting ‘omics scale data, and performing
systems level analyses, we will gain a more complete picture of the independent
and interconnected gene networks that govern development.

Such changes will make it possible to more rapidly discover novel key genes to
assess and assign their functions. In the last decade, the community has sequenced
the genomes of several dictyostelid species, enabling comparative genomics
analyses (Eichinger et al. 2005; Heidel et al. 2011; Sucgang et al. 2011). Further,
improvements in methods for mutagenesis and genetic engineering have made it
easier to study genetic interactions (Faix et al. 2004; Kuwayama et al. 2002).
Ultra-deep sequencing of RNA including the ability to multiplex up to 228 sam-
ples (Miranda et al. 2012) is changing the depth and breadth of transcriptomics
studies in Dictyostelium, and will play an integral role in determining signaling
network topologies (reviewed in Loomis and Shaulsky 2011). Publicly available
data analysis platforms such as dictyExpress, PIPA (http://pipa.biolab.si), and
Orange (http://orange.biolab.si/) make such a goal realistic (Curk et al. 2005; Rot
et al. 2009). We believe that in silico promoter analysis and in vivo reporter assays
might aid in the discovery of functional cis-regulatory elements. Protein binding
microarrays and ChIP-seq analyses agnostically evaluate the binding preferences
of TFs (Weirauch et al. 2013). Yet biology, not technology, must be the driving
force behind movement in the field.

In this chapter we have discussed the TFs known to regulate development, but
in many cases, we can only speculate as to their precise roles. Identifying direct
and indirect targets and identifying new master regulators could help gain a
comprehensive understanding of the regulatory events that mark the transition
from vegetative growth to aggregation, cell differentiation and development into
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fruiting body formation. One approach to identify downstream targets would be to
assess the changes in the transcriptional profiles of TF mutants. Orthologs that
display developmental co-regulation in D. discoideum and D. purpureum might be
prioritized for transcriptional phenotyping, and many of these mutants already
exist from previous efforts. In fact, a number of TFs discussed here including cbfA,
gbfA, dimA, dimB, dstA, dstC, cudA, padA, stkA, mybC, srfA, and bzpF have almost
identical expression patterns between D. discoideum and D. purpureum (Pearson’s
correlation > 0.5) (Parikh et al. 2010b). Uncovering the molecular details of
spatial and temporal organization, pattern formation, and cell fate specification
would not only help understand the complexity of Dictyostelium development but
also provide insights into evolutionarily conserved cellular and developmental
processes.

We recognize that transcriptional regulators are only one class of participants in
regulating gene expression. The roles of mediators, chromatin remodelers, and
histone modifiers during development are missing from our conversation. We hope
that through the course of constructing more robust models of gene networks,
dependencies on other types of regulators become more apparent. Meanwhile,
direct analysis of mutant phenotypes of these other regulatory genes is warranted
and welcome. As illustrated in Fig. 2, some of these groups are even more evo-
lutionarily conserved than the regulators, and thus may teach us general principles
of eukaryotic development achieved through universal transcriptional regulation.
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Non-coding RNAs in Dictyostelium
discoideum and Other Dictyostelid
Social Amoebae

Lotta Avesson, Andrea Hinas and Fredrik Soderbom

Abstract Non-coding (nc)RNAs have recently emerged as ubiquitous and impor-
tant regulators of a multitude of different processes, such as stress response, cell
differentiation, infection, and cell death. The means by which ncRNAs affect these
processes are numerous and diverse, ranging from protein localization to regulation
of gene expression. ncRNA-mediated gene expression control has been the subject
of especially intense study in recent years and has shown to occur through several
mechanisms. Different ncRNAs can regulate gene expression transcriptionally by
inducing modification of DNA or chromatin, or post-transcriptionally by directing
cleavage, degradation, or translational inhibition of messenger (m)RNAs. ncRNAs
come in a broad spectrum of sizes, from ~ 20 nucleotides (nt) to several thousand nt,
and function in complexes with various proteins that usually exert a catalytic
function while the RNAs act as guides. In Dictyostelia, we have only started to
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understand the extent of ncRNA regulation, mostly from studies in Dictyostelium
discoideum, which is the focus of this chapter.

1 Introduction

RNA was long considered simply as an intermediate in the transfer of information
from genes to proteins, in the case of messenger RNA (mRNA), or as a structural
component of RNA—protein complexes that function in mRNA maturation and
protein synthesis, e.g., small nuclear RNAs (snRNAs), transfer RNAs (tRNAs), and
ribosomal RNAs (rRNAs). When other types of RNA molecules were discovered
that did not belong to any of these classes, these molecules were generally con-
sidered as by-products, i.e., junk. However, today it is clear that RNA molecules can
come in many different forms and act via a multitude of mechanisms (Mattick 2009;
Wilusz et al. 2009). There is now a wide array of known RNAs that commonly do not
have protein-coding capacity, together referred to as non-coding (nc)RNAs.

ncRNAs are often grouped based on their size, ranging from small RNAs as
short as 20 nt to long non-coding (Inc)RNAs which can be several thousand nt
long. The majority of ncRNAs function in ribonucleoprotein (RNP) complexes,
and each class of ncRNA associates with a specific set of proteins (Hogg and
Collins 2008). Within these complexes, the RNAs usually function as guides for
the protein complex, interacting with specific target nucleic acids by comple-
mentary base pairing, allowing the proteins to exert their specific functions such as
chemical modification or cleavage. Thus, the RNA gives specificity and the pro-
tein(s) execute the function, meaning that a single set of proteins can regulate a
number of different targets by using different ncRNAs as guides. Small nucleolar
RNAs (snoRNAs) are examples of such guide RNAs. They bind other RNA
molecules, such as rRNAs and snRNAs, enabling the snoRNA associated proteins
to catalyze chemical modifications of the target RNAs (Reichow et al. 2007).

Other examples of small ncRNAs are 20-30 nt small interfering (si)RNAs,
micro (mi)RNAs, and Piwi-interacting (pi)RNAs. The discovery of these numer-
ous and widespread small RNAs has radically changed our understanding of gene
regulation in recent years. These RNAs can guide protein complexes to fully or
partially complementary mRNA targets and thereby play critically important roles
in gene expression and genome defense in eukaryotes (Carthew and Sontheimer
2009; Ghildiyal and Zamore 2009; Voinnet 2009). The regulation of gene
expression mediated by small RNAs can occur on many different levels, from
modification of DNA and histones to RNA stability and translation. It has been
suggested that at least 60 % of all human protein-coding genes are conserved
miRNA targets, and aberrant expression of specific miRNAs can lead to severe
diseases such as cancer (Esteller 2011; Friedman et al. 2009). piRNAs have so far
only been found in animals and will not be discussed further here.
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Although much recent research effort has been focused on short ncRNAs,
IncRNAs are attracting increasing interest. The functions of the majority of these
long RNAs, often many kb in length, so far have not been characterized. However,
recent studies have revealed important regulatory roles for some (Mercer et al.
2009; Clark and Mattick 2011). These roles include regulation of transcription by
chromatin remodeling or inhibition of recruitment of RNA polymerase II (pol II),
sense—antisense hybridization of transcripts leading to RNA degradation or
blocking of splice sites, and induction of altered activity or localization of proteins.
Possibly the most famous, and best studied, IncRNA is the mammalian Xist (and
its antisense transcript Tsix), which is involved in X chromosome inactivation
(Lee 2010).

Many ncRNAs belong to classes that share similar structure and/or sequence
elements while others seem to be unique. Furthermore, certain ncRNAs are well
conserved throughout all kingdoms of life while others have only been found in
one phylum or a single isolated species (Mattick 2009). An example of the former
is the 7SL RNA, which is part of the signal recognition particle (SRP), involved in
protein translocation, and is found in species as diverse as Escherichia coli and
human (Pool 2005 and see below).

The ncRNA population of Dictyostelia has long been an unexplored area of
research, despite the fact that the first regulatory antisense RNA in eukaryotes was
discovered in D. discoideum (Hildebrandt and Nellen 1992). However, computa-
tional mining of genomes combined with experimental approaches, mainly
focusing on D. discoideum, during the last decade have led to the discovery of
many ncRNAs. These include ncRNAs expected to be present in any eukaryotic
cell but also surprises such as an entirely new class of ncRNA. In this chapter we
focus largely on newly discovered ncRNAs relevant to D. discoideum and other
dictyostelids rather than on well known ncRNAs such as rRNAs or tRNAs. We
will also discuss regulatory RNAs in the context of what is known about these
RNAs from research on other organisms. The ncRNAs present in different
dictyostelids and discussed in this chapter are presented in Table 1.

2 IncRNAs as Developmental Regulators

IncRNAs are usually several kb long and can be derived from most types of
genomic regions. For example, they can originate from intergenic regions, from
introns, or they can occur as antisense transcripts of other RNAs such as mRNAs
(Clark and Mattick 2011; Mercer et al. 2009).

The first example of antisense RNA-mediated regulation in eukaryotic cells was
reported 20 years ago by Nellen’s group (Hildebrandt and Nellen 1992). They
showed that the D. discoideum prespore gene PsvA/EB4 was regulated by a 1.8 kb
complementary antisense transcript. Although transcription of the mRNA was
basically the same in growing and developing cells, the mRNA only accumulated
in the latter. This was explained by the observation that, in contrast to the mRNA,
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the antisense RNA was under transcriptional control and was expressed only in
growing cells. Thus, it appeared that the antisense RNA was post-transcriptionally
down regulating the mRNA. There are also a few other reports in D. discoideum
indicating similar cis-antisense mediated regulation, or at least cases where anti-
sense transcripts have been identified, but very little is known about their putative
regulatory functions (Okafuji et al. 1997; Maruo et al. 2004; Hinas et al. 2007).

Another IncRNA present in D. discoideum is the dutA RNA (development-
specific but untranslatable RNA) (Yoshida et al. 1994). The expression of this
1322 nt ncRNA is induced early in development, during aggregation, and shows
distinct expression patterns in the two pre-stalk cell types, PstA and PstO (Maeda
et al. 2003; Yoshida et al. 1994; Kumimoto et al. 1995). Although the dutA RNA is
mainly localized in the cytoplasm and contains a short ORF that possibly could
give rise to a 42 amino acid protein, the RNA was shown not to be associated with
ribosomes and hence denoted as an untranslatable RNA (Yoshida et al. 1994). This
is further supported by a recent transcriptome analysis utilizing serial analysis of
gene expression (SAGE) in high-density cultures of D. discoideum cells. In this
study, aimed at examining changes in gene expression during the transition from
growing cells to multicellular development, dutA turned out to be the most highly
expressed gene (Whitney et al. 2010).

What is the function of the dutA RNA? Disruption of dutA did not yield any clues
to its function since no obvious phenotype was observed (Yoshida et al. 1994).
However, in a screen for suppressors of a partially active mutant of Dd-STATa, a
functional homolog of metazoan STAT transcription factors, cDNAs expressing
dutA RNA fragments could rescue the culmination defect of the mutant Dd-STATa
(Shimada and Kawata 2007). It was further reported that the dutA RNA is localized
to the same cell types, PstA cells, where Dd-STATa is activated and that expression
of several Dd-STATa target genes is restored upon expression of dutA fragments in
the Dd-STATa mutant background. In addition, overexpressed dutA fragments
increased the tyrosine phosphorylation of the partially active Dd-STATa. Although
the mechanism is still unknown, the authors suggest that dutA RNA acts upstream of
Dd-STATa to control its tyrosine phosphorylation. Another interesting observation
is that dutA RNA is down-regulated during Legionella pneumophila infection
(Farbrother et al. 2006). One intriguing possibility is that L. pneumophila down
regulates dutA RNA to affect the transcription of specific genes that affect its ability
to establish infection. Infection of the dutA knockout strain is one way to test this
hypothesis, which at this point is pure speculation.

3 Medium-Sized ncRNAs

In this chapter we define ncRNAs between 40 and 500 nt as medium-sized ncR-
NAs. Many RNAs of this size have been identified by computational and/or
experimental methods and will be described below. These RNAs include classes of
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ncRNA also present in other eukaryotes while others seem to be unique to Dict-
yostelia and yet others even D. discoideum-specific (Table 1).

3.1 Class I RNAs are Involved in Development
and Conserved Throughout Dictyostelia

The most abundant new RNAs identified by shot-gun cloning represent a group of
RNAs with no obvious homology to any other class of ncRNA (Aspegren et al.
2004). These RNAs, initially termed Class I and Class II RNAs but recently
redefined as just one class, Class I, are ~40-65 nt long and share specific structure
and sequence motifs (Aspegren et al. 2004; Avesson et al. 2011). Altogether, 37
Class I RNA genes (and some putative pseudogenes) have been computationally
identified in D. discoideum and at least 29 of these seem to be expressed (Aspegren
et al. 2004; Avesson et al. 2011). The genes are found on all six chromosomes but
heavily enriched on chromosome 4. These RNAs are predicted to form a short
stem structure where the 5’ and 3’ ends base-pair. Immediately following the 5’
part of the stem is a conserved 11 nt sequence motif while the rest of the RNA
varies in sequence (Fig. 1). The overall structure of these RNAs was confirmed by
in vitro probing of one member of the class (Avesson et al. 2011). Class I RNAs
are down-regulated during development and are preferentially located in the
cytoplasm (Aspegren et al. 2004).

Fig. 1 Schematic drawing of
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To get a handle on their function, two Class I genes were deleted by homol-
ogous recombination (Avesson et al. 2011). One of these knockout strains showed
aberrant development, forming more and smaller fruiting bodies, indicating a role
in early development. Furthermore, proteins interacting specifically with one of the
Class I RNAs were identified. One of these proteins contains two RNA recognition
motifs (RRM) but otherwise this protein has no function assigned to it. In other
organisms, proteins containing RRM motifs are common and bind both single and
double-stranded RNA but can also bind DNA and protein (Clery et al. 2008).

Class I RNAs in D. discoideum are not substantially associated with ribosomes
or polysomes instead they seem to form smaller RNA—protein complexes (Aves-
son et al. 2011). Computational and experimental analyses reveal that expressed
Class I RNA genes are present in species belonging to all four groups of Dict-
yostelia, but no obvious homologs could be identified in non-dictyostelids (Suc-
gang et al. 2011; Avesson et al., manuscript in preparation).

3.2 Spliceosomal RNAs with Unexpected Features

Splicing to remove intron sequences is an important step in the maturation of
mRNAs in eukaryotes. This multi-step process is performed by the spliceosome, a
large complex of proteins and RNAs. The ncRNAs involved, named spliceosomal
or small nuclear (sn)RNAs, are essential for this process (Wahl et al. 2009). Genes
for all the snRNAs involved, i.e., Ul, U2, U4, US, and U6, as well many of the
associated proteins have been computationally predicted in D. discoideum (Hinas
et al. 2006; Yu et al. 2011). Recently, a computational search also identified
snRNA genes in another group 4 dictyostelid, D. purpureum (Sucgang et al. 2011).
In D. discoideum, 18 snRNA genes were predicted, of which 17 were shown to be
expressed. Only U6 RNA is expressed from a single gene whereas the other
snRNAs originate from multiple genes (Hinas et al. 2006). The snRNA genes in D.
discoideum are located on four different chromosomes and mostly cluster in pairs
of homologous genes, transcribed divergently, convergently, or in tandem. The
identified snRNAs are predicted to fold into conserved functional structures and
the sequence motifs important for splicing are present. Also the presence of a
canonical trimethylated 5'-cap structure was verified for all the snRNAs except for
U6, which is not expected to carry this structure.

Although the snRNAs of D. discoideum have the required features to act as
functional ncRNAs in the spliceosome, there are also some unusual features worth
mentioning. For example, among the seven U2 RNAs found, four carry a 5’
extension predicted to form a stem-loop structure (Hinas et al. 2006). In contrast to
the other snRNAs (which, as expected, are located in the nucleus), these extended
U2 variants are enriched in the cytoplasm and down-regulated during develop-
ment. This could indicate that this subset of U2 RNAs have evolved other func-
tions. Another interesting finding is that a fraction of the transcripts for each
spliceosomal RNA is polyadenylated and that, at least for Ul RNA, the
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polyadenylated version is present in the cytoplasm. In other organisms polyade-
nylation of ncRNAs has been suggested to act as a surveillance mechanism
whereby the A-tail marks aberrant ncRNAs for degradation (Win et al. 2006;
Watanabe et al. 2002; Anderson 2005). The snRNA components of the minor
spliceosome that catalyzes the excision of an atypical class of introns, is present in,
e.g., plants and some metazoans but have not been identified in D. discoideum
(Hinas and Soderbom 2007; Yu et al. 2011; Rodriguez-Trelles et al. 2006).

3.3 snoRNAs: Modifiers of RNA

snoRNAs are ncRNAs involved in modification of other RNAs in Eukarya and
Archaea (Reichow et al. 2007). These ncRNAs are ~60-300 nt long and bind to
specific sets of proteins, forming small nucleolar ribonucleoprotein particles
(snoRNPs). The snoRNAs are divided into two main families, box C/D snoRNAs,
and box H/ACA snoRNAs, which use sequence complementarity to guide 2'-O-
methylation and pseudouridylation, respectively, of their specific RNA targets.
Commonly the target is an rRNA but snoRNPs can also modify other RNAs such
as snRNAs and, in archaea, tRNAs. Among the subset of snoRNAs involved in
pre-tRNA processing, some have been demonstrated to act as miRNA precursors
(see below). snoRNAs have also been implicated in other processes such as
alternative splicing and editing (Kishore et al. 2010; Kishore and Stamm 2006;
Vitali et al. 2005). Still other snoRNAs are orphans, i.e., no complementary
sequences have been found that could indicate their targets and/or functions.

In D. discoideum, the U3 RNA snoRNA (originally named D2/D9), shown to play
a role in pre-rRNA processing in other organisms, was discovered some 30 years
ago (Takeishi and Kaneda 1981; Wise and Weiner 1981). We isolated an additional
17 box C/D and one box H/ACA snoRNAs using a shot-gun cloning approach
(Aspegren et al. 2004). The D. discoideum snoRNAs contain conserved structures
and sequences important for their function. However, their box C/D snoRNAs
appear to lack the inverted repeats, which are common in other organisms and bring
the 5" and 3’ ends together to form a typical stem. Absence of this stem structure has
also been reported for box C/D snoRNAs in organisms such as Asparagillus fu-
migatus, Euglena gracilis, Trypanosoma brucei, and Tetrahymena thermophila
(Jochl et al. 2008; Russell et al. 2006; Darzacq and Kiss 2000; Liang et al. 2005). In
addition, rRNA target sites for most of the snoRNAs in D. discoideum have been
predicted and methylation of one target nucleotide has also been verified experi-
mentally, indicating that these snoRNAs conform to their canonical functions
(Aspegren et al. 2004). However, several snoRNAs are orphans, i.e., no targets could
be predicted. In addition, several of the snoRNAs are developmentally regulated,
possibly reflecting specific functions during growth or development.

The D. discoideum snoRNA genes are organized as separate genes or in clusters
where they are transcribed as polycistronic transcripts, resembling the situation of
most snoRNAs in, for example plants and yeast (Dieci et al. 2009; Aspegren et al.
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2004). In addition to the experimentally identified snoRNAs, several D. discoid-
eum snoRNAs have also been predicted computationally. The D. discoideum
snoRNAs, verified as well as predicted, can be found, together with predicted
associated proteins, in the snoRNP database: http://evolveathome.com/snoRNA/
snoRNA.php (Ellis et al. 2010).

3.4 Non-coding RNAs with Functions in Protein Delivery
and RNA Processing

Medium-sized ncRNAs can also play important roles in processing of specific
RNAs into mature functional molecules by endonucleolytic cleavage. Two of
these ncRNAs, RNase P RNA and the related RNase MRP RNA, have been
identified in D. discoideum and shown to be expressed during growth and
development (Table 1) (Marquez et al. 2005; Piccinelli et al. 2005; Stamatopoulou
et al. 2010; Avesson and Soderbom, unpublished). Both RNAs associate with
specific proteins, many of which are shared between the two RNAs, to form RNA—
protein complexes. RNase MRP is an essential universal eukaryotic ribonuclease
and involved in pre-TRNA processing. In Saccharomyces cerevisiae, RNase MRP
has been shown to specifically cleave the internal transcribed spacer 1 (ITS1) in
pre-rRNA leading to maturation of the 5.8S rRNA (Esakova and Krasilnikov 2010
and references within). An analogous cleavage intermediate has also been dem-
onstrated in D. discoideum, indicating a similar function of RNase MRP in this
organism (Boesler et al. 2011).

More is known about the RNase P in D. discoideum. RNase P is an endori-
bonuclease found in all domains of life whose function is mostly attributed to
cleavage/maturation of tRNAs (Kalavrizioti et al. 2007; Stamatopoulou et al.
2010; Stathopoulos et al. 1995; Vourekas et al. 2007). The gene for D. discoideum
RNase P RNA is probably transcribed as a ~390 nt precursor which is subse-
quently processed through an unknown mechanism to its mature form of ~370 nt
(Marquez et al. 2005; Piccinelli et al. 2005; Stamatopoulou et al. 2010). Sequence
analysis and structural probing showed that the RNA contains all the conserved
features expected of a eukaryotic RNase P RNA (Stamatopoulou et al. 2010).
Furthermore, homologs to the majority of the proteins forming functional RNase P
in other organisms have been demonstrated to be part of this RNP in D. dis-
coideum (Kalavrizioti et al. 2007; Stamatopoulou et al. 2010; Stathopoulos et al.
1995; Vourekas et al. 2007). At least in vitro, RNase P RNAs have also been
shown to be catalytically active in the absence of protein in some prokaryotic and
eukaryote species, including human (Guerrier-Takada et al. 1983; Kikovska et al.
2007; Pannucci et al. 1999; Esakova and Krasilnikov 2010). Whether this is also
true for D. discoideum RNase P RNA is still an open question.


http://evolveathome.com/snoRNA/snoRNA.php
http://evolveathome.com/snoRNA/snoRNA.php

118 L. Avesson et al.

The SRP RNA, 7SL RNA, has also been isolated from D. discoideum (Aspe-
gren et al. 2004). The SRP RNA—protein complex is present in all kingdoms of life
and functions in co-translational delivery of proteins to cell membranes. In
eukaryotes, this complex functions in delivering ribosomes translating proteins
with an amino terminal signal peptide to the endoplasmic reticulum (ER). Most
eukaryote SRP RNAs can be divided into two functional domains, the Alu- and the
S-domain. The S-domain interacts with the signal peptide of the protein as it
emerges from the ribosome, while the Alu-domain is involved in delay of trans-
lation. This allows the SRP to guide the ribosome to the ER membrane where
translation can resume, allowing the protein to be processed for transport to its
correct cellular location (Pool 2005). The D. discoideum ~ 280 nt long 7SL RNA
contains both conserved sequence motifs, and SRP protein homologs have also
been identified (Andersen et al. 2006; Aspegren et al. 2004; Rosenblad et al. 2004
and http://dictybase.org/). In addition, there is a second copy of 7SL RNA in D.
discoideum with 88 % sequence identity but its expression has so far not been
analyzed.

3.5 Medium-Sized ncRNAs with Unknown
Functions:Specific to D. discoideum?

In a computational de novo search for ncRNA genes in D. discoideum, a large
number of ncRNA genes were predicted. Many of these are similar in sequence
and structure, indicating amplification of ncRNA genes to generate classes with
similar functions. The search algorithm was verified by searching for known D.
discoideum ncRNAs of which 94 % were recovered. Furthermore, 6 out of 10
predicted ncRNAs were shown to be expressed, at least in growing cells. Notably,
the ncRNAs which are preceded by the putative promoter element (see below)
were all expressed in this analysis) (Larsson et al. 2008). These results further
demonstrate the wealth of ncRNAs in D. discoideum, many of which are still
awaiting functional assignment.

A few other studies have revealed D. discoideun ncRNAs with unknown
functions. The nuclear 188 nt RNA D1/D8 was identified and sequenced some
30 years ago and a 129 nt long mitochondrial small (ms)RNA with 5S rRNA-like
features has also been identified (Table 1). However, the latter was reported not to
be associated with the mitochondrial ribosomes (mitoribosomes) (Pi et al. 1998;
Kaneda et al. 1983). Although the function of the D. discoideum msRNA remains
elusive, in a recent report, the msRNA and related sequences from other members
of Amoebozoa, including Dicyostelia, were suggested to be divergent 5SS rRNA
homologs and components of the mitoribosome after all (Bullerwell et al. 2010).
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4 Small RNAs: Important Regulators of Gene Expression

The discovery of small RNAs, only 20-30 nt long, has truly revolutionized our
view on how gene expression is controlled in most eukaryotes. Silencing of genes
by small RNAs, RNA interference (RNAi), has also become an important
experimental tool to down regulate specific genes in order to study their function.
Besides the Piwi-interacting (pi)RNAs, which have only been found in animals,
there are two main classes of small RNAs involved in RNA silencing—small
interfering (si)RNAs and micro (mi)RNAs (Ghildiyal and Zamore 2009). siRNAs
are derived from long double-stranded (ds)RNA precursors which can originate
from either exogenous or endogenous sources such as viruses and transposable
elements. These RNAs act as a defense system protecting the cell from virus
infection and helping to maintain genome integrity. In contrast to siRNAs, miR-
NAs are generated from endogenous hairpin precursors, derived from intergenic
regions or introns. However, other ncRNAs, e.g., snoRNAs, can also function as
precursors for miRNAs (Ender et al. 2008; Saraiya and Wang 2008). In humans,
60 % of all mMRNAs have been suggested to contain conserved miRNA targets and
miRNAs are therefore thought to regulate basically every cellular process
(Friedman et al. 2009).

Besides the small RNAs, there are three key players in the RNAi machinery
present in D. discoideum, namely Dicer-like proteins, Argonautes, and RNA-
dependent RNA polymerases (RdRPs). Dicer proteins generate small RNAs by
processing double-stranded precursors into ~21 bp dsRNAs (MacRae and Doudna
2007). One of the strands of the dsSRNA is then incorporated into the RNA-induced
silencing complex (RISC), which has an Argonaute protein at its core. Argonaute
proteins belong to a large family of proteins and the number of members varies
widely among organisms. These proteins bind to the small RNA and can exert
different functions at the target RNA, such as cleavage, mRNA destabilization, or
inhibition of translation via different mechanisms (Czech and Hannon 2011). Hence,
the function of a small RNA depends on which Argonaute it interacts with. RNA-
dependent RNA polymerases (RARPs) are the third major class of proteins involved
in small RNA silencing. RARPs can amplify silencing signals by generating sec-
ondary siRNAs. The amplifying effect can be achieved by using single stranded
RNA as templates, either by making a longer dsRNA that can be processed into
small RNAs by Dicers or, as demonstrated in Caenorhabditis elegans, by direct de
novo synthesis of small complementary RNAs. RdRPs are present in most
eukaryotes with functional RNAi systems, although canonical RARPs have not been
found in, e.g., mammals and insects (Maida and Masutomi 2011).

RNAI can be used to knock down genes in D. discoideum and the organism has
all the functional components required for silencing of endogenous genes by small
RNAs (Martens et al. 2002; Cerutti and Casas-Mollano 2006). Thus, the D. dis-
coideum genome encodes two Dicer proteins (DrnA and DrnB), five Argonautes
(AgnA-E), and three RARPs (RrpA—C) (Cerutti and Casas-Mollano 2006; Martens
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et al. 2002). In addition, the putative RNA helicase HelF is involved in suppression
of RNAIi in D. discoideum (Popova et al. 2006).

4.1 Abundant Small Interfering RNAs Derived
Jrom the Transposon DIRS-1

In D. discoideum, the great majority of sSiRNAs (~75%) are derived from DIRS-1, a
retrotransposon that also constitutes centromeres (Table 1) (Glockner and Heidel
2009; Hinas et al. 2007; Kuhlmann et al. 2005; Dubin et al. 2010; Avesson et al.
2012). The large number of small RNAs, which are derived from both strands of this
element indicates that DIRS-1 is under stringent control by the RNAi machinery and
may also infer an amplification mechanism, perhaps involving one or more of the
three RARPs. Furthermore, at least one of the small RNAs, antisense to the DIRS-1
mRNA, is up-regulated during development (Hinas et al. 2007). How DIRS-1 may
be regulated by siRNAs is still unknown. Other siRNAs present in D. discoideum are
derived from, e.g., additional transposons/repetitive elements or the complementary
strand (asRNA) of mRNAs (Hinas et al. 2007, Avesson et al. 2012).

4.2 MicroRNAs in D. discoideum

One of the key questions concerning small RNAs in D. discoideum has been
whether miRNAs are present or not. Large numbers of miRNAs have been found
in plants and animals and more recently in a few unicellular organisms (Kozomara
and Griffiths-Jones 2011; Molnar et al. 2007; Zhao et al. 2007; Braun et al. 2010;
Saraiya and Wang 2008). These RNAs seem to regulate most biological processes,
mainly by post-transcriptional gene regulation involving translational repression
and/or deadenylation and decay (animals) or by inducing specific cleavage of their
target mRNA leading to degrardation of the target RNA (plants) (Ghildiyal and
Zamore 2009; Krol et al. 2010). The number of miRNAs (and siRNAs) discovered
in different organisms has increased dramatically during the past few years due to
the advent of high-throughput sequencing methods.

In 2007, we reported a few miRNA candidates identified in a cDNA library of
small RNAs from D. discoideum (Hinas et al. 2007). More recently, using a high-
throughput sequencing approach, we identified 17 bona fide miRNAs in D. dis-
coideum (Table 1) (Avesson et al. 2012). In order to find the miRNAs, stringent
computational search criteria (Kozomara and Griffiths-Jones 2011) were used to
screen millions of sequenced small RNAs and, based on these data, we expect the
number of miRNAs to increase in the future. The currently identified miRNAs in
D. discoideum are mostly derived from intergenic regions but also repetitive
elements and, in one case, an intron seems to be the source of an miRNA.
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Biogenesis of miRNAs in D. discoideum is strictly dependent on DrnB, one of the
two Dicer-like proteins in D. discoideum. Furthermore, miRNAs are up-regulated
in strains where the gene encoding one of the three RdRPs, RrpC, has been
disrupted. As discussed above, RARPs normally amplify the siRNA signal but for
miRNAs in D. discoideum the effect seems to be the reverse. It will be of great
interest to understand the mechanism behind this unusual phenomenon.

What are the functions of miRNAs in D. discoideum? Although disruption of
the gene for DrnB eliminates the production of miRNAs, the cells grow and
develop normally. This indicates that miRNAs do not have any major functions
during these processes but may fine tune gene expression or have a role during
conditions not yet tested. Identification of target (m)RNAs for the miRNAs will be
important to reveal their function. Computational prediction of targets has been
successful in, e.g., plants, where the miRNA binds to its target RNA with full
complementarity (Rhoades et al. 2002). We have predicted a few such binding
sites in D. discoideum, with almost full complementarity to mRNAs, but have so
far been unable to validate them experimentally (Reimegard et al., unpublished).
Instead, D. discoideum miRNAs may interact with their targets in a fashion similar
to that found in animals, where short target sites, often consisting of ~6-7 con-
tiguous nucleotides, are present mostly in the 3’ untranslated region (3’ UTRs) of
mRNAs (Lewis et al. 2003). However, in this case, target predictions become
much more difficult and as expected, each miRNA in D. discoideum could
potentially target numerous mRNAs (Reimegard et al., unpublished). Therefore,
we are presently using a high-throughput sequencing approach in combination
with bioinformatics to reveal the true targets for the D. discoideum miRNAs.

5 Conserved ncRNA Gene Promoter Element?

The great majority of ncRNA genes in D. discoideum are preceded by a short
upstream sequence motif that most likely functions as a promoter element (Fig. 1).
This eight nucleotide long sequence, named DUSE for Dictyostelium upstream
sequence element, has a highly conserved sequence: [A/T]CCCA[C/T]AA
(Aspegren et al. 2004; Hinas et al. 2006). The motif is located ~ 64 nt upstream of
transcription start sites for the D. discoideum ncRNA genes encoding 7SL, RNase
P, RNase MRP, and U6 RNAs, as well as of snRNA genes encoding Ul, U2, U4,
and U5, which are transcribed by RNA polymerase III and II, respectively, in other
organisms (Aspegren et al. 2004; Hinas et al. 2006; Hinas and Soderbom 2007;
Stamatopoulou et al. 2010; Dieci et al. 2007; Fischer et al. 2011). In addition, the
DUSE motif is found in front of all the Class I RNA, D1/D8, U3 (D2/D3), and box
H/ACA RNA genes and also many of the ncRNA genes predicted by bioinfor-
matics (Aspegren et al. 2004; Avesson et al. 2011; Larsson et al. 2008; Soderbom,
unpublished). Although many ncRNA genes in other eukaryotes are preceded by
similar sequence elements, these elements tend to vary in distance from the start
site of transcription depending on which class of genes they regulate. Taken
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together, this strongly suggests that additional, hitherto unidentified, sequence
elements are associated with ncRNA genes in D. discoideum which can direct the
different RNA polymerases to the correct class of genes.

Is DUSE, including its conserved distance to the start of transcription, unique to
D. discoideum ncRNA genes or also present in other species of Dictyostelia? In a
recent analysis of another group 4 species, D. purpureum, DUSE was identified in
front of all the snRNA and Class I RNA genes (Sucgang et al. 2011). Furthermore,
we have identified this element upstream of all Class I RNA genes in species from
the remaining three major groups of Dictyostelia. Hence, this putative promoter
motif has been highly conserved throughout the evolution of Dictyostelia
(Avesson et al., manuscript in preparation).

6 Conclusions and Future Perspectives

For a long time, it was thought that the majority of eukaryotic genomic DNA was
not transcribed. In cases where transcripts were detected that were not derived
from protein-coding genes or ncRNA involved in proteins synthesis, e.g., tRNA
and rRNA, these transcripts were believed to be junk RNA without any function.
However, it is now clear that only a minor fraction of the human genome encodes
mRNA while an estimated 90 % is transcribed into RNA (Birney et al. 2007;
International Human Genome Sequencing Consortium, 2004). Recent develop-
ments in high-throughput methodologies have further advanced our understanding
of the transcriptional landscape, including ncRNAs, in a wide variety of organ-
isms. However, most of the ncRNAs have not been functionally defined and the
question as to whether these transcripts play biological roles or are merely by-
products still remains mostly unanswered. Nevertheless, evidence is rapidly
building that many of these RNAs play important roles in most, if not all, bio-
logical processes, acting as regulators at many different levels of gene expression
(Mattick 2009 and references therein).

The role of ncRNAs in Dictyostelia is still largely unexplored although recent
computational and experimental surveys of D. discoideum RNAs have revealed
both expected and unexpected findings. As anticipated, conserved ncRNAs
involved in important biological processes are present, such as 7SL RNA, RNase P
RNA, MRP RNAs, snoRNAs, and snRNAs (Hinas and Soderbom 2007; Piccinelli
et al. 2005; Stamatopoulou et al. 2010; Aspegren et al. 2004; Hinas et al. 2006;
Marquez et al. 2005). Although it is reasonable to believe that these RNAs fulfill
the same roles in D. discoideum as in other organisms, their functions have, at best,
only been briefly studied (Aspegren et al. 2004; Stamatopoulou et al. 2010). One
curious feature of the D. discoideum U2 snRNA is the presence of 5’ extended U2
variants in the cytoplasm (Hinas et al. 2006). It will be interesting to investigate
whether these developmentally regulated U2 RNAs have adopted an alternative
function in place of or in addition to their traditional role in splicing.
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Small interfering RNAs have also been identified in D. discoideum with a
surprisingly large proportion being derived from the retrotransposon DIRS-1,
which seems to double as centromeres in D. discoideum (Dubin et al. 2010;
Glockner and Heidel 2009; Hinas et al. 2007; Kuhlmann et al. 2005). Hence,
regulation of this element appears to be a major undertaking for the RNAi
machinery in this social amoeba. Notably, Polysphondylium pallidum, a member
of the distantly related dictyostelid major group 2, does not have DIRS-1
sequences (Heidel et al. 2011). It will be interesting to see if P. pallidum has a
functional RNAi machinery and in that case, whether it is involved in regulation of
any other major elements and/or pathways.

The other class of small RNAs present in D. discoideum is miRNAs (Hinas
et al. 2007; Avesson et al. 2012). This class of RNA has mostly been studied in
multicellular organisms, i.e., plants and animals. However, they have also recently
been identified in some unicellular organisms, although their function in these taxa
has been only scarcely investigated (Kozomara and Griffiths-Jones 2011; Molnar
et al. 2007; Zhao et al. 2007; Braun et al. 2010; Saraiya and Wang 2008). The
function of miRNAs in D. discoideum is still unknown but the developmental
regulation of miRNAs, some present only in growing cells while others are
exclusive for cells undergoing development, indicates a role during both life stages
(Avesson et al. 2012). Recently completed and ongoing genome projects for other
Dictyostelia will aid in our understanding of the conservation of the RNAi
machinery within this apparently ancient group of organisms (Heidel et al. 2011).
This, in combination with high-throughput sequencing of transcriptomes, will give
us insights into the evolution of small RNA-based silencing mechanisms. This will
allow us to address questions such as (i) have any of the components been lost
during evolution and, (ii) can we distinguish any species-specific features, and if
so, do these rely on species-specific RNAi components?

Certain ncRNAs seem to be specific to Dictyostelia, such as Class I RNAs
(Fig. 1), or even to D. discoideum, e.g. dutA RNA (Aspegren et al. 2004; Avesson
etal. 2011; Sucgang et al. 2011; Yoshida et al. 1994). The latter may be involved in
regulation of the STATa transcription factor via upstream elements and could
thereby influence expression of several different genes and/or processes (Shimada
and Kawata 2007). However, these effects would most likely be subtle and involved
in processes not yet investigated, since depletion of the RNA does not result in any
obvious phenotype. On the other hand, deletion of one of the Class I RNA genes
caused a subtle but distinct phenotype, i.e., more and smaller fruiting bodies
(Avesson et al. 2011). This indicates a function in early development, maybe in the
processes determining how many cells that aggregate to form multicellular struc-
tures. Interestingly, Class I RNA is conserved throughout the evolution of Dict-
yostelia but we have failed to find this class of RNAs outside this group of organisms
(Sucgang et al. 2011; Avesson et al., manuscript in preparation). Hence, the RNAs
may play a general role in cell counting/aggregation in social amoebae.

D. discoideum has proven to be a useful and pertinent model to study biogenesis
and function of known ncRNAs as well as a model to discover new and sometimes
abundant regulatory RNAs. The intricate life cycle of social amoebae, including
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features of unicellular as well as multicellular organisms, allows for a broad
spectrum of studies with the added advantage of the large molecular tool box
available for this well-studied model organism. The sequencing of other dict-
yostelid social amoebae and the development of molecular methods to study their
genes will open entirely new avenues for functional studies of ncRNA specific for
this group of organisms but also for ncRNA research in general.

Acknowledgments We thank present and former members of the laboratory for experimental
input and helpful discussions. This work was supported by The Swedish Research Council (to
F.S. and to Uppsala RNA Research Center), The Swedish Research Council for Environment,
Agricultural Sciences and Spatial Planning (FORMAS), and the European Community (FOS-
RAK, EC005120).

References

Andersen ES, Rosenblad MA, Larsen N, Westergaard JC, Burks J, Wower IK, Wower J,
Gorodkin J, Samuelsson T, Zwieb C (2006) The tmRDB and SRPDB resources. Nucleic
Acids Res 34 (Database issue):D163-168. doi:10.1093/nar/gkj142

Anderson JT (2005) RNA turnover: unexpected consequences of being tailed. Curr Biol
15(16):R635-638. doi:10.1016/j.cub.2005.08.002

Aspegren A, Hinas A, Larsson P, Larsson A, Soderbom F (2004) Novel non-coding RNAs in
Dictyostelium discoideum and their expression during development. Nucleic Acids Res
32(15):4646-4656. doi:10.1093/nar/gkh804

Avesson L, Reimegéard J, Wagner EG, Soderbom F (2012) MicroRNAs in Amoebozoa: deep
sequencing of the small RNA population in the social amoeba Dictyostelium discoideum
reveals developmentally regulated microRNAs. RNA 18(10):1771-1781. doi:10.1261/
rna.033175.112

Avesson L, Schumacher HT, Fechter P, Romby P, Hellman U, S6derbom F (2011) Abundant
class of non-coding RNA regulates development in the social amoeba Dictyostelium
discoideum. RNA Biol 8(6):1094-1104. doi:10.4161/rna.8.6.17214

Birney E, Stamatoyannopoulos JA, Dutta A et al (2007) Identification and analysis of functional
elements in 1 % of the human genome by the ENCODE pilot project. Nature
447(7146):799-816. doi:10.1038/nature05874

Boesler C, Kruse J, Soderbom F, Hammann C (2011) Sequence and generation of mature
ribosomal RNA transcripts in Dictyostelium discoideum. J Biol Chem 286(20):17693-17703.
doi:10.1074/jbc.M110.208306, M110.208306 [pii]

Braun L, Cannella D, Ortet P, Barakat M, Sautel CF, Kieffer S, Garin J, Bastien O, Voinnet O,
Hakimi MA (2010) A complex small RNA repertoire is generated by a plant/fungal-like
machinery and effected by a metazoan-like Argonaute in the single-cell human parasite
Toxoplasma gondii. PLoS Pathog 6(5):¢1000920. doi:10.1371/journal.ppat.1000920

Bullerwell CE, Burger G, Gott JM, Kourennaia O, Schnare MN, Gray MW (2010) Abundant 5S
rRNA-like transcripts encoded by the mitochondrial genome in amoebozoa. Eukaryot Cell
9(5):762-773. doi:10.1128/ec.00013-10

Carthew RW, Sontheimer EJ (2009) Origins and mechanisms of miRNAs and siRNAs. Cell
136(4):642-655. doi:10.1016/j.cell.2009.01.035 ,S0092-8674(09)00083-X [pii]

Cerutti H, Casas-Mollano J (2006) On the origin and functions of RNA-mediated silencing: from
protists to man. Curr Genet 50(2):81-99. doi:10.1007/s00294-006-0078-x

Clark MB, Mattick JS (2011) Long noncoding RNAs in cell biology. Semin Cell Dev Biol.
doi:10.1016/j.semcdb.2011.01.001, S1084-9521(11)00013-9 [pii]


http://dx.doi.org/10.1093/nar/gkj142
http://dx.doi.org/10.1016/j.cub.2005.08.002
http://dx.doi.org/10.1093/nar/gkh804
http://dx.doi.org/10.1261/rna.033175.112
http://dx.doi.org/10.1261/rna.033175.112
http://dx.doi.org/10.4161/rna.8.6.17214
http://dx.doi.org/10.1038/nature05874
http://dx.doi.org/10.1074/jbc.M110.208306
http://dx.doi.org/10.1371/journal.ppat.1000920
http://dx.doi.org/10.1128/ec.00013-10
http://dx.doi.org/10.1016/j.cell.2009.01.035
http://dx.doi.org/10.1007/s00294-006-0078-x
http://dx.doi.org/10.1016/j.semcdb.2011.01.001

Non-coding RNAs in Dictyostelium discoideum 125

Clery A, Blatter M, Allain FH (2008) RNA recognition motifs: boring? Not quite. Curr Opin
Struct Biol 18(3):290-298. doi:10.1016/j.sbi.2008.04.002, S0959-440X(08)00058-4 [pii]
Czech B, Hannon GJ (2011) Small RNA sorting: matchmaking for Argonautes. Nat Rev Genet

12(1):19-31. doi:10.1038/nrg2916, nrg2916 [pii]

Darzacq X, Kiss T (2000) Processing of intron-encoded box C/D small nucleolar RNAs lacking a
5',3'-terminal stem structure. Mol Cell Biol 20(13):4522-4531

Dieci G, Fiorino G, Castelnuovo M, Teichmann M, Pagano A (2007) The expanding RNA
polymerase III transcriptome. Trends Genet 23(12):614—622. doi:10.1016/j.tig.2007.09.001

Dieci G, Preti M, Montanini B (2009) Eukaryotic snoRNAs: a paradigm for gene expression
flexibility. Genomics 94(2):83-88. doi:10.1016/j.ygeno.2009.05.002

Dubin M, Fuchs J, Graf R, Schubert I, Nellen W (2010) Dynamics of a novel centromeric histone
variant CenH3 reveals the evolutionary ancestral timing of centromere biogenesis. Nucleic
Acids Res. doi:10.1093/nar/gkq664, gkq664 [pii]

Ellis JC, Brown DD, Brown JW (2010) The small nucleolar ribonucleoprotein (snoRNP)
database. RNA 16(4):664—-666. doi:10.1261/rna.1871310

Ender C, Krek A, Friedlander MR, Beitzinger M, Weinmann L, Chen W, Pfeffer S, Rajewsky N,
Meister G (2008) A human snoRNA with microRNA-like functions. Mol Cell 32(4):519-528.
doi:10.1016/j.molcel.2008.10.017, S1097-2765(08)00733-8 [pii]

Esakova O, Krasilnikov AS (2010) Of proteins and RNA: the RNase P/MRP family. RNA
16(9):1725-1747. doi:10.1261/rna.2214510

Esteller M (2011) Non-coding RNAs in human disease. Nat Rev Genet 12(12):861-874

Farbrother P, Wagner C, Na J, Tunggal B, Morio T, Urushihara H, Tanaka Y, Schleicher M,
Steinert M, Eichinger L (2006) Dictyostelium transcriptional host cell response upon infection
with Legionella. Cell Microbiol 8(3):438-456. doi:10.1111/j.1462-5822.2005.00633.x,
CMI633 [pii]

Fischer U, Englbrecht C, Chari A (2011) Biogenesis of spliceosomal small nuclear ribonucleo-
proteins. Wiley Interdiscip Rev RNA 2(5):718-731. doi:10.1002/wrna.87

Friedman RC, Farh KK, Burge CB, Bartel DP (2009) Most mammalian mRNAs are conserved
targets of microRNAs. Genome Res 19(1):92-105. doi:10.1101/gr.082701.108

Ghildiyal M, Zamore PD (2009) Small silencing RNAs: an expanding universe. Nat Rev Genet
10(2):94-108. doi:10.1038/nrg2504

Glockner G, Heidel AJ (2009) Centromere sequence and dynamics in Dictyostelium discoideum.
Nucleic Acids Res 37(6):1809-1816. doi:10.1093/nar/gkp017, gkp017 [pii]

Guerrier-Takada C, Gardiner K, Marsh T, Pace N, Altman S (1983) The RNA moiety of
ribonuclease P is the catalytic subunit of the enzyme. Cell 35(3 Pt 2):849-857

Heidel A, Lawal H, Felder M, Schilde C, Helps N, Tunggal B, Rivero F, John U, Schleicher M,
Eichinger L, Platzer M, Noegel A, Schaap P, Glockner G (2011) Phylogeny-wide analysis of
social amoeba genomes highlights ancient origins for complex intercellular communication.
Genome Res 21(11):1882-1891. doi:10.1101/gr.121137.111

Hildebrandt M, Nellen W (1992) Differential antisense transcription from the Dictyostelium EB4
gene locus: implications on antisense-mediated regulation of mRNA stability. Cell
69(1):197-204, 0092-8674(92)90130-5 [pii]

Hinas A, Larsson P, Avesson L, Kirsebom LA, Virtanen A, Soderbom F (2006) Identification of
the major spliceosomal RNAs in Dictyostelium discoideum reveals developmentally regulated
U2 variants and polyadenylated snRNAs. Eukaryot Cell 5(6):924-934. doi:10.1128/ec.00065-
06

Hinas A, Reimegard J, Wagner EG, Nellen W, Ambros VR, Soderbom F (2007) The small RNA
repertoire of Dictyostelium discoideum and its regulation by components of the RNAI
pathway. Nucleic Acids Res 35(20):6714-6726. doi:10.1093/nar/gkm707, gkm707 [pii]

Hinas A, Soderbom F (2007) Treasure hunt in an amoeba: non-coding RNAs in Dictyostelium
discoideum. Curr Genet 51(3):141-159. doi:10.1007/s00294-006-0112-z

Hogg JR, Collins K (2008) Structured non-coding RNAs and the RNP renaissance. Curr Opin
Chem Biol 12(6):684-689. doi:10.1016/j.cbpa.2008.09.027


http://dx.doi.org/10.1016/j.sbi.2008.04.002
http://dx.doi.org/10.1038/nrg2916
http://dx.doi.org/10.1016/j.tig.2007.09.001
http://dx.doi.org/10.1016/j.ygeno.2009.05.002
http://dx.doi.org/10.1093/nar/gkq664
http://dx.doi.org/10.1261/rna.1871310
http://dx.doi.org/10.1016/j.molcel.2008.10.017
http://dx.doi.org/10.1261/rna.2214510
http://dx.doi.org/10.1111/j.1462-5822.2005.00633.x
http://dx.doi.org/10.1002/wrna.87
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1038/nrg2504
http://dx.doi.org/10.1093/nar/gkp017
http://dx.doi.org/10.1101/gr.121137.111
http://dx.doi.org/10.1128/ec.00065-06
http://dx.doi.org/10.1128/ec.00065-06
http://dx.doi.org/10.1093/nar/gkm707
http://dx.doi.org/10.1007/s00294-006-0112-z
http://dx.doi.org/10.1016/j.cbpa.2008.09.027

126 L. Avesson et al.

International Human Genome Sequencing Consortium (2004) Finishing the euchromatic
sequence of the human genome. Nature 431(7011):931-945. doi: 10.1038/nature03001

Jochl C, Rederstorff M, Hertel J, Stadler PF, Hofacker IL, Schrettl M, Haas H, Huttenhofer A
(2008) Small ncRNA transcriptome analysis from Aspergillus fumigatus suggests a novel
mechanism for regulation of protein synthesis. Nucleic Acids Res 36(8):2677-2689.
doi:10.1093/nar/gkn123

Kalavrizioti D, Vourekas A, Drainas D (2007) DRpp 20 and DRpp40: two protein subunits
involved in Dictyostelium discoideum ribonuclease P holoenzyme assembly. Gene 400(1-2):
52-59. doi:10.1016/j.gene.2007.05.020

Kaneda S, Gotoh O, Seno T, Takeishi K (1983) Nucleotide sequence of Dictyostelium small
nuclear RNA Dd8 not homologous to any other sequenced small nuclear RNA. J Biol Chem
258(17):10606-10613

Kikovska E, Svard SG, Kirsebom LA (2007) Eukaryotic RNase P RNA mediates cleavage in the
absence of protein. Proc Natl Acad Sci USA 104(7):2062-2067. doi:10.1073/pnas.
0607326104

Kishore S, Khanna A, Zhang Z, Hui J, Balwierz PJ, Stefan M, Beach C, Nicholls RD, Zavolan M,
Stamm S (2010) The snoRNA MBII-52 (SNORD 115) is processed into smaller RNAs and
regulates alternative splicing. Hum Mol Genet 19(7):1153-1164. doi:10.1093/hmg/ddp585

Kishore S, Stamm S (2006) The snoRNA HBII-52 regulates alternative splicing of the serotonin
receptor 2C. Science 311(5758):230-232. doi:10.1126/science.1118265

Kozomara A, Griffiths-Jones S (2011) miRBase: integrating microRNA annotation and deep-
sequencing data. Nucleic Acids Res 39(suppl 1):D152-D157. doi:10.1093/nar/gkq1027

Krol J, Loedige I, Filipowicz W (2010) The widespread regulation of microRNA biogenesis,
function and decay. Nat Rev Genet 11(9):597-610. doi:10.1038/nrg2843

Kuhlmann M, Borisova BE, Kaller M, Larsson P, Stach D, Na J, Eichinger L, Lyko F, Ambros V,
Soderbom F, Hammann C, Nellen W (2005) Silencing of retrotransposons in Dictyostelium
by DNA methylation and RNAi. Nucleic Acids Res 33(19):6405-6417. doi:10.1093/nar/
¢ki952, 33/19/6405 [pii]

Kumimoto H, Yoshida H, Okamoto K (1995) RNA polymerase II transcribes Dictyostelium
untranslatable gene, dutA, specifically in the developmental phase. Biochem Biophys Res
Commun 216(1):273-278. doi:10.1006/bbrc.1995.2620

Larsson P, Hinas A, Ardell DH, Kirsebom LA, Virtanen A, Soderbom F (2008) De novo search
for non-coding RNA genes in the AT-rich genome of Dictyostelium discoideum: performance
of Markov-dependent genome feature scoring. Genome Res 18(6):888-899. doi:10.1101/
2r.069104.107, gr.069104.107 [pii]

Lee JT (2010) The X as model for RNA’s Niche in epigenomic regulation. Cold Spring Harb
Perspect Biol 2(9):a003749. doi:10.1101/cshperspect.a003749

Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB (2003) Prediction of mammalian
microRNA targets. Cell 115(7):787-798

Liang XH, Uliel S, Hury A, Barth S, Doniger T, Unger R, Michaeli S (2005) A genome-wide
analysis of C/D and H/ACA-like small nucleolar RNAs in Trypanosoma brucei reveals a
trypanosome-specific pattern of rRNA modification. RNA 11(5):619-645. doi:10.1261/
rna.7174805

MacRae 1J, Doudna JA (2007) Ribonuclease revisited: structural insights into ribonuclease III
family enzymes. Curr Opin Struct Biol 17(1):138-145. doi:10.1016/j.sb1.2006.12.002, S0959-
440X(06)00212-0 [pii]

Maeda M, Sakamoto H, Iranfar N, Fuller D, Maruo T, Ogihara S, Morio T, Urushihara H, Tanaka
Y, Loomis WF (2003) Changing patterns of gene expression in dictyostelium prestalk cell
subtypes recognized by in situ hybridization with genes from microarray analyses. Eukaryot
Cell 2(3):627-637

Maida Y, Masutomi K (2011) RNA-dependent RNA polymerases in RNA silencing. Biol Chem
392(4):299-304. doi:10.1515/BC.2011.035


http://dx.doi.org/10.1038/nature03001
http://dx.doi.org/10.1093/nar/gkn123
http://dx.doi.org/10.1016/j.gene.2007.05.020
http://dx.doi.org/10.1073/pnas.0607326104
http://dx.doi.org/10.1073/pnas.0607326104
http://dx.doi.org/10.1093/hmg/ddp585
http://dx.doi.org/10.1126/science.1118265
http://dx.doi.org/10.1093/nar/gkq1027
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.1093/nar/gki952
http://dx.doi.org/10.1093/nar/gki952
http://dx.doi.org/10.1006/bbrc.1995.2620
http://dx.doi.org/10.1101/gr.069104.107
http://dx.doi.org/10.1101/gr.069104.107
http://dx.doi.org/10.1101/cshperspect.a003749
http://dx.doi.org/10.1261/rna.7174805
http://dx.doi.org/10.1261/rna.7174805
http://dx.doi.org/10.1016/j.sbi.2006.12.002
http://dx.doi.org/10.1515/BC.2011.035

Non-coding RNAs in Dictyostelium discoideum 127

Marquez SM, Harris JK, Kelley ST, Brown JW, Dawson SC, Roberts EC, Pace NR (2005)
Structural implications of novel diversity in eucaryal RNase P RNA. RNA 11(5):739-751.
doi:10.1261/rna. 7211705

Martens H, Novotny J, Oberstrass J, Steck TL, Postlethwait P, Nellen W (2002) RNAi in
Dictyostelium: the role of RNA-directed RNA polymerases and double-stranded RNase. Mol
Biol Cell 13(2):445-453. doi:10.1091/mbc.01-04-0211

Maruo T, Sakamoto H, Iranfar N, Fuller D, Morio T, Urushihara H, Tanaka Y, Maeda M, Loomis
WEF (2004) Control of cell type proportioning in Dictyostelium discoideum by differentiation-
inducing factor as determined by in situ hybridization. Eukaryot Cell 3(5):1241-1248.
doi:10.1128/ec.3.5.1241-1248.2004

Mattick JS (2009) The genetic signatures of noncoding RNAs. PLoS Genet 5(4):e1000459.
doi:10.1371/journal.pgen. 1000459

Mercer TR, Dinger ME, Mattick JS (2009) Long non-coding RNAs: insights into functions. Nat
Rev Genet 10(3):155-159. doi:10.1038/nrg2521, nrg2521 [pii]

Molnar A, Schwach F, Studholme DJ, Thuenemann EC, Baulcombe DC (2007) miRNAs control gene
expression in the single-cell alga Chlamydomonas reinhardtii. Nature 447(7148):1126-1129.
http://www.nature.com/nature/journal/v447/n7148/suppinfo/nature05903_S1.html

Okafuji T, Abe F, Maeda Y (1997) Antisense-mediated regulation of Annexin VII gene
expression during the transition from growth to differentiation in Dictyostelium discoideum.
Gene 189(1):49-56

Pannucci JA, Haas ES, Hall TA, Harris JK, Brown JW (1999) RNase P RNAs from some
Archaea are catalytically active. Proc Natl Acad Sci USA 96(14):7803-7808

Pi M, Morio T, Urushihara H, Tanaka Y (1998) Characterization of a novel small RNA encoded
by Dictyostelium discoideum mitochondrial DNA. Mol Gen Genet 257(2):124-131

Piccinelli P, Rosenblad MA, Samuelsson T (2005) Identification and analysis of ribonuclease P
and MRP RNA in a broad range of eukaryotes. Nucleic Acids Res 33(14):4485-4495.
doi:10.1093/nar/gki756

Pool MR (2005) Signal recognition particles in chloroplasts, bacteria, yeast and mammals
(review). Mol Membr Biol 22(1-2):3-15

Popova B, Kuhlmann M, Hinas A, Soderbom F, Nellen W (2006) HelF, a putative RNA helicase
acts as a nuclear suppressor of RNAIi but not antisense mediated gene silencing. Nucleic Acids
Res 34(3):773-784. doi:10.1093/nar/gkj465, 34/3/773 [pii]

Reichow SL, Hamma T, Ferré-D’ Amaré AR, Varani G (2007) The structure and function of small
nucleolar ribonucleoproteins. Nucleic Acids Res 35(5):1452-1464. doi:10.1093/nar/gkl1172

Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, Bartel DP (2002) Prediction of plant
microRNA targets. Cell 110(4):513-520

Rodriguez-Trelles F, Tarrio R, Ayala FJ (2006) Origins and evolution of spliceosomal introns.
Annu Rev Genet 40:47-76. doi:10.1146/annurev.genet.40.110405.090625

Rosenblad MA, Zwieb C, Samuelsson T (2004) Identification and comparative analysis of
components from the signal recognition particle in protozoa and fungi. BMC Genomics
5(1):5. doi:10.1186/1471-2164-5-5

Russell AG, Schnare MN, Gray MW (2006) A large collection of compact box C/D snoRNAs and
their isoforms in Euglena gracilis: structural, functional and evolutionary insights. J] Mol Biol
357(5):1548-1565. doi:10.1016/j.jmb.2006.01.063

Saraiya AA, Wang CC (2008) snoRNA, a novel precursor of microRNA in Giardia lamblia. PLoS
Pathog 4(11):e1000224. doi:10.1371/journal.ppat.1000224

Shimada N, Kawata T (2007) Evidence that noncoding RNA dutA is a multicopy suppressor of
Dictyostelium discoideum STAT protein Dd-STATa. Eukaryot Cell 6(6):1030-1040.
doi:10.1128/ec.00035-07

Stamatopoulou V, Toumpeki C, Tzakos A, Vourekas A, Drainas D (2010) Domain architecture of
the DRpp 29 protein and its interaction with the RNA subunit of Dictyostelium discoideum
RNase P. Biochemistry 49(50):10714-10727. doi:10.1021/bi101297z

Stathopoulos C, Kalpaxis DL, Drainas D (1995) Partial purification and characterization of
RNase P from Dictyostelium discoideum. Eur J Biochem 228(3):976-980


http://dx.doi.org/10.1261/rna.7211705
http://dx.doi.org/10.1091/mbc.01-04-0211
http://dx.doi.org/10.1128/ec.3.5.1241-1248.2004
http://dx.doi.org/10.1371/journal.pgen.1000459
http://dx.doi.org/10.1038/nrg2521
http://www.nature.com/nature/journal/v447/n7148/suppinfo/nature05903_S1.html
http://dx.doi.org/10.1093/nar/gki756
http://dx.doi.org/10.1093/nar/gkj465
http://dx.doi.org/10.1093/nar/gkl1172
http://dx.doi.org/10.1146/annurev.genet.40.110405.090625
http://dx.doi.org/10.1186/1471-2164-5-5
http://dx.doi.org/10.1016/j.jmb.2006.01.063
http://dx.doi.org/10.1371/journal.ppat.1000224
http://dx.doi.org/10.1128/ec.00035-07
http://dx.doi.org/10.1021/bi101297z

128 L. Avesson et al.

Sucgang R, Kuo A, Tian X et al (2011) Comparative genomics of the social amoebae
Dictyostelium discoideum and Dictyostelium purpureum. Genome Biol 12(2):R20

Takeishi K, Kaneda S (1981) Isolation and characterization of small nuclear RNAs from
Dictyostelium discoideum. J Biochem 90(2):299-308

Vitali P, Basyuk E, Le Meur E, Bertrand E, Muscatelli F, Cavaille J, Huttenhofer A (2005)
ADAR2-mediated editing of RNA substrates in the nucleolus is inhibited by C/D small
nucleolar RNAs. J Cell Biol 169(5):745-753. doi:10.1083/jcb.200411129

Voinnet O (2009) Origin, biogenesis, and activity of plant microRNAs. Cell 136(4):669-687.
doi:10.1016/j.cell.2009.01.046, S0092-8674(09)00128-7 [pii]

Vourekas A, Kalavrizioti D, Zarkadis IK, Spyroulias GA, Stathopoulos C, Drainas D (2007) A
40.7 kDa Rpp 30/Rppl homologue is a protein subunit of Dictyostelium discoideum RNase P
holoenzyme. Biochimie 89(3):301-310. doi:10.1016/j.biochi.2006.11.006

Wahl MC, Will CL, Luhrmann R (2009) The spliceosome: design principles of a dynamic RNP
machine. Cell 136(4):701-718. doi:10.1016/.cell.2009.02.009, S0092-8674(09)00146-9 [pii]

Watanabe T, Miyashita K, Saito TT, Nabeshima K, Nojima H (2002) Abundant poly(A)-bearing
RNAs that lack open reading frames in Schizosaccharomyces pombe. DNA Res 9(6):209-215

Whitney TJ, Gardner DG, Mott ML, Brandon M (2010) Identifying the molecular basis of
functions in the transcriptome of the social amoeba Dictyostelium discoideum. Genet Mol Res
9(1):394-415. doi:10.4238/vol9-1gmr752

Wilusz JE, Sunwoo H, Spector DL (2009) Long noncoding RNAs: functional surprises from the
RNA world. Genes Dev 23(13):1494-1504. doi:10.1101/gad.1800909, 23/13/1494 [pii]

Win TZ, Draper S, Read RL, Pearce J, Norbury CJ, Wang SW (2006) Requirement of fission
yeast Cid14 in polyadenylation of rRNAs. Mol Cell Biol 26(5):1710-1721. doi:10.1128/
MCB.26.5.1710-1721.2006, 26/5/1710 [pii]

Wise JA, Weiner AM (1981) The small nuclear RNAs of the cellular slime mold Dictyostelium
discoideum. Isolation and characterization. J Biol Chem 256(2):956-963

Yoshida H, Kumimoto H, Okamoto K (1994) dutA RNA functions as an untranslatable RNA in
the development of Dictyostelium discoideum. Nucleic Acids Res 22(1):41-46. doi:10.1093/
nar/22.1.41

Yu B, Fey P, Kestin-Pilcher KE, Fedorov A, Prakash A, Chisholm RL, Wu JY (2011)
Spliceosomal genes in the D. discoideum genome: a comparison with those in H. sapiens, D.
melanogaster, A. thaliana and S. cerevisiae. Protein Cell 2(5):395-409. doi:10.1007/s13238-
011-1052-z

Zhao T, Li G, Mi S, Li S, Hannon GJ, Wang X-J, Qi Y (2007) A complex system of small RNAs
in the unicellular green alga Chlamydomonas reinhardtii. Genes Dev 21(10):1190-1203.
doi:10.1101/gad.1543507


http://dx.doi.org/10.1083/jcb.200411129
http://dx.doi.org/10.1016/j.cell.2009.01.046
http://dx.doi.org/10.1016/j.biochi.2006.11.006
http://dx.doi.org/10.1016/j.cell.2009.02.009
http://dx.doi.org/10.4238/vol9-1gmr752
http://dx.doi.org/10.1101/gad.1800909
http://dx.doi.org/10.1128/MCB.26.5.1710-1721.2006
http://dx.doi.org/10.1128/MCB.26.5.1710-1721.2006
http://dx.doi.org/10.1093/nar/22.1.41
http://dx.doi.org/10.1093/nar/22.1.41
http://dx.doi.org/10.1007/s13238-011-1052-z
http://dx.doi.org/10.1007/s13238-011-1052-z
http://dx.doi.org/10.1101/gad.1543507

Sex in Dictyostelia

Gareth Bloomfield

Abstract Dictyostelid social amoebae possess both sexual and parasexual cycles.
In the former, diploid zygotes attract surrounding haploids and then cannibalise
them, forming large immobile structures known as macrocysts. In the parasexual
cycle, amoebae of the same sex fuse to form diploids that can continue to grow and
multiply. Species with more than two sexes (or mating types) are not unusual
among dictyostelia, and recently the genetic basis for sex determination was
described in the model species Dictyostelium discoideum . Macrocysts have so far
only been observed in a minority of the known species, and their ecological
context and significance is still not understood. Important questions regarding
altruism, genetics and the basic cell biology of both the sexual and parasexual
cycles remain to be addressed experimentally, so there remains tremendous scope
for future research.

1 Introduction

The social amoebae are well known for their unusual aggregative version of
multicellularity: upon starvation, separate amoebae can collect together to form a
multicellular, asexual fruiting body. This phenomenon has interested develop-
mental biologists, since near identical and often clonal groups of cells undergo an
exquisitely coordinated differentiation programme resulting in two very different
major cell types, stalk and spore. It has also fascinated sociobiologists, since
unrelated amoebae can join together into the same multicellular organism giving
rise to potential conflict if some cells preferentially form spores, which survive,
rather than stalk cells, which do not. It is much less well known that these
organisms possess a sexual cycle that is just as complex and interesting as its
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asexual counterpart. This chapter will describe the biology of sex in the dict-
yostelid social amoebae, drawing attention to similarities between the sexual and
asexual cycle, as well as such peculiarities as parasexuality, cannibalism and the
presence of more than two sexes within species. The key events of both the sexual
and parasexual cycles are shown diagrammatically in Fig. 1. Given such inter-
esting features, and the possibility of harnessing sexual genetics for experimental
purposes in the widely used model organism Dictyostelium discoideum, the dict-
yostelid sexual cycle remains surprisingly under investigated (Raper 1984). The
following sections will introduce its key features, review recent discoveries and
attempt to highlight some of the more important questions yet to be resolved or
even addressed.
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Fig. 1 Overview of the dictyostelid sexual and parasexual cycles. In dark, wet conditions and in
the presence of calcium, mixed sex groups of social amoebae can pass through the sexual cycle.
Pairs of cells of different sex (or mating-type, indicated here by the colour of the carfoon nuclei)
can mate (/), fusing to form a diploid zygote (purple nucleus) that attracts surrounding cells using
chemical signals. As the zygote or giant cell is surrounded by other cells, it begins to ingest them
(2). The group of cells, with a cytophagic giant cell at its centre, secretes cellulose containing
walls around itself, forming a macrocyst (3) that ultimately consists of a single greatly enlarged
zygote, by now containing all of the peripheral cells held with vacuoles in its cytoplasm. The
single viable macrocyst nucleus undergoes meiosis followed by several rounds of mitosis before
dividing into haploid amoebae. These can then escape the cyst by breaking open its walls (4).
Cells of the same mating-type can undergo fusion (5) to form parasexual diploids (6), shown here
with darker nuclei. These can continue to grow and divide through meiosis (7) and can pass
through the asexual developmental cycle just like haploids. Parasexual diploids revert to haploids
(8) through random loss of chromosomes during cell division
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2 Historical Background

Dictyostelids normally grow and divide as haploids (Sussman and Sussman 1962).
As interest grew in their biology, attempts were made to identify sexual cell fusion
(syngamy) and meiosis during their developmental cycle (reviewed in Olive 1963).
First, Skupienski reported that Dictyostelium mucoroides cells fused during
aggregation, and that meiosis occurred prior to sporulation, each diploid nucleus
giving rise to four progeny (Skupienski 1920). Later, (Wilson 1952, 1953; Wilson
and Ross 1957) and (Ross 1960), also reported diploid formation during aggre-
gation, followed by meiosis and two rounds of mitosis before sporulation. In this
case, engulfment of one haploid by another was reported to precede admixture of
the cells’ contents (Wilson and Ross 1957). Other investigators failed to confirm
these observations, and early experiments involving the mixture of morphological
mutants prior to aggregation did not provide evidence of high-frequency recom-
bination between strains (Sussman 1954). More extensive work on mutants
showed the diploids, and afterwards recombinant haploid progeny could be formed
during asexual development, but that this occurs at very low frequency (Sussman
1961); this reflects parasexual, not truly sexual events. Cell engulfment, and
cytoplasmic contact through anastomosis and complete fusion do occur fair reg-
ularly during aggregation (Huffman et al. 1962; Huffman and Olive 1964), but
nuclear fusion resulting in stable diploids is rare (see the section on parasexual
genetics below).

Earlier, Raper had reported an alternative developmental structure in some
isolates of D. mucoroides and Dictyostelium minutum, which he termed the
macrocyst (Raper 1951, 1956), and tentatively also identified them among draw-
ings in Brefeld’s original description of dictyostelids (Brefeld 1869; Raper 1984).
These were seen to be formed after an initial aggregation of amoebae, similar to
that seen in the asexual fruiting bodies, and also involved the production of a
cellulose containing sheath. However, in this case the entire cell mass was walled
in, or encysted, and typically remained dormant for several weeks. The cycle of
macrocyst formation, quiescence and germination was described in 1957
(Blaskovics and Raper 1957). Subsequent work in the same laboratory, clarified
the conditions that favoured their production over the better known fruiting bodies:
macrocyst formation was favoured in the dark and in very humid or submerged
conditions (Nickerson and Raper 1973a). Several other isolates of other species
were also identified as capable of producing these structures. Their biological
significance remained a matter of speculation, as later recounted by (Raper 1984),
until two meticulous studies of macrocyst ultrastructure were published in the
early 1970s (Filosa and Dengler 1972; Erdos et al. 1972). These demonstrated that
the macrocyst forms through the action of a single specialised cell that ingests
amoebae that aggregate around it, thereby growing considerably in size as the
surrounding walls are laid down around it. This ‘cytophagic’ or ‘giant’ cell was
observed to have an enlarged nucleus, and in the second study evidence of syn-
aptonemal complexes, and therefore meiosis, was found. This indicated that the
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macrocyst was in fact diploid, and the long sought sexual phase of the dictyostelid
life cycle. Soon after, other isolates not previously known to produce macrocysts
were found to form them when cultured in pairs (Clark et al. 1973; Erdos et al.
1973b). These self-infertile strains are called heterothallic, while the self-fertile
strains that had been studied earlier are homothallic.

In parallel to these early studies on macrocysts, other investigators were
characterising the parasexual cycle in the model organism D. discoideum (Katz
and Sussman 1972). Parasexuality involves the fusion of haploid cells to form
diploids that grow and divide like haploids and that do not revert back to the
haploid state through meiosis but rather by random loss of chromosomes via a
transient aneuploid state (Brody and Williams 1974). These features led to the use
of the parasexual cycle for experimental genetics. Genetic experiments making use
of the sexual cycle were also attempted, much less successfully mainly because of
difficulties in germinating macrocysts.

3 The Biology of Macrocysts and Macrocyst Formation

Several environmental factors influence cells ability to enter the developmental
programme that leads to macrocyst formation (Nickerson and Raper 1973a), in
addition to the genetic factor determining whether cells are homothallic or het-
erothallic, and if the latter which sex (more often called ‘mating type’) the cell
belongs to. The first is nutrient availability: macrocysts were first observed in
starved cultures alongside asexual fruiting bodies, and just like in the asexual cycle
aggregation of amoebae occurs only after cells sense that their nutrient supplies are
becoming exhausted (Blaskovics and Raper 1957). Starvation is not necessary for
fusion of compatible haploids, and indeed the presence of bacteria is necessary for
high-efficiency fusion (Suzuki and Yanagisawa 1989). Heterothallic diploids can
form among populations of cells that are still growing, but homothallic diploids
tend to occur later, arising in the centre of already-formed aggregates (Wallace
1977).

The second important factor is the level of light. Very few homothallic strains
will produce macrocysts when illuminated with visible light; in most strains the
asexual cycle is strongly favoured in the light (Nickerson and Raper 1973a). The
critical phase is during the late stages in growth since suitable cells grown in
darkness then transferred into the light upon starvation will form macrocysts
efficiently (Erdos et al. 1976). Blue light at around a wavelength of 425 pum is most
effective in blocking the sexual cycle, and the effect diminishes completely at
infrared wavelengths (Chang et al. 1983). The loss of fusion competence in dark-
grown cells transferred into the light is cycloheximide sensitive, indicating that the
synthesis of one or more proteins is necessary for this effect (Habata et al. 1991).
However, the molecular basis of light inhibition, and indeed the photoreception
involved remains unknown. Here, it is worth noting that although Skupienski was
clearly mistaken in some of his interpretations of the Dictyostelium life cycle, it is
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not unlikely that he correctly identified syngamy in D. mucoroides. He described
his putative diploids with some care, and crucially noted that their formation was
inhibited by light (“la moindre lumiére I’empéche’) (Skupienski 1920). Since D.
mucoroides is mostly homothallic (Filosa and Chan 1972), it is possible that he
observed syngamy among cells that subsequently switched into the asexual cycle
due to the culture conditions he employed.

Thirdly, macrocyst formation is favoured in very humid or moist conditions,
and occurs efficiently when cells are submerged in water (Nickerson and Raper
1973a). Asexual fruiting bodies absolutely require an air—water interface, and
asexual aggregates undergo a developmental arrest if completely submerged
(Sternfeld and Bonner 1977; Bonner et al. 1998). Thus, the sexual cycle would be
favoured even in the case of an inefficient progression through these conditions, if
it allows some cells to survive. It is believed that the ability to form macrocysts in
submerged conditions is positively adaptive, giving cells the ability to survive
periods without food in conditions when dispersal via fruiting bodies is impossible
(Bonner 1967). However, macrocysts have never been incontrovertibly observed
in the wild, so we do not know with any certainty the predominant conditions
under which they form in nature, and their adaptive significance therefore remains
a matter of speculation.

The fourth critical factor is the presence of extracellular calcium. Early
experiments noted a strong inhibitory influence of phosphate ions on macrocyst
formation (Nickerson and Raper 1973a). Later experiments showing an absolute
requirement for calcium during cell fusion imply that phosphate might act prin-
cipally by precipitating and thereby sequestering extracellular calcium, so that an
excess of calcium is required (Chagla et al. 1980). The events of membrane fusion
are clearly stimulated in the presence of calcium, but it is still not certain whether
protein—protein interactions, as cells bind to and recognise each other are the most
important or whether the apparatus of fusion itself represents the critical step.
Recent evidence of calcium-mediated chemotaxis in Dictyostelium (Scherer et al.
2010) also raises the possibility that earlier steps prior to cell contact could depend
to some extent on calcium. Intracellular calcium signals may also be important
during the sexual cycle, with calmodulin-dependent processes implicated in
stimulating cell and nuclear fusion but inhibiting the formation of gametes (Lydan
and O’Day 1988). Since these effects have only been defined pharmacologically so
far, further molecular genetic studies of these phenomena would be illuminating.

Another factor affecting the attainment of fusion competence is temperature.
Macrocyst formation in several homothallic isolates is favoured at higher tem-
peratures (20-25 °C), while asexual development is favoured at lower tempera-
tures (Nickerson and Raper 1973a). Cell fusion is delayed at temperatures below
15° and its frequency is greatly reduced above 25 °C (Suzuki and Yanagisawa
1989). It is not known if specific sexual phase proteins are affected directly by
temperature or whether it acts indirectly by alterations upon broad metabolism.

The abundance of mRNA of a large set of genes is altered as cells attain fusion
competence (Muramoto et al. 2003). In addition to the proteins directly required
for membrane fusion, intra- and intercellular signalling components may also be
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induced or repressed along with proteins necessary for the early stages of aggre-
gation (Muramoto et al. 2005; Urushihara and Muramoto 2006). Some of these
gene expression changes must be dependent on intrinsic genetic influences (the sex
determination locus as well as any other variant loci that quantitatively affect
mating ability) and the nutritive status of each cell, while many must be controlled
by extrinsic factors including the environmental factors described above and
perhaps also pheromone signals between cells (O’Day and Lewis 1975). However,
it should be noted that some early reports of pheromone signalling could not be
independently verified (Wallace 1977). It is not clear whether large-scale changes
of cellular form are required prior to fusion, since presumably in amoebae the
presence in the plasma membrane of proteins that promote fusion could be suf-
ficient. However, there are reports of an accumulation of distinctly compact pre-
sumptive gametes in cultures undergoing syngamy (O’Day et al. 1987).

Cells produce several molecules that influence the frequency of cell fusion.
Several unidentified secreted factors in addition to the putative pheromones
mentioned above have been reported to induce or repress fusion (O’Day et al.
1981; Saga and Yanagisawa 1983; Urushihara et al. 1990). However, none has
been fully identified and so their significance is unclear. Two small secreted
molecules do have clear effects. Ethylene is released by fusion competent cells and
promotes fusion (Amagai 2011). Its production is dependent on 1-aminocyclo-
propane-1-carboxylic acid (ACC) oxidase. In D. mucoroides ethylene appears to
function in part through induction of the zyg/ gene (Amagai et al. 2007), but since
no homologues of this gene are detectable in the other dictyostelid genomes that
have been sequenced, the broader context remains uncertain. Any further simi-
larities with ethylene signalling in plants would be highly interesting. Ammonia on
the other hand inhibits cell fusion above a critical concentration (Fang et al. 1992).
It is produced continually by cells and so may have a role in limiting the number of
cells that undergo fusion in a given volume, as well as switching cells into the
asexual developmental programme in certain circumstances.

Wherever cell fusion occurs across the eukaryotes, it depends on specific
proteins that couple apposing membranes and allows the spatial reorganisation that
connects the two previously separate bilayers into one (Shinn-Thomas and Mohler
2011). In Dictyostelium, candidate membrane recognition and fusion proteins have
been identified as surface antigens that differentiate between mating types. When
these are blocked with specific antibodies fusion cannot occur (Aiba et al. 1992).
One mutant in which fusion appears to be specifically blocked was identified
genetically (Urushihara and Muramoto 2006; Araki et al. 2012), however, it
remains possible that the affected gene, macA, is necessary for an earlier critical
recognition event preceding fusion. More recently, homologues of a widely con-
served putative gamete fusogen, HAP2-GCS1 (Wong and Johnson 2010), were
identified in Dictyostelium (Bloomfield et al. 2010). The expression patterns and
molecular functions of these proteins would be of great interest.

Cell fusion at the cellular level has been studied in some detail, thanks to
techniques that enable cells of different mating types to be grown separately in
conditions that promote very high levels of fusion competence (Saga et al. 1983).
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When mixed, very high frequency fusion is possible within in very short time. In
these conditions, many cells can fuse together sequentially, forming syncytia with
up to several dozen nuclei (Saga and Yanagisawa 1982). This is quite unlike the
case in many other eukaryotes, in which fusion is inhibited after the initial fer-
tilisation event (Liu et al. 2010), and reminiscent of th