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Key Words 
Differentiation 

A stable change in global patterns of gene expression usually producing a recognizably 
different type of cell. 

Morphogenesis 
The creation or development of an organism’s or cell’s morphology, structure and form. 

Development 
A genetically programmed combination of differentiation and morphogenesis. 

Cell cycle 
The orderly progression of events during cell proliferation through phases of growth, DNA 

replication, chromosome segregation and cell division (cytokinesis). 

Protein kinase 
An enzyme that phosphorylates itself and/or other proteins. Major categories of protein 

kinase are named according to the amino acid that is specifically phosphorylated eg. tyrosine protein 
kinases phosphorylate target proteins on tyrosine residues. 

Sigma factor 
A subunit of bacterial RNA polymerase that directs binding of the polymerase to specific 

DNA sequences (promoters) resulting in the transcription of downstream genes. Sigma factors form 
a family of polypeptides, each of which recognizes a different promter sequence and so directs 
transcription of a different set of genes. 

Transcription factor 
A DNA-binding protein that is not part of the RNA polymerase but which binds to specific 

DNA sequences and regulates the expression of nearby genes by activating or inhibiting 
transcription. 
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Signal transduction 
The process whereby extracellular or intracellular, physical or chemical signals elicit a series 

of intracellular biochemical events in which each event either activates or inhibits the next. 

Holdfast 
A specialized attachment organ (of a multicellular organism) or organelle (of a unicellular 

organism). 

Flagellum 
A long, thin cellular appendage that is responsible for swimming motility – in the case of 

bacteria a rigid, helical, hollow filament that functions as a propellor attached to a rotary motor in 
the cell membrane through a semi-flexible coupling. 

Pilus 
A long, fibre-like appendage on a bacterial cell that is thinner than a flagellum. 

Pseudopod or pseudopodium 
A region of an amoeboid cell that does not contain membrane-bounded organelles and is 

extended outwards during amoeboid movement. 

Spore 
A specialized, dormant, resistant cell formed as a means of dispersal from and survival of 

harsh conditions. 

Endospore 
A spore formed from a daughter cell within the membrane of a mother cell in certain 

bacterial species (notably of the genera Bacillus and Clostridium). 

Sorus 
A cluster or mass of spores. 

Development is not restricted to large multicellular animals and plants but is also a feature 
of the life cycles of microorganisms. The environment of a microorganism is rapidly changeable so 
that both eukaryotic and prokaryotic microbes have evolved developmental strategies to enhance 
their nutrient-scavenging abilities or in more extreme circumstances to form dormant, resistant cells 
(spores). The spores can survive under harsh conditions that do not support growth and can be 
dispersed to other environments that do. The endospores of pathogenic Clostridium species are 
amongst the most resistant cells on earth and their destruction (or removal) is the key criterion for 
successful microbiological sterilization. Developmental programmes in microbial pathogens are 
initiated in response to infection of the host and play important roles in pathogenesis. However the 
best understood examples of microbial development are not pathogens but free-living microbes. The 
general principles underlying microbial development are being elucidated by their study. 
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1. Introduction 

Biologists don’t usually think of microbial model organisms when asking questions about 
the fundamental mechanisms of development. Yet even in the most complex of metazoans, 
development involves cells doing things in an ordered way through space and time – growing, 
dividing, adhering to one another and to the substratum, differentiating, moving, secreting and, 
above all, communicating – and the fundamental mechanisms of what cells do evolved very early in 
the history of life. So it should not surprise us to learn that the molecular mechanisms at the heart of 
these cellular processes in development are frequently similar. 

At the same time, every organism in the tree of life has faced its own unique problems in 
using these primeval molecular mechanisms to meet the needs of its “chosen” life style. Each has 
accordingly evolved its own developmental programmes using its own unique selection of 
molecular techniques to carry them out. So we are not surprised either that organisms belonging to 
different phylogenetic lineages have often opted for different molecular mechanisms to perform 
similar developmental functions or that in some lineages, particular molecular mechanisms have 
been elaborated upon, used and reused in many different biological roles while others are not used 
at all. 

An example of these principles is to be found in the universal use of protein kinase cascades 
in signal transduction pathways controlling development. Yet there are differences. The histidine 
protein kinases are used in developmental signalling pathways in all of the major bacterial groups 
and in many eukaryotic lineages including the fungi, the slime moulds and the plants but not, it 
seems, in metazoan animals. Noone knows why the use of histidine kinases was abandoned in the 
animal lineage, but retained in the next most closely related eukaryotic lineages. The bacteria, on the 
other hand, appear to make little, if any use of the serine/threonine protein kinases so ubiquitously 
found in eukaryotic organisms. Differences like this tell us that there is nothing about one class of 
kinase compared to the other that makes its use essential for particular signalling purposes. They 
also identify classes of molecules that could be potentially used as targets for drug or antibiotic 
therapy. Histidine kinase signalling pathways participate in bacterial pathogenesis and are therefore 
potential antibiotic targets. 

What then might be the general principles to be gleaned from our current understanding of 
development in eukaryotic and bacterial microbes? To attempt to answer this question I have opted 
in the following sections to discuss microbial development by describing what we know about 
developmental pathways in five well studied systems – three bacterial and two eukaryotic. The 
emphasis is on the signalling cascades that control cellular activities in development. Having 
examined each of these five systems in some detail, I conclude by noting general features that seem 
to be shared by all. 

2. Bacteria 

2.1 Cell cycle control and morphogenesis in Caulobacter crescentus 

Bacteria are usually thought of as exhibiting one of only a limited number of cellular 
morphologies – rods, cocci or spirals – that is monotonously present in every cell. Caulobacter 
crescentus is different. An aquatic bacterium, common in freshwater environments characterized by 
low and patchy nutrient levels, Caulobacter’s unique cell cycle involves polarized differentiation 
and cytofission to produce two morphologically distinct cells – a nondividing, motile, swarmer cell 
and a sessile, stalked cell that is able to progress through cell division (Figure 1). The swarmer cell 
is able to disperse by both random and chemotactic swimming motility to nutrient-rich 
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microhabitats where it differentiates, losing its polar flagella and pili to replace them with a stalk 
and holdfast. Through these it attaches to the substratum and begins progression through the cell 
cycle just as did the mother cell from which it was derived. It is this cell cycle, with its two 
dramatically different cell types, that has made Caulobacter a favourite organism for studying the 
mechanisms of cell cycle control, polarized differentiation and morphogenesis in bacteria. 

 

Figure 1. The cell cycle and flagellar 
morphogenesis in Caulobacter. (a) 
The motile swarmer cell on the left 
loses its flagellum, retracts its polar 
pili and differentiates into a stalked 
cell which enters S phase and 
progresses through the cell division 
cycle. The differentiation of two 
distinct daughter cells begins in the 
predivisional cell (inset, panel A) with 
distinct morphogenetic events 
occurring at the stalked (ST) and 
swarmer (SW) poles. After cytofission 
(inset, panel B) the stalked daughter 
cell is able to resume cell cycle 
progression whereas the swarmer cell 
is arrested in growth phase (G1) until 
such time as it has differentiated into a 
stalked cell. The bars show the timing 
of various morphogenetic events 
during the cell cycle. (b) In the 
predivisional cell a cascade of 
sequentially dependent inductions of 
flagellar gene expression and assembly 
events result in biogenesis of the 
flagellar apparatus at the swarmer 
pole. Horizontal bars show the timing 

of expression of the four sequentially induced classes of flagellar biosynthesis genes. Panel (a) is modified from Figure 1 
of Jacobs-Wagner (2004). Panel (b) contains information presented in Figure 1 of England & Gober (2004). Inset image 
courtesy of Jeanne S. Poindexter, Barnard College, Columbia University.  

2.1.1 CtrA – a master regulator of cell cycle progression and polar 
morphogenesis 

At the heart of the molecular machinery controlling Caulobacter morphogenesis is a protein 
called CtrA, a DNA-binding protein that functions as a transcriptional activator and repressor to 
regulate the expression of genes involved in DNA synthesis and cytofission, flagellar motility and 
chemotaxis. CtrA is the final response regulator in a multicomponent phosphorelay system of the 
histidine protein kinase type that is universally found in bacteria and archaea, as well as in some 
eukaryotes (eg. Dictyostelium discoideum). The phosphorylation cascade in such systems is initiated 
by an autophosphorylating histidine protein kinase which is activated (or inhibited) by reception of a 
signal in the form of a ligand binding to its sensor domain. The phosphate is initially attached to a 
conserved histidine residue in the transmitter domain of the kinase, whence it is subsequently 
transferred (sometimes via multiple phosphotranfers) to an aspartate residue in the receiver domain 
of the same or a different protein – the response regulator that mediates the final response. In 
multicomponent systems, multiple phosphotransfers proceed from the primary histidine to the final 
aspartate via alternating histidine and aspartate residues in transmitter and receiver domains 
respectively of what can be distinct polypeptides. 
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The sequencing of the entire genome of C. crescentus made possible a comparative 
microarray analysis of gene expression in a wildtype and temperature-sensitive ctrA loss-of-function 
mutant. Nearly 20% of the ca. 3700 genes in Caulobacter are cell-cycle regulated and the 
microarray studies revealed that about one-third of these are controlled by CtrA, either directly or 
indirectly. Many of the direct targets were found by coimmunoprecipitation of DNA fragments that 
had been cross-linked to CtrA. This approach identified 55 promoters (regulating 95 genes) that 
bind and are presumably controlled by the active, phosphorylated form of CtrA (CtrA~P). The 
binding site is a conserved nonameric DNA sequence motif that is found not only in CtrA-regulated 
promoters but also at 5 sites within the chromosomal origin of replication, ori. Binding of CtrA~P 
to ori prevents the initiation of DNA synthesis and entry to S phase. CtrA~P also represses 
expression of the early cell division gene ftsZ, the product of which forms a ring that circumscribes 
the cell at the division site and assembles the cellular division proteins there at the inner face of the 
cytoplasmic membrane. 

In keeping with its regulatory roles, the levels of CtrA in Caulobacter oscillate in synchrony 
with the cell cycle and differ in stalked and swarmer cells (Figure 2). The levels of the 
phosphorylated form of CtrA change in concert with the levels of the protein itself. After 
accumulating in the late predivisional cell, CtrA~P remains at high levels in swarmer cells where it 
represses cell cycle progression at the point of entry into S phase and also induces the gene 
expression cascades involved in swarmer cell differentiation (eg. those involved in pilus and 
flagellar assembly). In the stalked cell at the onset of replication, CtrA~P levels are low, the protein 
having been both dephosphorylated and also degraded by ClpXP proteases. These two mechanisms 
of inactivating CtrA are redundant – mutant ctrA alleles that either are resistant to proteolysis or to 
inactivation by dephosphorylation are not lethal. The mutants progress through the cell cycle 
normally because in each case the alternative CtrA inactivation mechanism (dephosphorylation or 
degradation) is still present and active at the appropriate cell cycle stage. As expected, a CtrA 
mutant that is both constitutively active and protease-resistant causes cell cycle arrest at the G1-S 
transition.  

Figure 2. 

Schematic representation of the 
regulatory mechanisms that modulate the level 
of CtrA~P (in grey) during the cell cycle. From 
Figure 2 of Ausmees & Jacobs-Wagner (2003). 

 
The disappearance and 

inactivation of CtrA at the end of G1 
relieves its repression of replication, 
allowing the cell to enter S phase and 
initiate DNA synthesis. Also relieved is 
the autoinhibitory repression of ctrA 
expression by high levels of CtrA~P 
bound to the low affinity ctrA 
promoter, P1. The ctrA expression that 
results is autocatalytic because of 
CtrA~P-mediated induction through a 
second, high affinity promoter, P2. 

Consequently CtrA~P levels rise again to high levels in the late predivisional cell, where they 
prevent initiation of another round of replication and again repress ctrA expression through the P1 
promoter site. 
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2.1.2 Morphogenesis in the swarmer cell – flagellar biogenesis 
Having accumulated in the predivisional cell, CtrA~P persists in the swarmer cell but is 

absent from the stalked cell. In the swarmer compartment of the predivisional cell it initiates a gene 
expression cascade whose outcome is the differentiated swarmer cell and whose most obvious and 
best understood feature is flagellar biogenesis. The ca. 50 gene products required for flagellar 
assembly in Caulobacter belong to 4 classes: Class I, the master regulator (CtrA); Class II, 
including a � 54 transcription factor (FlbD) and the first flagellar components to be assembled (the 
MS ring – FliF; the switch – FliG,M,N; the flagellum-specific secretion system – FlhH, 
FliI,J,O,P,Q,R); Class III, polypeptides forming outer parts of the basal body and hook; Class IV, 
the flagellar filament (Figure 1). 

Once initiated by CtrA~P, the assembly of the flagellar apparatus proceeds in three major 
stages defined by the onset of supply of the requisite polypeptides encoded by the Class II, III and 
IV genes. Within each stage, the assembly of the parts progresses in a sequentially dependent 
manner – the incorporation of each polypeptide depending upon the assembly of those before it. The 
start of each major assembly stage is defined by a check point at which the synthesis of polypeptides 
for that stage can begin only if the preceding stage has been completed. Thus the Class II genes are 
induced in the predivisional cell by CtrA~P, the accumulation of which constitutes the ClassI/II 
check point. 

The product of one of the Class II genes, FlbD, in its active phosphorylated form in turn 
induces the Class III and IV genes in the swarmer pole of the predivisional cell. However FlbD 
activity also depends upon two other Class II proteins – FlbE and FliX. FlbE was thought to be the 
kinase that phosphorylates FlbD, but recent evidence suggests that it activates FlbD by some other 
means. FliX functions as the check point sensor that detects proper assembly of the inner parts of 
the flagellar basal body – FliX interacts directly with FlbD at its N-terminus and only permits its 
activation when this Class II/III check point has been reached. Active FlbD~P not only induces the 
Class III and IV genes, but it also feeds back to repress early Class II genes. 

Although both Class III and Class IV genes are induced by FlbD~P, the otherwise very 
stable Class IV mRNAs are targeted for degradation by the binding to them of the FlbT protein. 
This protein is present throughout the cell cycle but its activity is inhibited by completion of the 
assembly of the flagellar motor, complete with hook. This constitutes the Class III/IV check point. 
Only when this check point has been reached, are the Class IV mRNAs stabilized so that flagellin 
synthesis and completion of the entire flagellar apparatus can proceed. 

2.1.3 Phosphorelays regulating the cell cycle and morphogenesis 
CtrA is active only when phosphorylated at the conserved aspartate residue in its receiver 

domain (Asp51) and its activation by this means is controlled by at least three converging 
phosphorelay cascades (Figure 3).   

 Figure 3. Model of the signal transduction 
network controlling the activity of the 
master response regulator, CtrA. Response 
regulators and histidine kinases are shown 
as circles and boxes respectively. Barred 
ends indicate inhibition and arrowheads 
indicate activation. The dotted arrow 
indicates that the functions of the indicated 
upstream kinases are unknown. The 
molecular nature of the indicated signals 
that initiate the phosphorelays shown are 
unknown. Modified from Figure 3 of 
Ausmees & Jacobs-Wagner (2003). 

The first of these involves CckA, a histidine protein kinase that is responsible for CtrA activation 
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during the cell cycle. Consistent with its upstream role as a CtrA activator, CckA is essential for 
viability and temperature-sensitive mutants of this protein exhibit similar or identical phenotypes to 
temperature-sensitive CtrA mutants. However CckA is rendered dispensable by expression of a 
constitutively active CtrA derivative (CtrAD51E) that does not require phosphorylation for activity. 
Because CckA contains its own response regulator receiver domain at its C terminus, it is 
anticipated that CckA passes phosphates to CtrA via an as yet unidentified intermediate histidine 
phosphotransferase in a multicomponent phosphorelay. 

The second phosphorelay pathway regulating CtrA activity is mediated by DivL, a sensory 
kinase whose interactions with CtrA have been demonstrated genetically. Although it possesses all 
the conserved regions of the histidine kinase superfamily, DivL is unusual in possessing an 
autophosphorylatable tyrosine residue (Tyr550) instead of histidine. A cold sensitive divL allele is 
genetically suppressed (ie. the wildtype phenotype is restored) by a specific ctrA allele (called 
sokA). This phenomenon of suppression is a classical genetic indicator of interactions between the 
corresponding encoded proteins. It is supported in this case by in vitro biochemical evidence that 
DivL can phosphorylate CtrA. 

DivK is a response regulator protein that directly or indirectly controls the levels of active, 
phosporylated CtrA, probably by accelerating both its dephosphorylation and its degradation by 
ClpX proteases. The cold-sensitive divK341 allele causes cell cycle arrest at the G1-S transition – 
initiation of replication is blocked, genes involved in replication fail to be induced and the ClpX-
mediated degradation of CtrA does not occur. The upstream histidine kinases that regulate DivK 
include the nonessential proteins PleC and DivJ. In vitro they can catalyse both the phosphorylation 
and the dephosphorylation of the response regulator DivK. However their in vivo actions appear to 
be opposed – DivJ phosphorylates and PleC dephosphorylates DivK so that its phosphorylation 
levels are reduced in a DivJ mutant but increased in a PleC mutant. Two additional cytoplasmic 
histidine kinases of unknown function, CckN and CckO, have been identified in yeast two-hybrid 
screens as interacting partners of DivK. 

The response regulator DivK and its upstream histidine kinases constitute the third 
phosphorelay cascade leading to CtrA and regulating its activity. Just as the sokA allele of ctrA 
suppresses a conditional divL allele, it also suppresses mutant alleles of divK, divJ and pleC. This 
provides a genetic demonstration of interactions between CtrA and the proteins encoded by these 
three genes. DivJ and PleC also interact with another response regulator protein, PleD, whose 
phosphorylated form activates proteolytic degradation of FliF leading to loss of the flagella, 
transition to the stalked form and entry to S phase. The phosphorylated form of PleD is an active di-
guanylate cyclase that synthesizes cyclic di-guanosine monophosphate (c-di-GMP) from 2 GTP 
molecules. In some other bacteria this small molecule acts as an allostearic regulator activating 
cellulose synthase, but its downstream targets in Caulobacter are not known. 

2.1.4 Dynamic subcellular localization of phosphorelay proteins controlling 
cell division and morphogenesis 

Fusing the gene encoding jellyfish Green Fluorescent Protein (GFP) with that for specific 
Caulobacter signalling proteins made it possible to use fluorescence microscopy to study their 
dynamic localization in living cells during the cell cycle (Figure 4). Each of these signalling proteins 
exhibits a characteristic pattern of localization that reflects its functions in morphogenesis and cell 
division. From being dispersed throughout the inner, cytoplasmic membrane CckA translocates in 
the predivisional cell to the poles, particularly the swarmer pole where it can phosphorylate CtrA 
and initiate flagellar assembly. It returns to its original diffuse membrane distribution by the time 
cell division is complete. DivK translocates from the cytoplasm in the swarmer cell to both poles in 
the predivisional cell where it is regulated by either DivJ (at the stalked pole) or PleC (at the 
swarmer pole). By the time division is complete, DivK has been released from its polar location in 
the swarmer cell to return to its original distribution. However it remains localized at the stalked 
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pole in the stalked cell. At the stalked pole DivJ would activate 
DivK and so promote dephosphorylation and degradation of CtrA, 
favouring progression through the cell cycle. During early 
differentiation of the stalked cell, PleC is released from the newly 
forming stalked pole and moves to the opposite pole where it would 
keep DivK inactive and CtrA active in inducing flagellar biogenesis. 

Figure 4. Localization of some morphogenetic signalling proteins during the 
Caulobacter cell cycle. CckA and PleC are membrane-bound and cycle as shown 
between being dispersed throughout the membrane and concentrated at the 
indicated poles. DivJ, when present, is always concentrated at the stalked (ST) 
pole. DivK cycles between a diffuse cytoplasmic localization in swarmer cells and 
concentration at the indicated poles in predivisional and stalked cells. The lengths 
of the arrows indicates the time spent between each stage of differentiation. From 
Figure 2 of Jacobs-Wagner (2004). 

 
 

What controls these very striking localization patterns? For the most part the answer to this 
question is not yet known but some elements of the mechanisms involved have emerged. Firstly, 
correct polar localization of DivK depends upon phosphorylation of its conserved receiver aspartate 
and recruitment by DivJ at the stalked pole. Secondly, DivK release from the swarmer pole requires 
PleC, presumably because of the PleC-mediated dephosphorylation of DivK. Thirdly, the release of 
PleC itself from the future stalked pole requires PleC’s own catalytic activity while its localization 
to the swarmer pole requires a protein with similar localization patterns called PodJ. Fourthly, a 61-
residue sequence in the cytoplasmic linker region of the sensor domain of DivJ has been shown to 
be necessary for its proper localization. Finally, the localization of all of these proteins to the correct 
pole depends on MreB, a bacterial homologue of the eukaryotic cytoskeletal protein, actin. MreB 
forms a filament that oscillates during the cell cycle between a spiral form running the length of the 
cell and a medial ring. The ring could be an intermediate in a reversal of polarity of the spiral as the 
flagellated swarmer pole matures into a stalked pole. 

Clearly, although much remains to be elucidated, the correct localization of signalling 
proteins in Caulobacter morphogenesis both controls and is itself dependent upon the phosphorelay 
cascades in which these proteins participate. 

2.2 Sporulation and differentiation in Bacillus subtilis 

Caulobacter is not the only bacterium that differentiates into two cell types. Under 
conditions of high population density and starvation, many gram positive bacteria belonging most 
notably to the genera Bacillus (aerobic) and Clostridium (anaerobic) can differentiate to form an 
endospore enclosed within a mother cell which subsequently perishes (Figure 5). 
The endospore is an extremely heat- and dessication resistant quiescent cell that is of medical 
significance because some endospore-forming bacteria of both genera are human pathogens (eg. 
Bacillus anthracis, causative agent of anthrax, and Clostridium tetani, causative agent of tetanus). It 
is the extreme resistance properties of bacterial endospores that determine the minimum 
requirements for successful sterilization of culture media, equipment and surgical instruments. 
Phylogenetic studies have shown that the important signalling interactions and central mechanisms 
for sporulation are conserved amongst all endospore-forming bacteria. What seems to change the 
most in different lineages is the sensor domains of the receptor kinases that transmit relevant 
environmental information to the cells. This implies that different environmental signals relevant to 
endospore formation are monitored by the different species – as might be expected given the very 
varied habitats in which they live, including oil wells, salt lakes, soil or infected mammalian hosts. 
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Endospore formation (Figure 5) has been most intensively studied in the saprophytic soil bacterium, 
Bacillus subtilis. 

Figure 5. The key stages of the sporulation cycle in 
Bacillus subtilis (from Figure 1 of Errington, 2003). 
The inset (from “Todar’s Online Textbook of 
Bacteriology”, www.textbookofbacteriology.net, 
Kenneth Todar, 2002) shows electron micrographs of 
sporulating cells at each of the major stages. The 
formation of endospores is a complex and highly-
regulated form of development in a relatively simple 
(procaryotic) cell. In all Bacillus species studied, the 
process of spore formation is similar, and can be 
divided into seven defined stages (0-VI).The 
vegetative cell (Stage 0) begins spore development 
when the DNA coils along the central axis of the cell 
as an "axial filament" (Stage I).  The DNA then 
separates and one chromosome becomes enclosed in 
plasma membrane to form a protoplast (Stage II). The 
protoplast is then engulfed by the mother cell 
membrane  to form a intermediate structure called a 
forespore (Stage III) . Between the two membranes, 
The core (cell) wall, cortex and spore coats are 
synthesized (Stage IV). As water is removed from the 
spore and as it matures, it becomes increasingly heat 
resistant and more refractile (Stage V). The mature 

spore is eventually liberated by lysis of the mother cell. The entire process takes place over a period of 6-7 hours and 
requires the temporal regulation of more than 50 unique genes. Inset image and description of the stages were kindly 
provided by Kenneth Todar.  

 
When B. subtilis cells reach stationary phase they enter a so-called transition state in which 

they must choose between several possible survival strategies – endospore formation, nutrient 
scavenging and transformation. Nutrient scavenging is the strategy of first choice and involves 
expression of genes for chemotaxis towards nutrient sources, secretion of antibiotics that inhibit 
competitors and the secretion of extracellular enzymes, such as proteases, that degrade 
environmental macromolecules into their constituents for uptake as nutrients. If the adverse 
conditions that elicit the nutrient scavenging strategy persist but do not worsen significantly, 1-10% 
of the cells will opt for the transformation strategy. This involves the cell differentiating to become 
competent for the uptake of exogeneous DNA (released into the environment by the lysis of other 
cells). This can lead to formation of recombinant cells with new combinations of genetic 
information that could enhance survival. Because endospore formation is a complex energy-
intensive process, the cell only commits itself to this path as a last resort in response to integrated 
information from multiple environmental and physiological signals. These signals converge on the 
phosphorylated form of a master regulator protein, Spo0A~P, whose levels determine whether or 
not the cell enters the sporulation pathway. At intermediate Spo0A~P levels, only the nutrient 
scavenging and (in some cells) transformation strategies are pursued. When Spo0A~P reach high 
enough levels, cells will abandon the nutrient scavenging strategy, forego the transformation 
strategy and sporulate. 

2.2.1 Spo0A and the phosphorelay in endospore formation 

In Figure 6, which shows the basic outline of the sporulation phosphorelay mechanism, a sensor 
histidine kinase autophosphorylates the conserved histidine in its transmitter domain and then 
passes this phosphate to an aspartate in the receiver domain of Spo0F. The phosphate is thence 
passed via a histidine in Spo0B to an aspartate residue in the receiver domain of Spo0A, the final 
response regulator. Although only one sensor kinase is shown in Figure 6, there are in fact 5 
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different sensor kinases (KinA to KinE) in B. subtilis that send signals into this phosphorelay 
(Figure 7).  

Figure 6. The Bacillus 
subtilis sporulation 
phosphorelay (from Figure 
1 of Stephenson & Hoch, 
2002). 

 
 
 
 

The two most important of these, in order of significance, are KinA and KinB. The other kinases on 
their own seem able only to generate intermediate levels of Spo0A~P, sufficient for the nutrient 
scavenging and competence pathways, but insufficient to induce sporulation. Although it is clear 
that sporulation is initiated primarily by starvation and high cell density, the molecular identities of 
the signals to which the sensor kinases respond are unkown. 

Figure 7. Regulation of the phosphorelay and the 
initiation of sporulation in Bacillus subtilis. 
During the growth phase AbrB represses genes 
involved in the three stationary phase survival 
strategies (boxed) – sporulation, nutrient 
scavenging and transformation. At the onset of 
stationary phase, multiple signals result in activity 
of the phosphorelay producing intermediate levels 
of phosphorylated Spo0A. These levels of 
Spo0A~P are sufficient to support the nutrient 
scavenging and eventually in some cells the 
transformation strategy for survival. Under more 
extreme circumstances of nutritional stress and 
high density, several positive feedbacks can 
combine with the lifting of several negative 
restraints to elicit production of high levels of 
Spo0A~P. At these high levels, the expression of 
sporulation-specific genes is induced and the cell 
progresses down the pathway of endospore 
formation. Green ellipses indicate proteins whose 
activity stimulates the phosphorelay, while red 
ellipses indicate proteins whose activity inhibits 

it. Arrowheads indicate stimulatory interactions and barred ends indicate inhibitory interactions. Blue arrows stand for 
interactions at the transcriptional level (gene induction or repression) and red arrows stand for interactions at the protein 
level (activation or inhibition). MekR, MekB and ComK are AbrB-repressible proteins involved in the development of 
transformation competence. Other proteins are described in the text. 

Spo0A~P is an active DNA-binding protein that can function either as a positive or a 
negative regulator of transcription and has been shown in recent microarray studies to induce, 
directly or indirectly, the transcription of 349 genes (66 of them in combination with the sigma 
factor � F). The spoIIA, spoIIG and spoIIE promoters are amongst those that are directly induced by 
Spo0A~P and the corresponding gene products play essential roles in Stage II of sporulation (see 
later). These genes are also induced indirectly by Spo0A~P via SinI. The synthesis of SinI is 
induced by Spo0A~P and once made, SinI interacts with SinR preventing it from repressing its 
target genes. 

SpoA~P also directly or indirectly represses expression of as many as 242 different genes, 
including abrB which encodes a transcriptional repressor. AbrB is responsible for repressing 
stationary phase and sporulation functions during the growth phase. Its targets are up-regulated by 
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Spo0A~P indirectly by removal of AbrB-mediated repression. One of these target genes, spo0H, 
encodes the sigma factor � H which targets RNA polymerase to at least 49 promoters controlling at 
least 87 early sporulation genes. These include the kinA promoter and secondary, highly active 
promoters for spo0F and spo0A. By this means a positive feedback is established that results in a 
new, higher level of Spo0A~P committing the cell to sporulation. 

The phosphorelay leading to Spo0A~P accumulation in stationary phase cells is subject not 
only to the positive controls described, but also to negative controls which prevent the cell from 
committing to sporulation inappropriately or prematurely. There are several such negative control 
mechanisms. 

The first mechanism for limiting Spo0A~P accumulation is mediated by cellular GTP levels 
which serve as the main indicator of the status of intermediary metabolism. During growth GTP 
levels are high (1-3 mM), but they drop significantly upon entry to stationary phase. Two proteins 
have been implicated in sensing GTP levels – CodY (early stages) and Obg (later stages). CodY in 
its GTP-bound form is a repressor of stationary phase/sporulation genes including spo0A. 

The second mechanism for restraining Spo0A~P accumulation is by the action of Spo0E, a 
phosphatase which specifically dephosphorylates Spo0A~P. Without Spo0E, Spo0A would become 
maximally phosphorylated even at low levels of activity of the phosphorelay. Spo0E expression is 
subject to AbrB-mediated repression. 

The third mechanism for restricting Spo0A phosphorylation is mediated by pentapeptide 
pheromone signals. The precursors of the pentapeptides are small polypeptides of about 40 amino 
acids that are secreted and processed proteolytically outside the cell, then imported via specific 
transport systems (products of the opp and app operons) into the cell where they inhibit the Rap 
family phosphatases RapA, B and E. The extracellular concentrations of the signalling pentapetides 
depend upon the density of stationary phase cells, so that only at high cell density do they prevent 
the dephosphorylation of Spo0F and thereby allow unrestrained phosphorelay to produce maximum 
Spo0A~P levels. 

The fourth mechanism for limiting the activity of the sporulation phosphorelay is inhibition 
of the KinA kinase by the KipI protein, which is itself antagonized by KipA. The expression of KipI 
and KipA is controlled by carbon and nitrogen sources, so that phosphorelay is inhibited by the 
availability of nutrients and the cell will persist with the nutrient scavenging strategy rather than 
sporulate. 

The fifth mechanism by which Spo0A~P levels are limited is by Soj-mediated repression of 
expression of spo0A. Soj also represses the spoIIA,E and G operons which are targets for Spo0A~P 
induction and its repressive activity is antagonized by Spo0J. During growth the interaction between 
Spo0J and Soj serves what appears to be a completely different function in partitioning 
chromosomes into daughter cells. However these disparate roles may be intimately connected – 
during sporulation Spo0J is required to localize Soj at the poles, probably in association with the 
chromosomal origin of replication oriC. Key spo promoters elsewhere may be liberated from Soj 
repression by this means, which could thus constitute a final checkpoint, delaying progression of 
sporulation until the chromosome has been replicated and the oriC regions have segregated. 

2.2.2 Mother-daughter communication in endospore formation – a 
spatiotemporally regulated sigma factor cascade 

Once the cell has embarked on endospore formation as a result of the accumulation of high 
enough levels of Spo0A~P, a gene expression cascade is induced which is coupled to 
morphogenetic events such as septation to form the forespore and its subsequent engulfment by the 
mother cell. This gene expression cascade is orchestrated by timed, serially dependent expression of 
specific sigma factors each of which associates in its turn with the RNA polymerase core enzyme, 
targeting it to a specific set of promoters (Figure 8). The first of the sigma factors to be induced are 
� E and � F, whose genes belong to the spoIIG and spoIIA operons respectively (Figure 7). Both 
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proteins are synthesized prior to septum formation in an inactive form and both operons also encode 
proteins that regulate the activities of their cognate sigma factors. Only after septum formation do 
these two sigma factors become active – � E in the mother cell and � F in the forespore. 

Figure 8. The mechanisms 
involved in the regulation of 
sigma factors in the 
compartmentalized sporulating 
cell. The symbol �  and 
appropriate letter indicates the 
sigma factors, and precursor 
proteins of these sigma factors 
are indicated as pro-�  and the 
appropriate letter. The status of 
sigma F (� F) in each 
compartment post septation is 
indicated at the top of the 
figure. A vertical line represents 
the asymmetric septum, which 
divides the mother cell and the 
forespore. Arrows indicate 
activation. Circular arrows 
indicate autoregulation. Those 
proteins associated with the 
membrane are illustrated as 
embedded in the septum. 
Unknown regulatory 
mechanisms are indicated with a 
question mark. From Figure 2 of 
Phillips and Strauch (2002). 

 
 
 
 
 
 

Septum formation is thus a critical event in orchestrating other events in spore formation and 
only when the septum has formed, is the cell irrevocably committed to sporulation. The formation 
of the septum is a specialized cell division event that uses much of the same cellular machinery as 
normal cell fission including the FtsZ ring which forms in this case not at the middle of the cell but 
near one end. FtsZ is one of the proteins whose synthesis is induced directly by Spo0A~P and the 
resulting rise in its cellular concentration is necessary for ring formation during sporulation. During 
sporulation FtsZ initially forms two rings located near the cell poles, one of which (usually the 
larger) is subsequently “selected” for septum formation. SpoIIE, a protein phosphatase also 
necessary for � F activation (see later), is required for correct placement of the ring. There, as in 
normal cell division, FtsZ acts as a scaffold for recruitment of other cell division proteins to the 
division site and possibly as a GTP-powered contractile structure.  

With the FtsZ ring in place, septation proceeds by a process of membrane invagination and 
initial synthesis of some cell wall material which is later removed (this lends support to the idea that 
spore formation evolved as a modified form of normal cell division). Septation is complete before 
the entire forespore chromosome has been segregated to the spore compartment. During 
chromosome segregation the chromosomal origin of replication, oriC, is translocated and anchored 
to the poles by a mechanism that is not understood but involves several proteins – DivIVA, Spo0J, 
Soj and RacA. However, only about 30% of the chromosome, centred around oriC, is initially 
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located within the forespore. The rest is subsequently transported there from the mother cell over a 
period of 10-15 minutes by a DNA translocase, SpoIIIE. It is during this brief period when the 
forespore is bereft of about 2/3 of the genes while the mother cell has 2 copies of them, that some of 
the critical asymmetries between mother and forespore are established. These asymmetries cause the 
two cells to embark on different programmes of gene expression as shown in Figure 8. 

One such asymmetry arises from the location of the SpoIIA operon on the opposite side of 
the chromosome from oriC. SpoIIAB is an anti-sigma factor (and protein kinase) which, in the 
mother cell, is bound to � F keeping it inactive. However SpoIIAB is labile so that its concentration 
drops rapidly in the forespore in the period before delivery of the SpoIIA operon to that 
compartment. This would result in activation of � F only in the forespore. The second, and perhaps 
most important asymmetry is that the SpoIIE protein phosphatase which is associated with the 
division machinery, is delivered into the forespore after septation by a SpoIIIE-dependent 
mechanism. There it dephosphorylates the protein SpoIIAA in opposition to the kinase activity of 
SpoIIAB. Dephosphorylated SpoIIAA displaces � F from its complex with SpoIIAB, so that the 
sigma factor is free to associate with RNA polymerase. The combined effects of increased SpoIIE 
and decreased SpoIIAB concentrations in the forespore thus result in the activation of � F-mediated 
gene transcription there but not in the mother cell. 

Amongst the genes whose transcription is directed by � F is spoIIR whose gene product is 
secreted into the intermembrane space of the septum bounded by the forespore and mother cell 
membranes. There it activates the SpoIIGA protease, an integral membrane protein located in the 
septal membrane of the mother cell. On the mother cell side of the membrane, the activated 
SpoIIGA proteolytically cleaves pro-� E to release active � E and so initiate � E-dependent gene 
expression in the mother cell. 

Another of the � F-dependent genes expressed in the forespore is spoIIIG which encodes � G, 
the next sigma factor to be deployed in the forespore. However, � G is also synthesized in an inactive 
form. Its activation depends upon the proteins encoded in the spoIIIA operon transcribed only in the 
mother cell by � E-directed RNA polymerase. The SpoIIIA proteins are initially located in the mother 
cell septal membrane and after engulfment are found in the topologically equivalent outer forespore 
membrane. How, from this location, they activate � G is unknown, but having been thus activated, � G 
directs the transcription of a suite of genes in the forespore involved in spore maturation and 
germination. Amongst the � G-dependent genes is spoIVB whose protein product in the forespore 
somehow sends a signal to activate the SpoIVFB protease that resides the mother cell septal 
membrane in an inhibitory complex with SpoIVFA and BofA. 

The role of the activated SpoIVFB protease in the mother cell membrane is to activate the 
final mother cell-specific sigma factor, � K, encoded by sigK. Expression of sigK depends upon � E in 
two ways. Firstly sigK is transcribed from a � E-driven promoter. Secondly, sigK in many Bacillus 
strains is interrupted by a 48 kbp element called skin that is excised precisely by a site-specific 
recombinase (SpoIVCA) whose expression also depends on � E (as well as on SpoIIID). SpoIVCA is 
encoded within the skin element itself. Transcription in the mother cell from � K-driven promoters 
results in the assembly of the outer spore coat and production of dipicolinic acid, which is 
accumulated as its calcium salt by the maturing spore to very high concentrations and is responsible 
for many of its essential resistance properties. Some of the � K-dependent gene products are also 
responsible for the eventual lysis of the mother cell – a form of programmed cell death – that occurs 
after spore maturation is complete. 

2.3 Differentiation and morphogenesis in Myxococcus xanthus 

Caulobacter differentiation occurs as part of the growth cycle and does not depend upon the 
presence of neighbouring cells, whereas sporulation in Bacillus is initiated under starvation 
conditions at high cell densities when growth is no longer an option. The social bacterium 
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Myxococcus xanthus takes this cooperativity one step further in its foraging behaviour and fruiting 
body formation. M. xanthus is one species of the myxobacteria, gliding bacteria that live in soil 
environments and, under conditions of starvation and high density, aggregate together to form true 
multicellular structures that contain resistant, dormant spores (Figure 9).  

Figure 9. 

Fruiting bodies of myxobacteria. (A) 
Myxococcus fulvus. Phase contrast. Bar, 50 
mm. (B) Stigmatella aurantiaca. Phase 
contrast. Fruiting body is about 150 mm tall. 
(C) Chondromyces crocatus. Slide mount, 
phase contrast. Bar, 100 mm. Myxococcus 
xanthus fruiting bodies are similar in 
morphology (but not pigmentation) to those of 
M. fulvus. From Figure 1 of Dworkin (1996). 
 

Myxococcus cells exhibit two different forms of gliding motility that can be separated 
genetically and are mediated by completely different mechanisms. Adventurous or A motility is 
exhibited by isolated cells, while social or S motility requires close association between cells and is 
exhibited only in groups. The mechanism of A motility is still not understood. S motility is 
mediated by extension and retraction of Type IV pili and also requires the lipopolysaccharide O-
antigen on the cell surface as well as polysaccharide/protein appendages called fibrils. During 
growth, S motility allows M. xanthus cells to migrate together in groups and prey on other bacteria 
by secreting enzymes that lyse and digest the macromolecules of their victims. This so-called “wolf 
pack” behaviour supports faster growth because of the cooperative effect of many cells secreting the 
necessary lytic enzymes. Under starvation conditions S motility allows myxobacteria to aggregate 
and form fruiting bodies, within which a proportion of the cells differentiate into round myxospores. 
Mutants deficient in S motility are therefore unable to aggregate and sporulate. 

2.3.1 Initiation of development by starvation and extracellular signals 
The primary signal that initiates development in M. xanthus is starvation. As in other 

bacteria, this elicits the so-called stringent response whereby nutritional stress is sensed by the 
stalling of protein synthesis and accompanying activation of RelA, the ribosome-associated 
(p)ppGpp synthase. The resulting increase in (p)ppGpp concentrations regulates transcription 
leading to decreased rRNA synthesis, cessation of growth and increased expression of early 
developmental genes. Amongst these are genes encoding proteins whose activity leads to production 
of extracellular developmental signals (morphogens) that accumulate and thus convey cell density 
information to the developing myxobacteria. 

The extracellular signals controlling early development were originally discovered 
genetically by testing the ability of pairs of non-developing mutants to restore one another’s ability 
to develop normally when mixed together. This phenomenon was called extracellular 
complementation by analogy with genetic complementation in which two different mutant genomes 
are mixed within a cell (by appropriate genetic crosses) and tested for restoration of normal 
behaviour. Extracellular complementation tests of pairwise combinations of mutants revealed 5 
distinct groups, A to E. Whereas mixtures of cells from different mutants within the same group 
were unable to form fruiting bodies, mixtures of mutants from different groups could undergo 
normal development. These results indicated that mutants within each extracellular 
complementation group were deficient in the production of a specific extracellular factor or signal 
that could still be supplied by mutants from a different group. 

The mutants within each group have been found to express developmentally regulated genes 
normally up to a characteristic time in development. Development was arrested at this time point 
which therefore represented the time at which the extracellular signal missing in that group would 
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normally have been deployed. Thus the order of action in development of the 5 extracellular signals 
was found to be B,A,D,E,C (Figure 10). 
Figure 10. 

Multicellular 
morphogenesis in 
Myxococcus 
xanthus. On the 
developmental 
timeline, the 
black triangles 
indicate the 
expression time 
of developmental 
genes expressed in all cells before the initiation of C-signalling; the hatched triangles indicate the expression time of C-
signal-dependent genes, all of which are only expressed in sporulating cells. The time of action of the A to E signals is 
indicated by the arrows below the timeline. Cellular arrangements during the different stages of fruiting body formation 
are shown above the timeline. The greyscale colouring of cells according to the intensity profile shown on the right 
indicates the level of C-signalling in individual cells during the different morphological stages. At 72 h, cells inside the 
fruiting bodies have matured to spores, and the cells remaining outside the fruiting bodies are the peripheral rods. From 
Figure 1 of Anderson et al. (2003). 

The mutant genes associated with the extracellular complementation groups in M. xanthus 
have been identified and, in some cases, provide clues to the identity of the corresponding signal. 
The genes in the A group are asgA,B,C and D. Two of these (asgA and asgD) encode histidine 
protein kinases with both kinase and response regulator domains. AsgB is a putative transcription 
factor with a helix-turn-helix DNA-binding motif near its C terminus, while AsgC is the RNA 
polymerase sigma factor � 70 (also known as SigA or RpoD). AsgA and/or D could directly or 
indirectly sense the accumulation of the alarm molecule (p)ppGpp and activate AsgB- and AsgC-
directed transcription of genes encoding the extracellular proteases that produce the A-signal. These 
extracellular proteases are secreted and hydrolyse cell surface proteins whose constituent amino 
acids accordingly increase locally in concentration to an average of about 25 uM. This is insufficient 
to support growth but sufficient for a subset of six amino acids (tryptophan, proline, phenylalanine, 
tyrosine, leucine and isoleucine) to jointly constitute the A-signal. Proteins involved in transducing 
the A-signal include SasS, a histidine kinase, and SasR, its cognate response regulator. 

Apart from the A-signal, the best understood of the 5 extracellular M. xanthus 
developmental signals is the C-signal. The processed product of the only C group gene, csgA, the 
authentic C-signal appears to be the 17 kD C-terminal portion of the 25kDa CsgA protein. CsgA is 
secreted by developing M. xanthis cells and processed by an extracellular protease to produce the 
active C-signal. The full length CsgA protein shares homology with short chain alcohol 
dehydrogenases (SCADs), its N terminal region containing the NAD+-binding motif and the C 
terminal portion containing the catalytic domain. The absence of the NAD+-binding site from the 
active C-signal suggests that the protein’s putative enzymatic activity does not play a role in its C-
signalling capabilities. Exogeneous addition of both the active, N-terminally truncated form and the 
full length form of CsgA are able to rescue development in C-group mutants, the full length form 
doing so by first being clipped by extracellular proteases as in normal development. 

The three remaining extracellular signals (B, D and E) are less well characterized. The only 
gene in the B group is bsgA which encodes a protein sharing homology with the E. coli Lon 
protease. The nature of the B-signal is still not understood but its generation requires the BsgA 
protein and so may depend, directly or indirectly, on a proteolytic event. As is the case with A-
signal transduction, a histidine kinase (SpdS) and response regulator (SpdR) pair are involved in B-
signal transduction. The only gene in the D group is dsgA which encodes an initiation factor for 
translation, IF3. Point mutations in dsgA reduce the efficiency of sporulation but do not completely 
prevent it, while disruption of the gene is lethal. Presumably the generation of the D signal depends 
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more sensitively than other cellular functions on some aspect of IF3 activity in translation initiation. 
The generation of the E-signal depends upon two esg genes which encode the E1�  and E1�  subunits 
of branched-chain keto acid dehydrogenase. This enzyme produces coenzyme A-linked forms of the 
fatty acids isovalerate, methyl butyrate and isobutyrate suggesting the possibility that these short 
chain branched fatty acids might constitute the E-signal. Consistent with this, the defect in E group 
mutants can be rescued by exogeneous supply of isovalerate. 

2.3.2 C-signal transduction and sporulation after aggregation 
Four of the five Myxococcus morphogenetic signals are involved in early development – the 

first six hours after the onset of starvation, during which time there is little overt morphological 
change in the lawn of starving bacteria. After 6 hours of development, the cells begin to aggregate to 
form mounds that will develop into mature fruiting bodies. This change and the associated shifts in 
gene expression patterns are initiated by the C-signal. Although C-signal can rescue development in 
csgA mutants when supplied exogeneously in solution, transmission of the C-signal between cells 
during normal development depends on direct end-to-end cell contacts because CsgA (full length 
and clipped) is membrane-bound and (presumably) localized at the poles. Such end-to-end contacts 
between cells are more frequent in aggregating streams of cells and most frequent within mounds, 
so that the aggregation process results in an ordered increase in the level of C-signalling and 
provides a link between it and the stage of morphogenesis that has been reached. 

C-signal transduction pathways lead from an unidentified receptor(s) to three different 
responses in the cells that are separated in space and time – C-signal amplification, aggregation and 
sporulation in mounds (Figure 11). 

 
Figure 11. 

Model of the C-signal transduction pathway. The schematic illustrates the C-signal transmission between two 
neighbouring cells. For simplicity, the components in the pathway are only shown in the cell on the right. These 
components are also present in the cell on the left. In this cell, only csgA is shown to illustrate the signal amplification 
loop labelled ‘2’. The second signal amplification loop is labelled ‘1’. HPK indicates the hypothetical FruA histidine 
protein kinase. Modified from Figure 2 of Anderson et al. (2003). 

The first of the three C-signalling pathways leads to heightened induction of transcription of 
csgA and so to an increase in the level of C-signal. The proteins encoded by the act operon, ActA to 
D mediate this response. ActA is a histidine kinase and ActB is its cognate response regulator that 
activates csgA transcription, while ActC and D somehow control the correct developmental timing 
of csgA expression. A consequence of this positive feedback is that the level of C-signalling 
continues to increase once it has been initiated. 
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The second of the C-signal-mediated responses is aggregation and, as noted above, it also 
feeds back to increase the level of C-signalling by increasing the frequency of end-to-end contacts 
between cells. The earliest recognized component in the transduction pathway leading to 
aggregation is the activation (possibly by phosphorylation) of FruA, a DNA-binding response 
regulator whose expression was induced earlier in development by the A- and E-signals. FruA, in its 
turn, activates the Frz chemotaxis-like signalling system and this leads to aggregation. The Frz 
proteins include homologues of the major chemotaxis-signalling proteins in E. coli. FrzCD is a 
methyl-accepting chemotaxis protein (MCP) homologue whose role is presumed to be analogous to 
the MCPs of E. coli which function as receptors and transmembrane signal transducers. However 
FrzCD differs from them in being a soluble, cytoplasmic protein, implying that the signals to which 
it directly responds must be intracellular, having either entered the cell or been produced in response 
to an extracellular signal. Cytoplasmic MCPs are known in other bacteria as well, Rhodobacter 
sphaeroides for example. FrzE is a hybrid histidine kinase with catalytic and response regulator 
domains related respectively to the CheA and CheY chemotaxis proteins of E. coli. A second 
chemotaxis-like signalling system, the Dif system, also contributes to S motility and aggregation in 
response to lipidic (dioleoyl phosphatidyl ethanolamine) signals released by neighbouring cells. It 
includes DifA, a transmembrane MCP whose extracellular domain seems too small to specifically 
bind an extracellular water-soluble ligand. The transmembrane domains of DifA may interact 
directly with specific lipid ligands or indirectly via other macromolecules in the membrane such as 
the polysaccharide fibrils that adorn the surface of M. xanthus cells. Both the fibrils and the lipid 
seem to be required for aggregation based on S motility. Other proteins of the Dif signalling system 
controlling S motility are DifE (a CheA homologue) and DifD (a CheY homologue). 

The third C-signal transduction pathway involves FruA-mediated induction of the genetic 
programme leading to sporulation. Phosphorylation of FruA by an unknown upstream histidine 
kinase leads to induction of FruA~P-dependent genes such as devTRS and repression of genes such 
as dofA whose expression depends upon the unphosphorylated FruA. It is this shift in gene 
expression at high C-signalling levels that leads to phosphorylation. 

The three C-signalling pathways indicated are able to control the timing of morphogenesis 
because they differ in the threshold levels of C-signalling activity required for their activation. Thus 
the early, low levels of csgA expression are sufficient to activate further expression via the Act 
proteins. By 6 hours of development the C-signalling levels have reached the threshold for eliciting 
aggregation. As the cells enter aggregation streams and then form mounds the level of C-signalling 
through end-to-end contacts increases to the point where for some of the cells within the mounds 
sporulation is induced. Other cells within the mounds ultimately undergo autolysis in a form of 
programmed cell death while the peripheral rods, cells which failed to enter the aggregates, embark 
on a completely different programme of gene expression. Thus, in Myxococcus xanthus, it is 
contact-mediated C-signalling that provides the necessary check-points allowing the extent of 
morphogenesis to regulate gene expression. 

3. Eukarya 

3.1 Cell cycle control and differentiation in Saccharomyces 
cerevisiae 

Eukaryotic microorganisms, like their prokaryotic neighbours, face fluctuating levels of 
nutrients and food supplies in the environment, and like them have evolved survival strategies to 
deal with these uncertainties. The baker’s yeast Saccharomyces cerevisiae has a choice of different 
developmental pathways when faced with declining nutrient levels (Figure 12). 
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Figure 12. Cell differentiation during the 
life cycle of the budding yeast S. cerevisiae. 
In the presence of abundant nutrients, yeast 
cells can proliferate as either haploid or 
diploid vegetative cells via a mitotic cell 
cycle. However, they can differentiate in 
several ways in response to both internal and 
environmental cues. Diploid cells, when 
starved for nutrients, can progress down 
either of two pathways of differentiation. 
Cells starved for nitrogen in the presence of 
a fermentable carbon source can differentiate 
into a filamentous form known as 
pseudohyphae, which are capable of 
invading the substratum. Alternatively, cells 
starved for nitrogen on a poor carbon source 
can undergo meiosis and sporulation to 
generate haploid cells. Haploid cells of both 
mating types (a and � ) can proliferate via a 
mitotic cell cycle during which they can 
convert to the other mating type via a 
programmed DNA rearrangement known as 
mating-type switching. In addition, when 
exposed to peptide mating pheromone 

secreted by cells of the other mating type, haploid cells can differentiate into gametes capable of mating to form a zygote 
competent to give rise to diploid vegetative cells. From Figure 1 of Wittenburg and La Valle (2003). 

At low nitrogen levels in the presence of an abundant, fermentable carbon source the 
normally unicellular, diploid yeast switch to a filamentous form of growth during which the cells 
elongate, bud at the pole opposite the last site of cytokinesis and fail to separate from daughter cells 
after budding. This results in the generation of multicellular pseudohyphae, so called because of 
their macroscopic similarity to the true hyphae of filamentous fungi or molds which are composed 
of multinucleated (coenocytic) tubes of continuous cytoplasm. The pseudohyphal growth form of 
Saccharomyces can be considered a nutrient scavenging mode – the elongated form has a more 
favourable surface to volume ratio for nutrient uptake and the filamentous growth allows 
penetration of the substratum for potentially better access to nutrient sources. 

When both nitrogen and fermentable carbon sources are lacking, diploid yeast cells undergo 
meiotic divisions to produce a packet (ascus) containing four haploid progeny called ascospores – 
two of each of the mating types a and � . The process of meiosis provides an opportunity for genetic 
recombination between the members of each pair of chromosomes in the diploid. Just as is the case 
for Bacillus subtilis cells that become transformation competent, new combinations of genetic 
information could arise from this process that might better suit their bearers to altered 
environmental circumstances. The ascospores are resistant to dessication, heat, freezing and some 
chemical agents (although not as resistant as bacterial endospores) and can be dispersed in that form 
to environments more suited to growth. They thus represent a potent survival strategy for yeast cells 
that have fallen on hard times. 

Germination of the ascospores produces haploid yeast cells that are able to grow vegetatively 
just as did the diploid parent from which they were derived. However, if a nearby cell is of the 
alternative mating type, each of the two haploids responds to a pheromone released by its partner by 
differentiating into an elongated, pear-shaped gamete called a ‘shmoo’. During shmooing, the cells 
elongate towards one another in a chemotaxis-like process, meet and fuse to form a new diploid 
zygote. Additionally, during growth, yeast mother cells that have budded at least once undergo a 
process called mating type switching, whereby copies of the alternate mating type alleles are placed 
into the mating type expression site on chromosome III. Thus even a solitary ascospore that has by 
misfortune (or by the design of an experimenter!) found itself without sexually compatible 
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neighbours will generate them during growth and go on to produce diploids homozygous at all 
except the expressed mating type loci. 

3.1.1 Pseudohyphal growth 
Of the two alternative differentiation pathways open to a starving diploid yeast cell, 

pseudohyphal growth is the less well studied. However it is clear that one of the fundamental 
features of this form of growth is an alteration of the cell cycle – the G1 phase of the cell cycle 
(following mitotic division (M phase) and preceding DNA replication (S phase)) is shortened, while 
the G2 phase (following S and preceding M) is lengthened. It is the prolonged period of polar cell 
growth in G2 that generates the elongated morphology of the cell prior to unipolar budding. This 
shifting of the cell cycle results from modulation of the two major cell cycle checkpoints controlling 
entry to the S and M phases respectively. As in other eukaryotic cells these check points are 
controlled by cyclin-dependent protein kinases (CDKs) which consist of a catalytic (the kinase) and 
a regulatory subunit (cyclin). In S. cerevisiae a single catalytic subunit, Cdc28, is used in 
conjunction with several different cyclins which are employed at different stages of the cell cycle. 
Three G1 cyclins (Cln1-3) control passage though G1 and entry to S while four mitotic or B-type 
cyclins (Clb1-4) control entry to and passage though mitosis. 

The pathways that induce pseudohyphal growth do so by activating the G1 cyclins (firstly 
Cln3, which in turn induces synthesis of Cln1 and Cln2) and inhibiting the mitotic cyclins so that 
passage through G1 and entry to S is accelerated while entry to mitosis at the end of G2 is delayed 
(Figure 13).  The two best studied pathways involve a MAP kinase cascade or cAMP-activated 
protein kinase A. In the former case the pathway contains most of the elements involved in mating 
pheromone responses (see later) but leads to phosphorylation of a different MAP kinase - Kss1. 
Both pathways lead to activation of transcription factors that would induce expression of G1 cyclins. 
In addition to these two pathways, the transcription factor Xbp1 and the cyclin-inhibiting tyrosine 
kinase Swe1 play roles in filamentation although precisely how they are integrated into the 
signalling pathways is not clear. 
Figure 13. Proposed pathways regulating cyclin-dependent kinases during pseudohyphal differentiation in 
Saccharomyces cerevisiae. From the nutritional signals that elicit filamentation, the pathways proceed via activation of a 
MAP kinase phosphorylation cascade, cAMP-activated protein kinase (PKA), Swe1 tyrosine protein kinase (a Cln/CDK 
inhibitor), or the stress-induced transcription factor 
Xbp1. Ste11 is the yeast equivalent of mammalian 
MAPKKK (MAPKK kinase), Ste7 the equivalent of 
MAPKK (MAPK kinase) and Kss1 is a MAP 
kinase (MAPK). Flo8 and Tek1/Ste12 are 
transcription factors. Unphosphorylated Kss1 
inhibits Ste12 and its phosphorylation relieves this 
inhibition. Flo8 and Tek1/Ste12 are transcription 
factors. The pathways activating Swe1 and Xbp1 
are uncertain and both may be coupled to the MAP 
kinase pathway. A variety of other proteins whose 
activities influence CDK activities also have 
corresponding effects on filamentation. Green 
ellipses indicate proteins whose activity stimulates 
apical growth, while red ellipses indicate proteins 
whose activity inhibits it. Arrowheads indicate 
stimulatory interactions and barred ends indicate 
inhibitory interactions. Blue arrows stand for 
interactions at the transcriptional level (gene 
induction or repression) and red arrows stand for 
interactions at the protein level (activation or 
inhibition). 
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3.1.2 Meiosis and sporulation 
S. cerevisiae zygotes enter meiosis and sporulation when deprived of both a nitrogen source 

and a fermentable carbon source. The entry to meiosis depends both upon repression of the G1 
cyclins so that the mitotic cycle is arrested in G1, and upon induction of the transcription factor Ime1 
which elicits transcription of meiosis-specific genes (Figure 14). Both are a response to starvation, 
but Ime1 is expressed only in diploid cells heterozygous at the mating type locus (ie MATa/� ). This 
is because in haploid cells the transcriptional regulator Rme1 is active, both in repressing IME1 
expression and in inducing G1 cyclin expression. IME1 expression is also repressed by the G1 CDKs 
containing cyclins Cln1 or Cln2 (Cln1-2/CDKs). In addition, Cln1-2/CDKs inhibit the nuclear 
localization of Ime1 with the result that it cannot interact with target DNA sequences. Accordingly 
only starving, diploid cells embark upon meiosis. 

Figure 14. 

Regulation of cyclin-dependent protein kinase 
(CDK) during meiosis and sporulation. Diploid cells 
undergo meiosis and sporulation when starved for 
nitrogen and a fermentable carbon source but grow 
vegetatively when both nitrogen and carbon sources are 
abundant. A: Ime1, the primary inducer of meiosis-
specific genes, and G1 cyclins, which promote entry into 
the mitotic cell cycle are subject to differential regulation 
by the Rme1,a haploid-specific repressor of meiosis, and 
SBF, the primary G1-specific transcriptional activator. B: 
The primary repressor of B type cyclin/CDK activity 
during meiosis, Sic1, and the major transcriptional 
activator of CLB genes, Ndt80, are differentially 
regulated by the meiosisspecific protein kinase Ime2. 
Clb-associated CDKs are also subject to inhibition by the 
Swe1 protein kinase until synapsis and recombination are 
complete. From Figure 2 of Wittenburg & La Valle 
(2003). 

During mitotic growth of both haploids 
and diploids, IME1 expression is repressed 
partly by Cln1-2/CDKs and partly by the 
transcriptional regulator SBF (which also 
induces the G1 cyclins). Under these same 
conditions the Ime1 polypeptide is also 
inactivated by virtue of being excluded from 
the nucleus and being inhibited from 
interacting with its transcriptional co-activator 
Ume6. Thus mitotic growth and meiotic 
sporulation are mutually exclusive. 

Amongst the genes whose expression is induced by Ime1/Ume6 upon entry into meiosis is 
IME2 which encodes a meiosis-specific protein kinase. Ime2 phosphorylates and so promotes the 
proteolytic destruction of Sic1, an inhibitor of mitotic CDKs containing the cyclins Clb5 and Clb6 
(Clb5-6/CDKs). At the same time Ime2 activates Ndt80, the major transcriptional activator of 
CLB1-6 expression. As a result of these two activities of Ime1, the B-type cyclins are activated and 
elicit progression though the events of meiosis including DNA replication, synapsis/recombination 
and meiotic division. Along the way, Swe1 functions as a check point kinase to inhibit Clb1-
4/CDKs and meiotic progression until chromosome synapsis and recombination events are 
completed properly. 
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Swe1 also plays a check point role in mitosis, restricting progression until the actin 
cytoskeleton is properly assembled in preparation for budding and, as noted above, it monitors 
filamentation signals during pseudohyphal growth. How it monitors these disparate signals is not 
known and is one example of the gaps in our understanding of yeast cell differentiation pathways 
that remain to be filled. 

3.1.3 One locus, three cell types 
The result of meiotic sporulation is an ascus containing four haploid ascospores, two of each 

mating type (a and � ), derived from one parental diploid cell. When it germinates, each haploid cell 
can begin vegetative growth and mitotic proliferation. However the presence of mating pheromones 
from cells of the opposite mating type will induce further differentiation – gametogenesis or 
shmooing – as a prelude to mating. For this to occur, the cells of each mating type must synthesize 
and release its corresponding pheromone and must also express a receptor for the pheromone of the 
opposite mating type. In other words, vegetatively growing yeast cells can be one of three distinct 
cell types – diploid, haploid a, and haploid � . The different patterns of gene expression in these 
three cell types result from the expression of mating type-specific transcription factors encoded by 
the mating type alleles in residence at the mating type (MAT) locus on chromosome III. 

The genetic configuration of the mating type locus in each of these three cell types is shown 
in Figure 15. 
Figure 15.  The mating type locus in Saccharomyces 
cerevisiae. The locus on Chromosome III can be 
divided into 5 regions based upon their presence in 
the two mating type alleles, MATa and MAT� , and in 
the two silent copies on the left (HML) and right 
(HMR) arms of Chromosome III. The two MAT alleles 
differ only in the approximately 700 bp region Y 
which thus has two alleles Ya and Y� . Each of the Y 
regions contains divergent promoters for two 
transcripts as indicated by the arrows. Most of the 
coding sequence of the encoded polpeptides is 
contained within the Y region. The MAT� 1 transcript 
is repressed in the MATa/�  diploid by the 
Mata1/Mat� 2 heterodimer. The X and Z1 regions are 
shared with HMR, while the W and Z2 regions are shared with HML. These provide regions of sequence identity that 
promote the strand alignment and annealing involved in the gene conversions that lead to mating type switching. 

 As described in the previous section, in haploid cells the transcriptional repressor Rme prevent 
expression of Ime and diploid-specific genes. However RME expression is itself repressed in the 
diploid by a heterodimer of the Mata1 co-repressor and the Mat� 2 homeodomain DNA-binding 
protein. Cells of the two haploid mating types owe their differences to the activities of the MAT�  
gene products in combination with the Mcm1 polypeptide - Mat� 2/Mcm1 represses a-specific 
genes, while Mat� 1/Mcm1 induces the expression of � -specific genes. In a haploid a cell, neither of 
the MAT�  gene products is present so that the constitutive state prevails - a-specific genes are 
expressed and � -specific genes are not. Mata2 has no known function, while Mata1 exerts its 
function only in the diploid state where it can combine with Mat� 2. 

3.1.4 Gametogenesis and mating 
The process of gametogenesis leading to mating is induced in haploid a and �  cells by 

pheromones secreted by neighbouring cells of the opposite mating type. The pheromones bind to 
their cognate receptors (Ste2 for the � -factor, Ste3 for the a-factor) of the ubiquitous eukaryotic 
GPCR (G-Protein Coupled Receptor) family and thereby elicit dissociation of the �  and ��  subunits 
of the associated G-protein. The G��  heterodimer released in this way then interacts with and 
activates the Ste20 protein kinase which phosphorylates Ste11, a MAPKK kinase (MAPKKK). The 
ensuing phosphorylation cascade culminates in activation of the MAP kinase Fus3 which, in its 
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turn, phosphorylates and activates two target proteins - the transcription factor Ste12 and the CDK 
inhibitor Far1 (Figure 16). 
 Figure 16. Signal transduction pathways controlling 
gametogenesis in Saccharomyces. Binding of the 
pheromone to its cognate receptor (Ste2 = �  factor 
receptor, Ste3 = a factor receptor) causes a 
conformational change and dissociation of the 
hetertrimeric G-protein (Gpa1 = �  subunit, Ste4 = �  
subunit, Ste18 = �  subunit). The Ste4/Ste18 (�� ) 
heterodimer activates Ste20 a serine/threonine protein 
kinase which initiates the MAP kinase 
phosphorylation cascade. Ste11 (MAPKKK), Ste7 
(MAPKK) and Fus3 (MAPK) are each in their turn 
phosphorylated by the preceding kinase and thereby 
activated. At the end of the phosphorylation cascade, 
Fus3 phosphorylates and activates the Cln/CDK 
inhibitor Far1 as well as the transcription factor Ste12. 
As described in the text, the former causes cell cycle 
arrest in G1 and formation of mating projections, 
while the latter causes pheromone-inducible gene 
expression. Arrowheads indicate stimulatory 
interactions and barred ends indicate inhibitory 
interactions. Blue arrows stand for interactions at the 
transcriptional level (gene induction or repression) 
and red arrows stand for interactions at the protein 
level (activation or inhibition). 

Ste12~P initiates the characteristic pheromone-dependent changes in gene expression that 
accompany gametogenesis. For example, pheromone treatment induces a 20-fold increase in the 
expression of KAR3, which encodes a kinesin-like motor protein required for nuclear fusion. At the 
same time, Far1 that has been phosphorylated by Fus3 inhibits the G1 CDKs – both Cln3/CDK-
mediated induction of Cln1,2 expression and Cln1-2/CDK activities are suppressed, so that the cell 
cycle arrests in G1 phase. In addition, Far1~P binds to and activates Cdc24, a GTP Exchange Factor 
(GEF) for the small GTP-binding protein Cdc42. This promotes release of GDP and binding of GTP 
to Cdc42, activating its role in actin filament recruitment to and promotion of the mating projections 
that lend shmoos their characteristic elongated morphology. Cdc42 also plays an important role in 
actin recruitment during budding ov vegetatively growing cells. 

As is the case with so many critical developmental events, Far1 activation is coupled to the 
cell cycle and is autocatalytic. Thus FAR1 expression is limited to G1 and is induced severalfold by 
pheromone signalling. Furthermore the Far1 protein is also phosphorylated by Cln/CDK, an event 
which promotes its ubiquitination and proteolytic degradation. By inhibiting Cln/CDK activity Far1 
thus facilitates its own stabilization in G1. After G1, when Cln/CDK levels are high, the protein 
becomes labile because of its CDK-mediated phosphorylation. This pattern of regulation means that 
Far1-mediated gametogenesis and mating are restricted to G1. Mutants that lack Far1 still exhibit 
normal pheromone-induced gene expression because of Ste12 activation, but gametogenesis and 
mating are impaired. Restricting mating to G1 coordinates it with nuclear events, ensures that each 
mating partner contributes a single spindle polar body (SPB) for participation in nuclear fusion and 
guarantees correct stable ploidy after fusion of nuclei in the zygote. Furthermore the formation of 
the mating projection in a shmoo may be effective only in G1 when the cell is not budding. 

3.1.5 Silent copies of the mating-type alleles and mating-type switching 
In homothallic yeast strains, mating can occur in a clonal population of cells derived from a 

single haploid ascospore. This occurs because of the phenomenon of mating type switching whereby 
experienced mother cells (ie. those that have budded at least once) switch mating types before 
budding again. Mating type switching involves copying the mating type allele present at one of the 
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silent loci HML or HMR into the mating type locus MAT to replace the existing alleles at that site 
(Figure 17). 

 Figure 17. 

Mating-type switching at the MATa locus. The HO endonuclease creates a double-strand break at the Y/Z1 
border of the MAT locus and initiates gene conversion by using the silent donor. The two donor loci (HML and HMR) 
are maintained in a transcriptionally inactive chromatin structure (indicated by diagonal stripes). Other shared regions of 
homology are indicated. The preference for the HML donor in MATa cells is mediated by the recombination enhancer 
(RE) region located ~17 kb centromere-proximal to HML. The positions of HML, RE, the centromere ( ), MAT and 
HMR are indicated. Figure kindly provided by Prof. J.E. Haber, Brandeis University 
(http://www.bio.brandeis.edu/haberlab/jehsite/donorprf.html). 

Unlike MAT, HML and HMR are each flanked by a pair of related but distant silencer regions– 
HML-E, HML-I, HMR-E, HMR-I – sequences which are binding sites for a complex of proteins that 
collaborate to produce a transcriptionally silent region of about 3 kb of highly ordered 
heterochromatin between the E and the I silencer sequences. These proteins include Sir1-4 (Silent 
Information Regulator proteins), DNA-binding proteins Rap1 and Abf1, proteins of the Origin 
Recognition Complex (ORC) which assemble at DNA replication origins, protein trans-acetylases 
and deacetylases and chromatin assembly factors. 

Each of the 4 silencer regions is able to act as an origin of replication when placed into an 
extrachromosomal plasmid, but does not function as such normally. Thus although the ORC 
proteins in this case are needed for silencing they do not normally initiate replication at these sites. 
The Sir proteins do not bind directly to the DNA but indirectly via other DNA-binding proteins in 
the complexes. The Sir proteins also play other roles in the cells – in gene silencing at telomeres, in 
maintaining mitotic chromatin structure, in limiting rates of recombination and in stabilizing rDNA. 
These functions also have repercussions for cell longevity – Sir proteins promote longevity in yeast 
cells and Sir2-like proteins (sirtuins – NAD+-dependent deacetylases) do the same in animals. These 
and many other proteins are required for or affect silencing, enhancing or weakening it, and their 
roles are not all understood. 

Because of the transcriptional silencing of the HML and HMR loci, only the mating type 
alleles at the MAT locus are expressed and thus control the gene expression patterns associated with 
the haploid mating type or with diploidy (see earlier). The switching of mating types that occurs in 
homothallic yeast strains is initiated by the activity of HO, a site-specific endonuclease that 
recognizes a 24 bp sequence at the border of the Y region with the Z region in MAT (Figure 15). 



Preprint version. 
 

25 
   
 

The silencing of HML and HMR also protects them from recognition and cleavage by HO, so that 
only the MAT locus is cut to leave a 4 base-pair, 3’-overhang on each side of the cleavage site. The 
3’ ends are resistant in vivo to exonucleolytic digestion, but the 5’-ends are processed by 5’-to-3’ 
exonuclease activity which includes a trio of interacting proteins (Rad50, Mre11 and Xrs2). This 
yields long, single stranded 3’ tails both sides of the cut site, one of which extends through the Y 
region and the other of which extends through the Z region. The latter invades the homologous 
region of HML or HMR, as the case may be, where it is extended across the HO cut site through the 
Y region using the silent alleles as template, replicated and subsequently used to displace the 
remaining 3’ tail at the MAT locus. The non-reciprocal nature of this gene conversion means that a 
copy of the silent alleles has now replaced the original alleles at the MAT locus. 

Because there are two silent loci containing mating type alleles the process of mating-type 
conversion involves a selection of either HML or HMR as the donor locus. This selection is not 
random – MATa cells almost always use HML as the donor and MAT�  cells use HMR. Since the 
great majority of strains carry �  alleles at HML and a alleles at HMR, this results in high rates of 
mating-type switching. This donor selectivity results from activation of the left (HML) end of 
chromosome III for mating-type donation (and for recombination) in MATa cells and its inactivation 
in MAT�  cells (making HMR the only donor available). A 270 base-pair sequence called RE 
(Recombination Enhancer) that is responsible for donor selectivity has been identified on the left 
arm of chromosome III , 17 kilobase pairs to the right of HML. This 270 bp sequence contains four 
regions (A to D) that are highly conserved amongst different Saccharomyces species. 

Region C of RE includes a consensus binding site, an operator sequence, to which the 
Mat� 2/Mcm1 repressor binds. At other such sites in the genome, this represses the expression of 
nearby a-specific genes but in this case, in conjunction with the Tup1 and Ssn6 proteins, it 
inactivates HML selection, suppresses other recombinational events in the region and elicits the 
assembly of a chromatin structure with tightly phased nucleosomes. In MATa cells, with Mat� 2 
absent, Mcm1 binds to the same site and activates the region for recombination and HML selection. 
Thus a 2 base-pair mutation in the operator eliminates the ability of Mcm1 to bind to it and 
abolishes the preference for HML in MATa cells. Furthermore, a mutant Mcm1 with reduced ability 
to bind to the operator also impairs HML preference in MATa cells. 

Regions A and D, as well as another nearby sequence region (designated E) have been found 
to contain sites for in vivo binding of two transcriptional activators – the forkhead proteins Fkh1 and 
Fkh2 and the associated protein Ndd1. As is the case for the Mcm1 site in Region C, the Fkh1/Fkh2 
binding sites in Regions A,D and E do not function in transcription regulation but in activation of 
HML donor preference. 

The process of mating type switching is one of the best understood examples of a 
developmentally regulated DNA rearrangement that functions in the regulatory cascades involved in 
cellular differentiation. A prokaryotic example involving excision of an intervening sequence (skin) 
was described in the earlier section on Bacillus sporulation. 

3.2 Differentiation and morphogenesis in Dictyostelium discoideum 

Yeast differentiation is fundamentally a unicellular process - even the pseudohyphae, 
although multicellular, do not contain specialized cells communicating with one another and serving 
different functions in the whole multicellular assemblage. In this respect, the social amoeba (or 
cellular slime mould) Dictyostelium discoideum is different. In the wild Dictyostelium amoebae lead 
a predatory lifestyle, actively hunting bacteria chemotactically (bacterially secreted folate and other 
pterins serving as the attractants) and feeding on them by phagocytosis. Like the prokaryotic 
myxobacteria, Dictyostelium amoebae, when starved at high density, will differentiate and aggregate 
chemotactically (towards secreted cAMP signals) to eventually form a multicellular fruiting body 
within which the cells specialize to form different tissues with different functions (Figure 18). The 
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choices by cells as to which differentiation pathway to take have already been made at the mound 
stage of development when they first differentiate into recognizably different cell types  - prespores 
and several sub-classes of prestalk cells – as revealed by differential expression of cell type-specific 
genes. The different cell types have been marked by expression of reporter genes such as lacZ under 
the control of cell type-specific promoters and their developmental fates mapped (Figure 18). 

 Figure 18. Multicellular development in Dictyostelium. 

Panel A. A montage of scanning electron 
micrographs of stages in the Dictyostelium life 
cycle. Successive developmental stages are shown 
proceeding anticlockwise from the early aggregate 
formed by chemotactic aggregation of starving 
cells. The mature fruiting body is approximately 2 
mm high. The original image was kindly provided 
by M.J. Grimson and R.L. Blanton, Biological 
Sciences Electron Microscopy Laboratory, Texas 
Tech University. 

Panel B. Diagrammatic representation of 
culmination where, for the sake of clarity, the band 
of pstB cells that will form the outer basal disc (see 
Panel C) is not shown. The ecmA promoter can be 
divided into two parts, a proximal part (the ecmA 
region) that directs expression predominantly in 
the cells within the tip (ie. in the pstA cells) and a 
distal part (the ecmO region) that directs 
expression in cells in the back of the prestalk 
region (the pstO cells) and in a subset (pstO:ALC 
cells) of the Anterior-Like Cells (ALC). The whole 
ecmA promoter (the ecmAO promoter) directs 
expression in all these cell sub-types and have been 
termed the pstAO population. From Plate 6 of 
Maeda et al.(1997). Image kindly provided by 
Prof. J.G. Williams, University of Dundee. 

Panel C. PstB cell behaviour at 
culmination. The pstB cells are defined by 
selective staining with neutral red and because they 
express the ecmB gene at a high level relative to 
the ecmA gene. They have a complex movement 
pattern during slug migration. In this 
representation, for the sake of simplicity, separate 
pstA and pstO populations are not shown, but the 
behaviour of the entire pstAO population is 
represented. From Plate 7 of Maeda et al. (1997). 
Image kindly provided by Prof. J.G. Williams, 
University of Dundee. 

 
Although cells in the mounds and later 
stages of development are predestined to 
differentiate according to the 
developmental fate map shown in Figure 
18, they are not irrevocably committed to 
do so. In fact, right up until the final 

stages of differentiation with the deposition of the spore or stalk cell wall, they are able to 
transdifferentiate into the other cell types or even dedifferentiate and return to the vegetative state 
under appropriate conditions. This developmental plasticity is important in the changeable soil 
environment for a fragile organism that might easily suffer mechanical injury with tissue loss during 
development. 
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Unlike the myxobacteria, Dictyostelium interposes between the aggregation stage and the 
final formation of the fruiting body, a multicellular migratory stage - the "slug",  so called because 
of its superficial resemblance to garden slugs. The slug is phototactic and thermotactic - behaviours 
which are controlled by a specialized region in its tip and designed to take the organism to the soil 
surface, the most advantageous place from which to disperse the spores of the fruiting body. The 
slug contains several different tissues and cell types, distinguishable on the basis of subtle 
morphological differences and different patterns of gene expression (Figure 18). Intercellular signals 
and associated intracellular signalling cascades control the initial transition from growth to 
development, the subsequent process of chemotactic aggregation, the formation of the slug and its 
motile behaviour, the morphogenetic processes that transform the slug into a fruiting body as well 
as the spatial patterns and proportions of its cell types. Not surprisingly, Dictyostelium devotes more 
of its ca. 12000 genes to signal transduction than any other well studied microorganism. 

3.2.1 The transition from growth to development 
Like the prokaryotes Bacillus and Myxococcus and the eukaryote Saccharomyces, 

Dictyostelium differentiation is elicited in response to two major signals - shortage of nutrients and 
signals from neighbours. At the onset of starvation at high cell density, polysomes are disassembled 
(and later reassembled), the expression of growth-specific genes (such as those encoding UMP- and 
GMP-synthetases) is repressed and the earliest developmentally induced genes are expressed. 
Although the precise molecular nature of the starvation signal is not understood, at least one signal 
has been characterized that informs the cells of their density in a growing culture. That signal is PSF 
(PreStarvation Factor), a 65 kD protease-sensitive and heat-labile glycoprotein that is secreted into 
the medium. Its concentration is proportional to the cell density and reaches the threshold for 
eliciting development about 4 generations prior to the end of the exponential phase of growth. PSF 
induces some of the first genes to be expressed during development when added to growing cells 
that would otherwise not express them. These include carA (encoding the major cAMP receptor 
used during chemotactic aggregation), pdsA (which encodes a secreted cAMP phosphodiesterase 
needed during aggregation) and members of the discoidin gene family (possibly used during 
aggregation for cell-substratum interactions). However this response is inhibited by the presence of 
bacteria, so that the PSF response effectively measures the ratio of amoebal to bacterial cell density. 
When exhaustion of the bacterial food supply becomes imminent, the first events in the growth to 
development transition are induced. 

The PSF receptor has not been identified but several intracellular signalling proteins have 
been identified as playing roles in the PSF signal transduction pathway (Figure 19). YakA is a 
protein kinase whose absence results in cells that fail to aggregate and fail to repress growth-specific 
genes at the onset of starvation. YakA is a member of the family of Dyrk (Dual specificity Yak-
related kinases) found in a variety of eukaryotes, including Saccharomyces, Drosophila and 
mammals, where their functions in the cell cycle and development, when known, appear to be 
analogous to those of YakA in Dictyostelium. The use of a temperature-sensitive YakA mutant 
allowed demonstration that it plays essential roles throughout development, downstream of  G-
protein-coupled receptors. PufA is a member of the pumilio/FBF family of proteins that bind to 
specific sequences at the 3' ends of target RNA transcripts, preventing their translation. In this way 
the Drosophila pumilio protein, together with the nanos protein, binds to nanos response elements 
(NREs) in the mRNA for the hunchback protein, inhibiting its expression. PufA in Dictyostelium 
binds to similar sequence elements found near the 3' end of the coding sequence of the mRNA of 
PKA (Protein Kinase A, cAMP-dependent protein kinase). PufA was found by virtue of the fact that 
in a YakA-deficient mutant, disrupting the pufA gene restores starvation-induced PKA synthesis and 
development. PufA is expressed during growth but disappears after a couple of hours of starvation. 
While present and active it keeps PKA expression suppressed at the translational level even after 
transcription of the pkaC gene has been initiated in the earliest stages of development. 
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Figure 19. The Prestarvation Factor (PSF) signalling 
pathway for initiating Dictyostelium development. 
PSF binds to an unknown receptor presumably 
belonging to the GPCR (G Protein Coupled Receptor) 
superfamily and elicits a signalling cascade that 
activates the protein kinase YakA which in turn 
phosphorylates and inhibits the RNA-binding protein 
PufA. In its active, nonphosphorylated form, PufA 
binds to the 3’ end of  cAMP-dependent protein 
kinase (PKA) mRNA preventing its translation. Once 
made and activated, PKA induces downstream genes 
directly or indirectly by phosphorylation of target 
proteins, ultimately regulating specific transcription 
factors such as Myb2 or CRTF (cAMP Responsive 
Transcription Factor). Growth phase-specific 
transcripts are repressed and aggregation-specific 
transcripts are induced. These include those required 
for synthesizing and secreting cAMP such as adenylyl 
cyclase A (ACA) and for sensing and responding to 
extracellular cAMP signals, such as the cAMP 

receptor (cAR1). This establishes an autoactivatory feedback loop for induction of early development. YakA also 
phosphorylates other targets to arrest cell cycle progression at the phase shift point PS where cells exit from the cell 
cycle and enter differentiation. Arrowheads indicate stimulatory interactions and barred ends indicate inhibitory 
interactions. Blue arrows stand for interactions affecting protein expression (at the transcriptional or post-transcriptional 
level) and red arrows stand for interactions affecting protein activity (activation or inhibition). 

Intracellular cAMP signals, through PKA, act as master signals throughout Dictyostelium 
development and, like so many key developmental signals, are autocatalytic in nature. The genes 
whose transcription is induced by PKA-activated transcription factors include those encoding the 
major adenylyl cyclase involved in aggregation (ACA), the cAMP receptor (cAR1), the extracellular 
cAMP phosphodiesterase (PDE) whose activity keeps background extracellular cAMP levels low 
during aggregation and the phosphodiesterase inhibitor (PDI) that prevents premature destruction of 
the extracellular cAMP signal in the earliest stages of aggregation. One of the responses to 
extracellular cAMP is activation of ACA to produce more cAMP which is secreted as the 
extracellular attractant during aggregation, but which also functions as an intracellular signal 
activating PKA. PKA-signalling also represses growth-specific transcripts. Two of the transcription 
factors that participate in these signalling pathways downstream of PKA are Myb2 and CRTF 
(cAMP Response Transcription Factor).  

Another action of PSF signalling through YakA is to cause cell cycle arrest. Conditional 
YakA overexpression causes growth arrest, while growth-specific genes including PufA continue to 
be expressed in YakA-deficient mutants. As is the case with some rapidly growing embryonic cells 
in metazoa, the Dictyostelium cell cycle includes only a very short or nonexistent G1 phase. 
Experiments with synchronously dividing cell populations have revealed that starving cells progress 
about 2/3 of the way through G2 before they exit the cell cycle and differentiate. The cells that are 
closest to this point at the onset of starvation differentiate first, are presumably the first to start 
extracellular cAMP signalling, and become thereby the cells at the centres of aggregation. During 
subsequent differentiation in the aggregates they preferentially differentiate into prespore cells and 
ultimately into spores. The later arrivals, initially at the periphery of the aggregates, preferentially 
become prestalk cells, entering the tip and ultimately forming the stalk. 

There are other proteins involved in the growth-to-development transition whose roles are 
not yet completely clear, including GdtA (a large, integral membrane protein) and AmiB which 
appears to act upstream of Myb2 (as mutant phenotypes can be suppressed by ectopic expression of 
Myb2). Clearly there is more to be learned about how development is initiated in Dictyostelium but 
a solid foundation for future work has been laid. 
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3.2.2 Chemotactic aggregation 
PSF informs the cells of imminent depletion of the bacterial food supply and induces early 

gene expression in preparation for aggregation. Once the food supply has been exhausted and 
starvation has begun, PSF production declines and a second secreted protein called CMF 
(Conditioned Medium Factor) assumes the role of a cell-density-dependent signal. CMF is an 80 kD 
glycoprotein whose presence is required above a threshold concentration for the onset of 
aggregation. Starved mutant cells lacking CMF are unable to respond to extracellular cAMP signals 
with the normal Ca2+ influx, cGMP synthesis or cAMP synthesis and they cannot aggregate unless 
CMF is supplied exogeneously. However they become responsive to cAMP within 10 seconds of 
exposure to CMF, suggesting that CMF’s permissory action in aggregation is to regulate cAMP 
signal transduction. CMF also induces expression of a number of developmentally regulated genes 
including those encoding gp80 (a cell-cell adhesion molecule involved in aggregation) and SP70 (or 
CotB, a protein expressed in prespore cells in aggregates). The details of the CMF signalling 
pathways remain unknown but there appear to be at least two CMF receptors with affinities in the 
nanomolar range – a G-protein-coupled receptor regulating cAMP responsiveness and a 50 kD 
transmembrane protein with two or three predicted transmembrane domains (CMFR1) mediating 
CMF-induced gene expression. 

The first hours of differentiation in Dictyostelium render the cell competent to begin 
synthesizing, secreting and responding to the chemoattractant cAMP. The cAMP signals are 
detected by cAMP receptors belonging to the ubiquitous eukaryotic GPCR family with their seven 
transmembrane domains, extracellular ligand-binding regious and intracellular signalling domains 
that couple to heterotrimeric G proteins. There are 4 cAMP receptors in Dictyostelium, cAR1-4 
encoded by the genes carA-D, two with high affinities (cAR1,3 - in the nM range) and two with 
lower affinities (cAR2,4 - in the � M range). The major receptor involved in aggregation is cAR1. 
Binding of extracellular cAMP to cAR1 elicits three kinds of response - 

1. synthesis and secretion of cAMP so that the chemoattractant signal is relayed from one cell to the 
next, 

2. chemotactic movement towards the source of cAMP so that the cells aggregate,  

3. expression of aggregation-specific genes including those required for cAMP responses so that 
once it has been initiated, aggregation is an autocatalytic process. 

During aggegation the cAMP signal is pulsatile with a period of  about 6 minutes and it 
spreads through the field of aggregation-competent amobae as waves that emanate from the 
aggregation centre. This occurs because the cAMP signal elicits synthesis and secretion of further 
cAMP by neighbouring cells, while at the same time extracellular phosphodiesterase degrades the 
cAMP left behind in the back of the passing wave. The signal transduction pathway involved in 
cAMP signal relay is shown in Figure 20. Binding of cAMP to cAR1 elicits a conformational 
change in the receptor and dissociation of the heterotrimeric G-protein G� 2��  from the receptor to 
release the � 2 subunit and the ��  heterodimer. The � 2 subunit stimulates some of the downstream 
events involved in chemotaxis, such as cGMP synthesis, while the ��  heterodimer stimulates 
phosphatidylinositol-3 kinases (PI3K1-3) to phosphorylate phosphatidyl inositol bisphosphate 
(PIP2) converting it to PIP3. PIP3 recruits the protein CRAC (Cytosolic Regulator of Adenylyl 
Cyclase) through its PH (Pleckstrin Homology) domain to the membrane from where it activates 
ACA (Adenylyl Cyclase A). Other proteins that participate in this process include ERK2 
(Extracellular Signal Regulated Kinase 2), RasC, Aimless (a guanine nucleotide exchange factor 
that activates Ras) and Rip3 (Ras Interacting Protein 3). The recruitment of CRAC to the plasma 
membrane occurs locally in the cell in the region of highest cAMP concentration, closest to the 
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cAMP source. This would be the leading edge of an aggregating cell. However the adenylyl cyclase 
is localized at the opposite end of the cell where synthesis and secretion of cAMP relays the 
attractant signal to cells further out from the aggregation centre. Clearly information must pass from 
the leading edge to the rear of the cell to activate ACA, but the nature of this information transfer is 
unknown. 

 Figure 20. The regulation of adenylyl cyclase A. 
Binding of cAMP to the serpentine receptor 
cAR1 induces dissociation of the heterotrimeric 
G-protein, G2, into its �  and ��  subunits. The ��  
subunits induce activation of 
phosphatidylinositol-3 kinase (PI3K) in a manner 
that is not yet understood. PI3K converts 
phosphatidyl inositol [4, 5] bisphosphate (PIP2) 
into phosphatidyl inositol [3, 4, 5] trisphosphate 
(PIP3). PIP3 binds to the pleckstrin homology 
domain of CRAC, the Cytosolic Regulator of 
Adenylyl Cyclase and thereby recruits CRAC 
from the cytosol to the plasma membrane, where 
it can participate in adenylyl cyclase A (ACA) 
activation. A set of proteins, including the MAP 

kinase, ERK2, the small G-protein, RasC, the guanine nucleotide exchange factor, RasGEF, the Ras Interacting Protein 
(Rip3), and a novel protein, pianissimo (Pia) are also required for ACA activation. The interactions of these proteins 
with each other and with CRAC and ACA have not yet been clarified. cAMP produced by ACA is rapidly secreted to 
further activate ACA in a positive feedback loop. Binding of cAMP to cAR1 blocks ACA activation via a negative 
feedback loop, that is little understood. Extracellular cAMP is degraded by the phosphodiesterase PdsA, which 
terminates both loops and returns cells to the basal excitable state. From Figure 2 of Saran et al. (2002). 

Amoeboid motility involves different cytoskeletal events in different parts of the cell – 
pseudopod activation and extension at the leading edge, retraction in the rear. Chemotactic signals 
activate both of these processes in such a way as to translate a shallow extracellular attractant 
gradient into steep intracellular signalling and response gradients – a fast, local pseudopodium 
activation signal at the leading edge and a slower, global pseudopodium inhibition signal elsewhere. 
This spatially polarized response is not due to gradients of chemoreceptor or associated G-proteins, 
as fluorescently tagged forms of these are distributed uniformly or close to uniformly around the cell 
surface. Instead it is the activation of PI3 kinases at the up-gradient or leading edge which exhibits 
the first dramatic asymmetry in chemotactic signalling events. Their action is opposed by that of 
PTEN, a phosphatase which converts PIP3 (phosphatidyl inositol triphosphate) back to PIP2. After 
a chemotactic stimulus, the PI3 kinases phophorylate PIP2 to form PIP3 in the membrane at the 
leading edge of the cell. At the same time PTEN, which is initially distributed in the cell membrane 
uniformly over the entire cell surface, is displaced from the front leaving it localized in the rear 
portions of the cell. This accentuates further the PIP3 gradient in the membranes created by the PI3 
kinases. The phenotypes of null mutants show that PTEN and all three PI3 kinases in Dictyostelium 
contribute to chemotactic orientation – PI3K2 to the greatest extent, followed by PI3K1 and PI3K3. 
The activation of PI3 kinases involves their dynamic translocation from the cytoplasm to the 
membrane by an unknown recruitment mechanism that depends upon their N-terminal domains. 

Once recruited to the membrane, the PI3 kinases are activated by a Ras protein through their 
Ras-binding domains to synthesize PIP3. This results in the recruitment of several PH domain 
proteins to the site including, not just CRAC (see above), but also the docking protein PhdA and 
Akt/PKB protein kinase. PhDA acts at the leading edge to facilitate the assmbly there of the 
necessary proteins for pseudopodial extension including F-actin. PhDA-null mutants are defective 
in actin assembly at the leading edge. Amongst the target proteins for the Akt/PKB kinase is PAKa, 
itself a protein kinase homologous to the mammalian p21-activate kinases (PAKs). Surprisingly, in 
response to an attractant stimulus, PAKa translocates to the posterior of the cell where it associates 
with the actomyosin cytoskeleton. PAKa activity in the rear cortex of the cell inhibits myosin heavy 
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chain kinase, causing dephosphorylation of the myosin heavy chain by uncharacterized 
phosphatases. This activates myosin assembly into bipolar thick filamants, its association with actin 
and its participation in actomyosin contractions. Cortical contraction of the rear of the cell is 
inimical to pseudopodium extension. Thus the relocation of PAKa to the rear after its PKB-
mediated phosphorylation at the leading edge provides a means whereby localized pseudopodium 
activation (in the front) can be coupled to and accompanied by a pseudopodium inhibition signal 
elsewhere (in the rear). 

PTEN and PAKa are not the only signalling molecules whose site of action in chemotaxis is 
in the rear cortex. Attractant binding also elicits an influx of extracellular Ca2+ that occurs primarily 
in the rear cortical regions of the cell via both a G-protein-dependent and G-protein-independent 
pathway. A number of the actin-binding proteins that regulate its assembly into a cross-linked 
network of filaments are Ca2+-regulated. In particular the actin cross-linking protein, � -actinin, is 
Ca2+-inhibited while the actin filament severing and capping protein, severin, is Ca2+-activated. The 
combined effect of elevated Ca2+ on these proteins would be a shortening of the actin filaments and 
a reduction in the extent of their cross-linking. This could facilitate the myosin-mediated sliding of 
actin filaments required for contraction of the rear cortex. However prevention of the Ca2+ influx 
either with Ca2+ channel blockers or by disruption of the iplA (IP3-receptor-like protein) gene has 
no obvious effect on chemotaxis, so that the possible role for Ca2+ fluxes in chemotaxis remains 
elusive. 

Another small molecule whose concentrations increase in response to an attractant stimulus 
(a second messenger) is cGMP. In this case there is strong genetic evidence in the form of mutant 
phenotypes that cGMP plays an important role in actomyosin-mediated contractile events that 
inhibit pseudopodium extension in the rear cortex. The intracellular concentrations of cGMP are 
controlled by two guanylyl cyclases (GCA and sGC) and three phosphodiesterases (PDE3,5 and 6) 
one of which (PDE6) prefers cAMP over cGMP as a substrate. The guanylyl cyclases are activated 
either directly or indirectly by the � 2 subunit that has been liberated from its heterotrimeric G-
protein-receptor complex by cAMP binding to the receptor.  Their action is countered by the 
phosphodiesterases, one of which (PDE5) is itself activated by cGMP at an allostearic site separate 
from the catalytic site. cGMP is a small highly diffusible molecule highly suited to carrying a global 
pseudopodium inhibition signal to all parts of the cell upon attractant stimulation. It binds to two 
proteins (GbpD and GbpC) whose combined activities initiate a phosphorylation cascade 
terminating at the phosphorylation of the regulatory light chain (RLC) of myosin II (Figure 21). 
RLC phosphorylation by MLCKA (Myosin Light Chain Kinase A) and other unidentified kinases 
activates both the association of myosin with the actin cytoskeleton in the rear cortex and its 
catalytic activity in contraction. 

Figure 21. 

Model of the function of GbpC and GbpD. The 
cyclic nucleotide binding domains (cNBD) of the cGMP 
binding proteins GbpC and GbpD bind cGMP leading to the 
activation of the Ras guanine exchange factor domains 
(RasGEF), which activates the small G-protein domain (Ras) 
of GbpC. This results in the activation of the kinase domain 
of GbpC (MAPKKK), which stimulates a phosphorylation 
cascade eventually leading to the phosphorylation of myosin 
II and chemotaxis. Modified from Figure 4 of Bosgraaf & 
van Haastert (2002). 
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Chemoattractant stimulation of Dictyostelium amoebae has been reported to elicit a number 
of other molecular events whose roles in chemotaxis are unclear or controversial. These include K+ 
efflux and H+ influx, phospholipase C-mediated release of inositol 1,4,5-triphosphate and an 
associated release of Ca2+ from the endoplasmic reticulum into the cytoplasm. In addition, all of the 
described intracellular signalling processes that mediate both cAMP signal relay and chemotaxis are 
transient in the face of a constant extracellular cAMP stimulus. This is a result of adaptation 
processes that are poorly understood and include but are not limited to phosphorylation of the 
intracellular C-terminal domain of the cAMP receptor. The phosphorylated receptor has reduced 
affinity for cAMP. Adaptation not only renders the responses transient, but also ensures that cells 
respond to relative changes in attractant concentration rather than to the absolute levels of the 
attractant. 

The final response to pulsatile cAMP signalling during aggregation is induction of 
aggregation-specific gene expression. This begins with the early starvation-induced differentiation 
events as soon as intracellular cAMP and PKA levels are sufficient for PKA activation. However, 
with the arrival of each wave of extracellular cAMP, the adenylyl cyclase ACA is activated and the 
intracellular levels of cAMP rise dramatically before most of it is secreted. The resulting pulsatile 
activation of PKA induces further expression of aggregation-related proteins including gp80 or 
contact sites A (csA) which mediates end-to-end contact of cells in aggregation streams.  These 
contacts facilitate but are not essential for the natural aggregation process. Contact sites A was one 
of the earliest cell-cell adhesion molecules (CAMs) to be isolated from any organism and the 
methods used to identify it were subsequently applied successfully to mammalian systems. During 
the course of aggregation the expression of another adenylyl cyclase (ACB) is induced and, although 
it is not activated by extracellular cAMP signals, it contributes to basal cAMP synthesis and 
secretion rates and thus to the activation of PKA. Both ACA and ACB contribute to the supply of 
intracellular cAMP to activate PKA beyond aggregation into the later stages of development. 

3.2.3 Postaggregative development and cell type choice 
The result of chemotactic aggregation is that the cells crowd together into aggregation 

streams and then into aggregates that with time become ever more tightly packed. One consequence 
of this is the accumulation of a suite of extracellular protein factors that sense cell density and act to 
break up aggregate streams thereby preventing aggregates from becoming too large. One of these 
factors is CF (Counting Factor) which is a high molecular weight complex (~450 kD) of several 
polypeptides including countin (40kD) and CF50 (50kD). Another of the secreted proteins affecting 
aggregate size is a homologue of countin called countin2 that is not part of CF. The ability of CF to 
promote the disintegration of aggregation streams has been attributed to the combined effects of 
subtle changes in cAMP signal relay, cell-cell adhesion, and actomyosin-mediated chemotactic 
motility. 

A second consequence of cells crowding together into aggregates is that the extracellular 
cAMP levels experienced by the cells continue to rise during aggregation to reach micromolar 
concentrations in the mound and slug stages. At these concentrations, binding to the high affinity 
receptors cAR1 and cAR3 is saturated so that even in the face of pulsatile cAMP signals, these 
receptors perceive a constant stimulus that induces expression of genes important for 
postaggregative development. These genes include GBF (G-box Binding Factor) a transcription 
factor required for the expression of postaggregative genes, LagC (a cell surface signalling 
molecule) and RasD (a small GTPase of the Ras superfamily). GBF binds to a defined GC-rich 
sequence element in the promoters of these genes called the G-box and is required for the 
transcription of both prespore-specific and prestalk-specific genes. GBF is activated by high cAMP 
concentrations through the cAR1 cAMP receptor in a G-protein-dependent manner. Extracellular 
cAMP thus acts as a cell density-sensing signal itself, coupling the progress of morphogenesis to 
expression of the appropriate genes. 
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The morphogenetic movements required for slug formation and migration as well as 
culmination are controlled by high concentration waves of cAMP that are relayed through the 
developing tissue in a manner analogous to the waves of cAMP that orchestrate the movements of 
aggregating cells earlier in development. These cAMP waves can be sensed by the low affinity 
cAMP receptors cAR2 and cAR4 which are expressed at these later stages of development. 

Although high extracellular cAMP concentrations and active GBF are necessary for the 
expression of developmentally regulated genes during postaggregative development, they are not 
sufficient on their own to ensure proper morphogenesis and differentiation into the correct cell types 
in the correct spatiotemporal sequence. This requires additional information to inform cells of their 
appropriate developmental fate and position in the multicellular aggregate. This information takes 
two forms. The first is historical – cells that happened to be in the mid-to-late G2 phase of the cell 
cycle at the time of starvation begin to differentiate and enter the aggregate first, occupying its 
central regions where they preferentially differentiate into prespores and ultimately spores. The later 
arrivals initially occupy the outer layers of the mound and preferentially locate (sort) to the tip as 
prestalk cells. The second type of information informing cells as to their correct developmental 
choices takes the form of coupled extracellular signals. These induce cells to choose either the 
prestalk or prespore differentiation pathways with correspondingly different locations in the 
aggregate and different fates in the final fruiting body (Figure 18). They are also responsible for 
regulation of cell type proportions, which remain relatively constant both in the face of major 
variations in slug size and after mechanical trauma to the slug resulting in removal of parts of the 
tissue (such as might occur accidentally in the soil environment or be deliberately performed by an 
experimenter!). Slugs that have been injured in this way reorganize their tissues to form normal 
slugs with the correct proportions and locations of the different cell types. 

The best understood of these extracellular signals is Differentiation Inducing Factor (DIF) a 
dichlorinated hexaphenone which is produced in the mound and later stages of development and 
induces cells to differentiate into stalk cells. In the presence of high extracellular cAMP 
concentrations (required both for prespore and prestalk differentiation), DIF will cause most cells in 
a suspension culture to enter the stalk differentiation pathway, as assayed by expression under the 
control of the prestalk cell-specific ecmA and ecmB promoters. DIF does this both by repressing 
prespore-specific gene expression and inducing prestalk-specific gene expression (although there 
are at least two genes expressed preferentially in prestalk cells that are not DIF-inducible, tagB and 
carB). The prestalk differentiation pathway leading to stalk cell formation is a form of programmed 
cell death that differs from, but shares some features with apoptotic and necrotic cell death pathways 
in mammalian cells. Interestingly enough, DIF has been found to induce cell death in mammalian 
cells as well, making it a potential antitumour agent. 

Although the pathways involved in DIF biosynthesis in Dictyostelium have been elucidated, 
the signalling pathways involved in DIF-induced gene expression remain to be clarified - the only 
signalling molecule known to be involved is intracellular Ca2+. DIF treatment elicits a slow 
prolonged elevation of intracellular free Ca2+ levels that temporally coincides with induction of 
ecmB expression, a marker for late prestalk differentiation. Artifically inducing a similar elevation 
of intracellular Ca2+ levels by pharmacological inhibition of ATP-driven Ca2+ pumps in the 
endoplasmic reticulum also causes ecmB expression. Conversely, inhibition of the DIF-induced 
Ca2+ elevation prevents ecmB expression. The induction of expression of an “early” prestalk gene, 
ecmA,  by DIF precedes and is independent of the elevation of Ca2+ concentration. Thus there are at 
least two different DIF signalling pathways – one involved in “early” prestalk gene expression that 
is independent of Ca2+, and a Ca2+-dependent pathway involved in “late” prestalk gene expression. 

What is the relationship between the cell cycle-regulated and DIF-mediated choices of cell 
type? This was investigated by determining the DIF-sensitivity of cells starved at different stages of 
the cell cycle. Cells starved late in the cell cycle which preferentially differentiate into prespores 
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were less sensitive to DIF than “stalk-loving” cells starved earlier in the cell cycle. Thus the cell 
cycle-regulated preferences for particular cell types may be a result of differential DIF-sensitivity. 
On the other hand, a mutant that is DIF-deficient (but not totally DIF-less) still shows relatively 
normal development, suggesting that cell type choice is not completely DIF-dependent. It is possible 
that in normal development, cell type preferences are initially based on the stage of the cell cycle at 
which cells entered starvation and that the role of DIF is to reinforce this and to generate correct 
proportions of the two cell types. 

How would DIF allow cells to sense cell number in such a way as to produce correct cell 
type proportions in the multicellular tissue of the slug? DIF is produced by prespore cells which are 
however, comparatively resistant to its stalk-inductive activity. Prestalk cells are much more 
sensitive to DIF and also produce a DIF dechlorinase which degrades it so that DIF concentrations 
in the slug are lower in the tip region. These properties can explain how DIF regulates cell type 
proportions as follows. An overabundance of prespore cells would result in overproduction of DIF 
and underproduction of the dechlorinase so that DIF levels would rise. This would cause some cells 
to transdifferentiate from prespore into prestalk cells and thereby lead to a decrease in DIF levels. At 
some point the decreased DIF levels would no longer be sufficient to induce further 
transdifferentiation, but would be sufficient to prevent the more DIF-sensitive prestalk cells from 
converting back into prespore cells. Conversely, if prestalk cells were overabundant, DIF levels 
would drop too low to prevent some of them from transdifferentiating into prespores and producing 
more DIF …. until its levels rise sufficiently to stabilize the prestalk/prespore proportions. With DIF 
being responsible for regulating the proportions of prespore and prestalk cells in aggregates, their 
spatial separation in the slug results from the fact that prestalk (pstA) cells sort chemotactically to 
the tip. This differential sorting behaviour of the different cell types couples the spatial arrangement 
of cells to their differentiation state. 

The differentiation of the different cell types in Dictyostelium aggregates must require the 
activity of cell type-specific transcription factors. Whereas GBF is a necessary transcription factor 
for both prestalk and prespore-specific genes, the transcription factors STATa and STATc regulate 
differentiation specifically in the stalk pathway. Both belong to a family of transcription factors that 
are activated by tyrosine phosphorylation. In mammalian cells STAT phosphorylation is mediated 
by receptor tyrosine kinases (receptors with an intracellular tyrosine kinase catalytic domain) and 
Janus kinases (JAKs) coupled to ligand-induced receptor oligomerization. In Dictyostelium no JAK 
homologues have been found and the tyrosine kinases responsible for STAT phosphorylation 
remain unidentified. STATa induces some prestalk genes (eg. cudA) and represses others (eg. 
ecmB). The main defect in STATa deficient mutants is in precocious expression of late prestalk 
genes exemplified by the marker ecmB, so that they are expressed throughout the prestalk region. 
The phosphorylation of STATa is dependent on the cAR1 cAMP receptor (but independent of 
heterotrimeric G-proteins) and leads to its homodimerization, activation and translocation to the 
nucleus. During normal development, STATa initially localizes to the nucleus in all cells in the 
mounds but this is maintained subsequently only in tip cells. Within minutes of exposing cells to 
exogeneous DIF, STATc is phosphorylated and translocated to the nucleus. It represses ecmA and is 
responsible for the differential expression of ecmA in different sub-populations of prestalk cells. 
Like STATa, STATc can also function as an activator of gene expression, for example in induction 
of gapA and rtoA expression in response to hyperosmotic stress. 

The major roles of both STATa and STATc in prestalk differentiation appear to be as 
repressors. There must also be a positive transcriptional regulator responsible for DIF-induced 
prestalk gene expression. DimA is a bZIP/bRLZ family transcription factor that is required for DIF 
induction of prestalk genes – a DimA null mutant produces but is unresponsive to both endogenous 
and exogenous DIF. 
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Our understanding of the signalling molecules and pathways required for regulating cell type 
choice and proportions in Dictyostelium is still very incomplete. Other proteins for which mutant 
phenotypes indicate roles in these pathways include the putative transcriptional regulators rZIP 
(which contains a RING-type Zn2+-binding domain, a leucine zipper and an SH3 binding motif) and 
Wariai (a homeobox protein preferentially expressed at the mound stage). Disruption of the genes 
encoding rZIP or Wariai cause, respectively, increases or decreases in the proportion of prespore 
cells. The upstream signalling pathways controlling cell type proportions include MEKK�  (a 
MAPKK kinase) whose absence causes a decrease in the proportion of prespore cells. 

3.2.4 Culmination and terminal differentiation 
Dictyostelium slugs migrate for a variable period of time determined by genotype and by 

environmental conditions - low humidity, high ionic strength, overhead light, low cell density prior 
to aggregation and small slug size are amongst the circumstances that favour an earlier decision to 
cease migration and culminate. During development Dictyostelium cells use as a source of energy 
proteins from vegetative growth and earlier developmental stages that are no longer required. 
Ammonia is released as a waste product of this process and used as a morphogenetic signal. Many 
of the conditions that affect the decision to culminate do so by influencing the concentrations of free 
ammonia in and around the tip of the migrating slug - low NH3 levels induce culmination. Overhead 
light, for example, causes the slugs to spend more time with their tips lifted into the air as a result of 
phototactic responses. This allows gaseous NH3 to escape more rapidly from the slug with a 
concomitant decrease in the concentrations in the tip. 

Culmination proceeds by a series of morphogenetic movements in which pstA cells enter a 
stalk tube funnel in the central regions of the tip and differentiate into stalk cells as they move 
downwards in the direction of the substratum relative to other cells in the aggregate. Terminal 
differentiation of stalk cells involves enlargement and vacuolization of the cell, laying down of a 
cellulosic cell wall and, ultimately, membrane breakdown and cell death. The beginning of this 
process is marked by expression of ecmB and other late prestalk genes as the cell enters the stalk 
funnel. The other cells ascend the nascent stalk as it forms and the prespore cells amongst them 
undergo terminal differentiation to form a droplet of spores atop the stalk in the mature fruiting 
body (Figure 18). The terminal differentiation of spores involves cell dehydration and shrinkage, the 
production of a peculiar cytoskeletal structure (the actin rod) responsible for the elongated, slightly 
curved shape of mature spores and the laying down of the spore wall - an extracellular matrix of 
cellulose and proteins whose incorporation into the coat involves extrusion of the contents of 
specialized vacuoles found in prespore cells. 

As with all of the other major stages of Dictyostelium development, intracellular cAMP 
signals activating PKA are essential for terminal differentiation. Thus precocious maturation of both 
stalk and spore cells occurs in response to treatment with the active, membrane permeant cAMP 
analogue 8-bromo-cAMP and in mutants that overexpress the catalytic subunit of PKA (PKAC), or 
are deficient in the inhibitory, regulatory subunit of PKA (PKAR) or which lack RegA – a cAMP 
phosphodiesterase that limits the accumulation of intracellular cAMP. Conversely, maturation of 
both cell types is inhibited by overexpression of a mutant form of the regulatory subunit that 
permanently inhibits the catalytic subunit because it is no longer responsive to cAMP. These results 
show that a further elevation of intracellular cAMP concentrations and correspondingly higher 
levels of PKA activity act as the signal to permit or initiate terminal differentiation and culmination. 

What causes cAMP levels to increase at the time when culmination is initiated? Current 
evidence indicates that extracellular ammonia signals detected by the cell surface receptor DHKC 
act to inhibit the initiation of culmination (Figure 22). DHKC null mutants exhibit accelerated 
morphogenesis like mutants deficient in RegA or PKAR. Conversely, culmination is delayed by 
overexpression of a DHKC mutant form that lacks the DHKC sensor domain and may be 
constitutively active in signalling. This arrest in development can be overcome either by addition of 
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8-bromo-cAMP or by a deficiency in the RegA cAMP phosphodiesterase. The precocious 
culmination of the DHKC null mutant cannot be rescued by ammonia (which normally delays 
culmination) presumably because the mutant is unable to sense the presence of ammonia. The 
decision to culminate is thus mediated in normal development by a drop in extracellular ammonia 
levels which relieves the DHKC-mediated activation of RegA and thereby allows intracellular 
cAMP levels to rise. 

 Figure 22. Signaling pathways controlling 
sporulation. During culmination, protein 
kinase (PKA) is essential to trigger spore 
encapsulation. PKA activity is dependent on 
the level of intracellular cAMP (which 
controls the dissociation of the PKA-C and 
PKA-R subunits), which is the result of the 
balance between synthesis by the adenylyl 
cyclase (AC) and degradation by the hybrid 
protein phosphodiesterase/response regulator 
RegA. The pathway leading to the 
stimulation of RegA activity is proposed to 
be regulated by extracellular ammonia 
accumulation and involves a classical two 
component signaling phosphorelay, 
including the hybrid histidine kinase DHKC 
and the phosphodonor RdeA. Gene 
disruption of any of these components results 
in the interruption of the cascade initiated by 
DHKC and induces rapid sporulation. In 
addition to ammonia, two peptides, SDF1 
and SDF2 released by the prestalk cells, have 
been proposed to activate intracellular 
pathways, the final output of which seems to 
be a modulation of PKA activity. SDF2 is 

probably processed by the protease/ABC transporter TagB/C and is probably a ligand for the histidine kinase DHKA. 
The downstream components of DHKA are so far unknown. DHKA shares partially redundant functions with a third 
histidine kinase, DHKB, a potential receptor for discadenine, an inhibitor of germination. From Figure 5 of Aubry and 
Firtel (1999). 

DHKC is one of five histidine protein kinases found in Dictyostelium – homologues of the 
histidine kinases ubiquitously found in bacterial signalling systems. The phosphotransfer from 
DHKC proceeds via the phosphoshuttle protein RdeA which has been shown by genetic suppressor 
analysis to lie upstream of RegA. RegA is a homologue of the bacterial response regulators with an 
N-terminal response regulator domain and a C-terminal cAMP phosphodiesterase catalytic domain. 

For culmination to proceed successfully, morphogenesis and gene expression in 
differentiating spores and stalk cells must be coordinated and correctly timed. This coordination is 
achieved by intercellular signals that mediate communication between cells and regulate the 
differentiation process (Figure 22). Two such signals have been identified. They are secreted 
peptides called Spore Differentiation Factors 1 and 2 (SDF1, molecular mass ~1100 Da and SDF2, 
molecular mass ~1300 Da) which were identified on the basis of their ability to elicit spore 
encapsulation in an in vitro assay. The encapsulation response to SDF1 takes about 75 minutes and 
requires de novo protein synthesis, while prespore cells encapsulate in a matter of minutes in 
response to SDF2. SDF1 is produced at the onset of culmination when it induces the expression of 
culmination-specific genes, while SDF2 is made late in culmination when it elicits a wave of 
encapsulation that passes downwards through the spore mass or sorus. SDF2 binds to the cell 
surface receptor DHKA, another of the Dictyostelium sensory histidine kinases. DHKA null mutants 
exhibit a specific defect in sporulation – they form fruiting bodies with long stalks and few spores. 
This phenotype can be rescued by 8-bromo-cAMP, by PKAC overexpression or by inactivation of 
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either RegA or PKAR. The pathway downstream of DHKA connecting it to Reg A is unknown, but 
the upstream production of SDF2 has been shown genetically to involve the TagB and TagC 
membrane proteins expressed on prestalk cells. These proteins have a predicted protease domain 
suggesting their role in SDF2 production may be hydrolytic processing of a larger precursor 
polypeptide. 

The final targets of signalling pathways in terminal differentiation are specific transcription 
factors which are activated or inhibited as a result. In spore cell differentiation these include Stalky 
and SrfA. Stalky null mutant prespore cells differentiate into stalk cells rather than spores. SrfA null 
mutants produce abnormal, nonviable spores. In stalk cell differentiation one of the important 
transcription factors is STATa - STATa null mutants don’t form stalks and fail to culminate. 

3.2.5 Spore maturation and germination 
Dictyostelium spore coats contain 9 major glycoproteins (and a number of minor proteins) 

and the polysaccharide galuran which are synthesized in prespore cells where they are stored in 
preformed complexes in specialized vesicles – prespore vesicles (PSVs). The PSV contents are the 
main markers for prespore cells. During encapsulation of the spores the PSVs fuse with the plasma 
membrane extruding their contents which then form the protein component of the spore coat. 
During subsequent spore maturation, cellulose is synthesized and extruded though the plasma 
membrane and the coat protein complexes bind to it via one member of the complex, SP96, which 
is a cellulose binding protein. The final mature coat is 210 nm thick and has a complex trilaminar 
structure with an outer protein layer, a double layer of cellulose fibrils and an inner protein and 
galuran layer, with the galuran concentrated near the plasma membrane. Towards the end of spore 
maturation the spore polysomes break down to single ribosomes and trehalose accumulates to high 
concentrations in the cytoplasm where it serves as a heat shock protectant and as an energy source 
during later germination. 

The spores are prevented from germinating prematurely in the sorus by extracellular 
accumulation of a specific germination inhibitor, discadenine (an adenine analogue), and of high 
concentrations of ammonium phosphate and other osmolytes. Germination is induced by removal of 
these (as would occur if the sorus were dispersed into the environment) in combination with a brief 
heat shock and in the presence of amino acids indicating the existence of a food supply. Both 
discadenine and high osmolarity inhibit germination by maintaining high levels of cAMP and 
correspondingly high activities of PKA activity. The receptor for the discadenine signal that inhibits 
germination is DhkB, another of the Dictyostelium sensor histidine kinases that elicits high cAMP 
levels by inhibiting the RegA phosphodiesterase. The osmosensor in spores is the third adenylyl 
cyclase of Dictyostelium, ACG, which is directly activated by high osmolarity to synthesize cAMP. 
Another signalling protein involved in germination is phospholipase C which cleaves PIP2 to form 
diacyl glycerol and inositol 1,4,5-triphosphate (IP3). Diacyl glycerol in the membrane and IP3 in the 
cytoplasm both act as small signalling molecules (second messengers) in eukaryotes, respectively 
activating protein kinase C and the opening of Ca2+ channels in the endoplasmic reticulum. 
Phospholipase C deficient mutants are unable to abort germination once it has been initiated, even 
in appropriate conditions that are inimical to survival of the emerging amoeba. The upstream signal 
for phospholipase C activation in spores and the downstream events that control abortion of 
germination are unknown. Spore germination is itself a developmental programme that is poorly 
understood but includes expression of two cellulases which hydrolyse cellulose in the spore coat to 
allow emergence of the amoeba within. 

4. Conclusion 

The following general principles of microbial development may be gleaned from what is 
known about well studied bacterial and eukaryotic systems. 
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1. Microbial development is usually initiated in response to nutritional stress, frequently in the 
form of a shortage of nitrogen combined with high cell density which is sensed via secreted 
signalling molecules. Developmental programmes presumably evolved independently in 
multiple lineages as a means of escaping the deadly consequences of starvation. The exception, 
Caulobacter, in which development is a constitutive part of the cell division cycle, lives in 
nutrient-poor aquatic environments, may be under constant nutritional stress and so may receive 
little advantage by having development as an optional alternative to growth. 

2. The signalling pathways that initate development involve protein kinase cascades. Bacteria 
primarily use phosphorelays involving histidine protein kinases and response regulators – the so-
called two-component signalling systems. Eukaryotes use tyrosine- and serine/threonine protein 
kinases as well as histidine kinases. 

3. Signalling pathways for development tend to converge upon a master regulator whose activity 
controls entry to major developmental stages eg. CtrA~P in Caulobacter; Spo0~P in Bacillus 
subtilis; PKA in Dictyostelium. 

4. Signalling pathways for initiating development usually terminate with changes in the 
phosphorylation state and activity of transcriptional regulators that either induce or repress 
developmentally regulated genes. 

5. Differentiation is coupled to the cell cycle and cells embark upon differentiation only after cell 
cycle arrest at a specific stage of the cell cycle. The particular cell cycle stage at which this 
occurs can differ in different organisms eg. entry into gametogenesis in late G1 by yeast; onset 
of differentiation in middle to late G2 by Dictyostelium. 

6. Development involves serially dependent, coordinate changes in gene expression whereby genes 
are induced in major groups under the control of common transcription factors and each major 
shift in gene expression is induced by components of the previous one eg. sigma cascades in 
Bacillus; cAMP-elicited PKA signalling in Dictyostelium after the onset of starvation. 

7. Transitions between the major morphogenetic stages in a developmental programme involves 
checkpoints that couple morphogenesis to differentiation. This ensures that morphogenetic 
events and gene expression are coordinated eg. septation in Bacillus endospore formation and 
the sigma factor cascade in the mother cell and the forespore; initiation of culmination by 
ammonia loss from the Dictyostelium slug when the tip is raised from the substratum for an 
extended time. 

8. Differentiation of two or more cell types is coordinated by intercellular signals eg. cross-talk 
between the Bacillus forespore and mother cell; cAMP-, DIF- and SDF2-mediated signalling 
interactions between differentiating spores and stalk cells in Dictyostelium. 

Although the details differ, these fundamental principles of development seem applicable to 
organisms from widely divergent goups. The reason no doubt is a combination of convergent 
evolution and the original presence in ancestral cells of the central mechanisms for signal 
transduction and gene regulation. 
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