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1 Introduction 

The social amoebas, or Dictyostelids, are an excellent system to study complex 

communication between cells in organizing multicellular development, since they can still 

alternate a sophisticated programme of multicellular morphogenesis with a unicellular 

feeding lifestyle. Development of multicellularity requires the intricate cell-to-cell 

communication and coordinated regulation of numerous genes (Iranfar et al. 2003; Van 

Driessche et al. 2002; Williams 2006). In the present work, roles of a peptide-based cell-

cell communication system in Dictyostelids will be studied. To introduce the theme, an 

overview is given of the Dictyostelids life history, taxonomic position, and the complex 

intercellular communication required at all stages of their life cycle. Then a special insight 

is given into the mechanism of cell-cell communication at the transition from growth to 

aggregation. The cAMP communication system operating at aggregation stage of D.

discoideum is briefly introduced. The current state of research on peptide mediated cell-

cell communication among Dictyostelids is presented and finally aims of this study and its 

importance are discussed.   

 

1.1 The social amoebae- Dictyostelids
 

The Dictyostelids, which are called cellular slime molds, are a major group of unicellular 

haploid soil-dwelling microorganisms that hover at the borderline of true multicellularity 

(Romeralo et al. 2011a; Schaap et al. 2006). While they spend most of their life cycle as 

solitary amoebae, upon starvation Dictyostelids can aggregate to form a multicellular 

fruiting body that consists of dead stalk cells and live spores (Kalla et al. 2011). The 

entire process of development is coordinated by extensive intercellular communication 

through the production and in response to chemoattractants. 

 

1.1.1 Taxonomy  

For long time, since their discovery in 1869 by Brefeld (Brefeld 1869), Dictyostelids were 

considered to be “lower fungi” based on their superficial resemblance to fungi. 

Dictyostelids are also called "myxamoebae" due to the fact that single cells look like 

amoebae and move and feed in an amoeboid manner. In traditional systematics, all 

amoeba-like protists that constructed spore-bearing fruiting bodies were assigned to 

class Myxomycota of division Mycetozoa in the kingdom of fungi. The Myxomycota were 
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subdivided into the Protostelids, Myxogastrids, and the Acrasiomycetes. Acrasiomycetes 

included two subclasses: the Acrasids and the Dictyostelids. The Acrasids are

significantly different from the Dictyostelids in the morphology of individual amoebas and 

aggregates and lack of cellulose in spore-bearing stalk tubes (Raper 1984; Bonner 

1982). 

 

Modern taxonomy based on a combination of cellular and molecular sequence data has 

revealed six supergroups of eukaryote organisms (excavates, Rhizaria, 

Chromalveolates, Plantae, Amoebozoa and Opisthokonts) that in turn may comprise just 

two superclades: unikonts (Amoebozoa, Opisthokonts) and bikonts (the other 

supergroups; Minge et al. 2009; Richards & Cavalier-Smith 2005; Keeling et al. 2005; 

Keeling 2004; Simpson & Roger 2004; Baldauf 2003; Stechmann & Cavalier-Smith 

2003). Dictyostelids are the members of the supergroup Amoebozoa (consisting mainly 

of unicellular amoeba-like-organisms) that forms a sister clade to the Opisthokonts, the 

group containing fungi and animals, having diverged more recently than the plants 

(Schaap 2011b; Baldauf et al. 2000; Baldauf & Doolittle 1997). Obviously, morphology-

based classification does not represent the genetic similarity between different groups of 

organisms (Schaap 2011b). 

 

1.1.2 Phylogeny of Dictyostelids 

Traditionally, classification of Dictyostelids has been based on their most notable trait, 

fruiting body morphology (Hagiwara 1989; Raper 1984). Based on this trend, three 

genera of Dictyostelids were defined: Dictyostelium (Brefeld 1869) with cellular stalks 

and mostly unbranched or rarely laterally branched fruiting bodies;  Polysphondylium 

(Raper 1984) with regularly spaced whorls of lateral branches on cellular stalks, and 

Acytostelium (Raper 1956) which forms fruiting bodies with acellular stalks composed of 

cellulose. 

 

A cladistic study by Swanson and co-workers (Swanson et al. 2002) proposed that 

traditional fruiting body morphology based classification of Dictyostelids is deeply flawed. 

Later, this suggestion was validated by the first molecular phylogeny based on alpha-

tubulin and SSU (18S) rDNA sequences (Romeralo et al. 2007; Schaap et al. 2006). 

Molecular phylogeny constructed by Schaap et al. (2006; Figure 1) included nearly all of 

the species known at that time (most than 100 isolates of Dictyostelids) into four major 

groups. Group 1 consists of morphologically distinct Dictyostelium species, all of which 
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have small spores bearing fruiting bodies. Group 2 named “Heterostelids” includes 

representatives from all three of the traditional genera, accommodating all pale-colored 

species of Polysphondylium (Figure 2), at least two species of Dictyostelium, and all

species of Acytostelium.  

 

Figure 1: A global phylogeny of Dictyostelids. Most known species of social amoebas were 
subdivided into four major groups based on phylogenetic analysis of conserved SSU rDNA 
sequences from 1655 aligned positions using Bayesian inference.  Coloured arrows refer to 
species with completely sequenced genomes. The family tree of social amoebas is rooted on SSU 
rDNA sequences of closely related solitary amoebas. (Modified from Schaap 2011a; Schaap et al. 
2006) 

Group 3 defined as “Rhizostelids” comprises a mixture of Dictyostelium species with 

rootlike support structures for their fruiting bodies and also includes the cannibalistic 

species, Dictyostelium caveatum. Group 4 is the most species-rich group of all major 

Dictyostelid groups composed almost exclusively of modern Dictyostelium species but 
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also combines a clade of two violet-colored species from two independent traditional 

genera, Polysphondylium violaceum and Dictyostelium laterosorum (Schaap et al. 2006).  

Figure 2: Fruiting body morphologies of different Dictyostelids species. A: Polysphondylium 
pallidum (group 2). B: Dictyostelium rosarium (group 4). C: Dictyostelium discoideum (group 4). 
(Modified from Schaap 2007) 

 
Group 4 includes the best characterized Dictyostelid species D. discoideum (Figure 2), 

that is prominent as the simple eukaryotic model organism used to study important 

processes in cell biology, such as general principles for cell-to-cell communication, signal 

transduction, chemotaxis, cytoskeletal organization during cell motility, vesicle trafficking 

and phagocytosis (Schaap 2011a; Swaney et al. 2010; Cosson and Soldati 2008). The 

D. discoideum genome contains numerous orthologs of genes responsible for diseases 

in humans and has therefore become a popular model organism in biomedical research 

to explore the molecular basis of various human diseases, as well as the mechanism of 

drug action (Schaap et al. 2011a; Annesley & Fisher 2009; Williams et al. 2006; 

Eichinger et al. 2005). Studies in this organism are contributing to understand the 

correlation between regulated cell movement and controlled cell differentiation that gives 

rise to the shape and pattern during multicellular development (Schaap 2011a; Weijer 

2009; Williams 2006; Kimmel & Firtel 2004).  

 

Interestingly, none of the four molecularly defined groups are consistent with the 

traditional genera and none of the traditional genera are monophyletic excluding 

Acytostelium (Schaap et al. 2006). Moreover, first global SSU rDNA phylogeny of 

Dictyostelids revealed three lineages without clear affinity to any major group: D.
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polycarpum (2 isolates), D. polycephalum (one isolate) and D. laterosorum + P.

violaceum (2 isolates: Schaap et al. 2006).   

 

The molecular phylogeny of social amoebae also proposed enormous molecular depth 

roughly comparable to that of animals but significantly greater than that of fungi. While 

original dictyostelid molecular phylogeny (Schaap et al. 2006) was based on slowly 

evolving SSU rDNA, it could not resolve majority of branches within the four groups. 

Romeralo et al. (2010) determined complete sequence data of more rapidly evolving 

internal transcribed spacer (ITS) region of rDNA for almost all species in the first 

molecular phylogeny that in combination with previous data of SSU rDNA sequences 

successfully resolved nearly all species level relationships within each of the four major 

groups. Five “species complexes” consisting of cryptic species (i.e. morphologically 

similar but genetically quite distinct species) were identified dispersed across the 

dictyostelid phylogeny (Romeralo et al. 2010; Mehdiabadi et al. 2009). Romeralo and 

colleagues (Romeralo et al. 2011b) reported 18S ribosomal RNA gene sequences data 

of new isolates identified by the Mycetozoan Global Biodiversity Survey in the past four 

years. Analyses of these data showed at least 50 new species and some more isolates 

of already characterized species scattered across the phylogentic tree, breaking up many 

previously isolated long branches. The resulting highly extended tree now includes eight 

major groups instead of the formerly recognised four (Romeralo et al. 2011c; Romeralo 

et al. 2011b; Schaap et al. 2006). Three major groups in new highly resolved phylogeny 

(Romeralo et al. 2011b) correspond to “lineages” that included only one or two 

sequences in the first molecular phylogeny (Schaap et al. 2006), and two groups 

originate from a firmly supported deep split in Group 2 (Romeralo et al. 2011b). The new 

groups are referred as the “polycarpum”, “polycephalum” and “violaceum” complexes 

(Romeralo et al. 2011b) in order to maintain the original group numbering scheme as 

presented by Schaap et al. (2006) until formal names can be ascribed (Romeralo et al. 

2011b: Schaap et al. 2006). The new species also broaden the known morphological 

variance of the four major groups defined by Schaap et al. (2006), challenging nearly all 

previously suggested deep morphological patterns (Romeralo et al. 2011b; Schaap et al. 

2006).  

 
Currently two positions are suggested for the root of Dictyostelids, either positioning 

Group 1 as the earliest lineage that diverged from a common ancestor (root 1, Figure 1, 

Schaap et al. 2006) or bifurcating the taxon approximately equally along the branch 

connecting Groups 1 + 2 and Groups 3 + 4 (root 2; Romeralo et al. 2011b; Heidel & 
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Glöckner 2008; Schaap et al. 2006). Depending upon the outgroup used, analyses of 

SSU rDNA and alpha-tubulin present either alternative without concrete statistical 

support (Schaap et al. 2006), however, phylogenetic analysis of mitochondrial genes 

(Heidel & Glöckner 2008) strongly supported root 2.  

 
In addition to the genome of the model D. discoideum (Eichinger et al. 2005), the 

genomes of Dictyostelium fasciculatum (group 1 species) and P. pallidum (group 2) are 

now entirely sequenced (Heidel et al. 2011). Draft sequence data for Dictyostelium 

purpureum (group 4; Sucgang et al. 2011) are also accessible and the genome of a 

group 3 species Dictyostelium lacteum is presently being assembled. Genome sequence 

of Acytostelium subglobosum is also available now (http://acytodb.biol.tsukuba.ac.jp/cgi-

bin/info.cgi?page=1; unpublished). 

 

1.2 Communication modules in the life cycle of Dictyostelids 

Dictyostelids start life as individual amoeboid cells that feed on bacteria in decaying 

vegetation (Schaap 2011b). As cells grow and divide, they have the ability to sense the 

gradients of metabolites secreted by bacteria they feed on. With an increase in 

population, cells start to behave cooperatively and secrete quorum-sensing factors to 

track population size. When the switch to enter development is made, intricate 

intercellular communication through the coordinated secretion of the chemoattractant 

governs the number and directionality of cells to aggregate into multicellular mounds 

(Schaap 2011b). The top of mound continues to emit chemoattractant pulses and is 

pushed upwards by the displacement of cells beneath (Schapp 2011b; Siegert & Weijer, 

1995). The emerging multicellular structure of cells then falls over and is now called the 

“slug”. Within this structure, cells respond to and trigger cues that differentiate the clonal 

population into the specific cell types (Mahadeo & Parent 2006). The best fed amoebae 

prepare to become dormant spore (Schaap 2011b), whereas the rest are destined to 

form different supporting regions of the terminal fruiting body (Figure 3). The slug 

migrates as a more or less coherent unit, with a head region searching environmental 

conditions favourable for the formation of fruiting bodies (Kessin 2001). The slug stage 

proceeds to a process called culmination, which involves the terminal differentiation of 

the multicelluar organism to build fruiting body (Figure 3). 
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Figure 3: Schematic illustration of the 24 hour life cycle of Dictyostelium divided into five 
signalling modules. Time after starvation (hours) is marked next to each stage of development. 
Complex cell-cell communication is required at all these developmental check points (Mahadeo & 
Parent 2006). 
 

Depending on the species, fruiting bodies differ widely in morphology but essentially 

consist of one or more stalks, composed of vacuolated dead cells bearing aloft one or 

more distinct spore masses in a variety of arrangements (Raper 1984). The spores have 

the ability to sense the environment (Kishi et al. 1998) and cues from each other to 

control the decision to germinate (Mahadeo & Parent 2006). Once the germination 

process has begun, spores can again communicate with each other to release amoebae 

in a synchronous fashion (Cotter et al. 2000).   

 

1.2.1 Communication at the Transition from Growth to Aggregation  

The life cycle of Dictyostelids is marked by two completely independent phases: growth 

and development. During growth period unicellular amoebae feed on bacteria and 

multiply by binary fission. Upon starvation, cells stop dividing and initiate a differentiation 

programme leading to the erection of a fruiting body (Kessin 2001; Romeralo et al. 
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2011b; Raper 1940; Bonner 1967). The transition between these two phases occurs 

through a process of aggregation, during which the single amoebae gather to form a 

multicellular mound which subsequently differentiates into a migrating slug. The well-

coordinated activity of a large number of cells engaged in aggregation is mediated by 

extensive intercellular communication that involves the production of concentration 

gradients of diffusible chemoattractant molecules known as “acrasins”, and the reading of 

the gradient at closely determined intervals of time (Konijn et al. 1967; Bonner 1947). 

Because traditionally Dictyostelids were placed together with Acrasids in the subdivision 

Acrasiomycetes of class Myxomycota, the term ‘acrasin’ was proposed by John Bonner 

to define “ a type of substance consisting either of one or numerous compounds which is 

responsible for stimulating and directing aggregation in certain members of the 

Acrasiales” (Bonner 1947). 

 

The 'acrasins' underlying aggregation in some Dictyostelid species have been identified. 

Model species D. discoideum and other investigated group four species use cAMP as 

acrasin (Schaap et al. 2006; Konijn et al.1969; Barkley 1969; Konijn et al. 1968; Konijn et

al. 1967), Dictyostelium minutum utilizes folic acid derivative (De Wit & Konijn 1983), 

Dictyostelium lacteum a pterin derivative (Van Haastert et al. 1982) and Polysphondylium 

violaceum and Dictyostelium caveatum use a modified dipeptide glorin (Shimomura et al. 

1982; Waddell 1982b) to aggregate. A fascinating aspect of D. discoideum and other 

group 4 species development is that secreted cAMP is used both as a chemoattractant to 

coordinate aggregation and as a morphogen in organizing the construction of fruiting 

bodies. In comparison, in group 1-3 Dictyostelids, extracellular cAMP exerts its effects 

during postaggregative stages as a morphogen while the aggregative chemoattractant 

may be different. 

 

For successful aggregation, starving cells must develop a number of specialized 

properties in the pre-aggregation phase which separates the growth and aggregation 

phases (Kessin 2001). In a starving population, a few autonomous cells must appear 

occasionally that start to release acrasin spontaneously, thereby initiating the 

coordinated activity of surrounding cells (Shaffer 1962). The amoebae must be able to 

detect the acrasin and respond by moving up its gradient towards increasing 

concentration. After being stimulated by acrasin, the starving amoebae must develop the 

capacity to synthesize and release the same by themselves, thus propagating the 

acrasin signal to neighboring cells. Also, cells must acquire the ability to become 

refractory to further acrasin stimuli for a short period of time (Brzostowski & Kimmel 2006; 
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Kessin 2001; Cohen & Robertson 1971; Gerisch 1968; Shaffer 1957b). Cells must also 

be capable to remove acrasin locally by acrasinase activity so that acrasin concentration 

in the immediate vicinity of cells is insufficient to re-excite them as they come out of the 

refractory period (Shaffer 1957a). After individual starving cells have developed 

aggregation competence, a coordinated wave of activity begins at the autonomous cell 

resulting in secretion of acrasin that marks the beginning of the aggregation phase.  

 

1.2.2 Receptors for cell communication in Dictyostelids 

Social amoebae use different chemical signals for cell-cell communication during all 

phases of their life cycle. Accordingly, these organisms express stage-specific cell-

surface receptors that distinctively bind the signal molecules, thereby discriminating 

between similar compounds in the soup of competing molecules. During growth phase, 

Dictyostelids can sense the folates emitting bacterial food, using highly specific folate 

receptors on their cell surface membranes (Pan et al. 1972; Wurster & Butz 1980; Van 

Driel 1981; Tillinghast & Newell 1984). When the food source is exhausted, amoebae 

develop different receptors to detect small communicating molecules, i.e. ‘acrasins’ that 

coordinate aggregation of amoebae to form a multicellular organism. The molecules that 

mediate aggregation, and the receptors involved, differ from species to species.  

 

The convoluted mechanism of intercellular communication intervening aggregation is well 

determined in the model organism D. discoideum that uses cAMP as aggregative 

signalling molecule, i.e. acrasin, but the details of multicellular development are largely 

unknown in other species (Bonner 2009; Alvarez-Curto et al. 2005; Kessin 2001).  

 

1.2.3 Previous knowledge of cell-cell communication in D. discoideum 

1.2.3.1 Secreted factors that regulate gene expression in Dictyostelids

In D. discoideum, growth to aggregation transition is initially regulated by quorum sensing 

signal molecules including prestarvation factor (PSF), conditioned medium factor (CMF), 

and counting factor (CF). PSF, a glycoprotein (Mahadeo and Parent 2006; Clarke et al. 

1988; Burns et al. 1981) is constantly secreted by growing cells to monitor their cell 

density relative to that of their bacterial food source.  When the ratio of PSF relative to 

that of bacteria rises above a certain threshold, cells stop growing and PSF initiates to 

‘prime’ the cells for the upcoming process of aggregation by inducing the expression of 
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several early developmental genes (Schaap 2011a; Clarke & Gomer 1995). First genes 

induced by PSF include those encoding discoidins and lectins, proteins that play a role in 

cytoskeletal organization and cell morphology during aggregation (Rathi & Clarke 1992; 

Rathi et al. 1991). One of the critical signalling pathways modulating the growth to 

aggregation transition involves the activation of the serine/threonine kinase YakA by the 

PSF response pathway (Schaap 2011b; Souza et al. 1998). Activation of YakA leads to 

the phosphorylation and inhibition of PufA, a negative regulator of translation. In feeding 

cells of D. discoideum, PufA blocks the translation of mRNA encoding PkaC, the catalytic 

subunit of pretein kinase A (PKA) by binding to the 3’ untranslated region (UTR) of PkaC 

mRNA (Schaap 2011b; Souza et al. 1999). PkaC modulates the timing of early 

developmental events by regulating the expression of vital cAMP signaling proteins such 

as cAR1 and ACA (Anjard et al. 1992; Mann et al. 1992). PKA activity is not required for 

growth, but it is a compulsion for the transition from growth to aggregation (Schaap 

2011a; Schulkes & Schaap 1995; Simon et al. 1989). At the onset of starvation, secretion 

of PSF declines rapidly (Rathi et al. 1991). A second glycoprotein, CMF (conditioned 

medium factor), is secreted during starvation and induces initial expression of genes 

whose products are required for cAMP relay system, which is necessary for the cells to 

aggregate (Yuen et al. 1995; van Haastert et al. 1996; Brazill et al. 1998). CMF acts by 

binding to a developmentally regulated cell surface CMF receptor (Jain & Gomer 1994). 

PSF- and CMF-induced genes include adenylyl cyclase A ‘acaA’ responsible for 

synthesizing cAMP; cAMP receptor ‘cAR1’ to detect cAMP during aggregation and the 

extracellular phosphodiesterase ‘PdsA’ for hydrolyzing cAMP (Schulkes & Schaap 1995). 

cAR1, PdsA and ACA together with PKA and RegA, an intracellular cAMP 

phosphodiesterase, form complex biochemical connections that produce cAMP pulses in 

an oscillatory manner (Schaap 2011a; Iranfar et al. 2003; Laub & Loomis 1998).  

1.2.3.2 The Signalling pathways by which cAMP regulates expression of 
early genes  
 

Initially a few amoebae behaving as the aggregation centres start to emit periodic cAMP 

pulses, which are detected by the surrounding amoebae via cell surface cAMP receptors 

(Goldbeter 2006; Kimmel & Parent 2003; Halloy et al. 1998; Waddell 1982a). In D.

discoideum, the extracellular cAMP signal is detected by four seven-transmembrane G 

protein-coupled receptors (GPCRs), designated cAR1-4. First cAMP receptor expressed 

during development is cAR1, followed sequentially by cAR3, cAR2, and then cAR4. The 

high affinity cAMP receptors cAR1 and cAR3 are required for aggregation (Johnson et al. 

10



                                                                                                                              INTRODUCTION 
   

1993, 1991; Saxe et al. 1991a; Sun & Devreotes 1991; Klein et al. 1988), however, cAR1 

is the principle mediator of the effects of extracellular cAMP during early development. In 

D. discoideum, heterotrimeric G-protein complexes may include 1 of 11  subunits 

coupled to a single ß  subunit (Mahadeo & Parent 2006; Zhang et al. 2001; Wu et al. 

1995a; Lilly et al. 1993). cAR1, the aggregation specific receptor is coupled to G 2ß  

complex (Kumagai et al. 1991).  

 

Figure 4: Signal transduction pathways modulating chemotaxis and aggregation in 
Dictyostelium (Escalante & Vicente 2000) 

cAMP binding to the cAR1 transduces signal into the cells via G-protein-dependent and -

independent pathways that elicit several responses associated with chemotaxis and 

aggregation. G-protein independent effects include calcium influx (Milne et al. 1995), 

tyrosine phosphorylation of the mitogen-activated protein kinase ERK2 (Brzostowski & 

Kimmel 2006; Maeda et al. 1996; Segall et al. 1995), receptor phosphorylation and post 

aggregative gene expression mediated by the G-box binding factor (GBF) transcription 

factor (Escalante & Vicente 2000; Schnitzler et al. 1995). 
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Interaction of cAMP with cAR1 initiates G-protein dependent cascade of events with the 

exchange of GDP for GTP in the G 2 subunit resulting in its dissociation from ß  subunit 

(Figure 4). Rapid and transient activation of Ras proteins, including RasG, in response to 

chemoattractant stimulation results in activation of PI3K (Phosphatidylinositol 3-kinase) 

that phosphorylates PIP2 (Phosphatidylinositol (3,4)-bisphosphate) to form PIP3 

(Phosphatidylinositol (3,4,5)-trisphosphate; Sasaki et al. 2004).  

 

The accumulation of PIP3 in the plasma membrane allows for proteins with pleckstrin 

homology (PH) domains to be recruited to the plasma membrane and subsequently 

activated. PKB (protein kinase B, Akt) and CRAC (cytosolic regulator of adenylyl cyclase) 

are PH domain containing proteins that become activated upon cAMP stimulation 

(Funamoto et al. 2001; Meili et al. 2000; Lilly & Devreotes, 1994). One of the most critical 

responses regulated by cAR1 is the activation of the 12-transmembrane adenylyl cyclase 

(ACA) mediated by the ß  subunit complex (Wu et al. 1995a) and two cytoplasmic 

proteins:  CRAC (Cytosolic Regulator of Adenylyl Cyclase) and Pianissimo (Insall et al. 

1994; Chen et al. 1997). As shown in Figure 4, CRAC is transiently translocated to the 

membrane (Comer et al. 2005) within seconds after cAMP binding to receptor resulting in 

activation of ACA leading to the production and secretion of cAMP (Roos et al. 1975). 

This cAMP-induced cAMP secretion, also called cAMP relay, is critical for the outward 

propagation of the cAMP signal throughout the cell population. Other components 

necessary for receptor mediated activation of ACA include MAP Kinase ERK2 (Segall et 

al. 1995), Aimless, a Ras-guanine nucleotide exchange factor (GEF; Insall et al. 1996) 

and a novel Ras-interacting protein, RIP3 (Lee et al. 1999).  To secrete cAMP in an 

oscillatory manner, the cAMP relay pathway must adapt rapidly (Parent & Devreotes, 

1996) so that the adenylyl cyclase (ACA) can not be further activated until extracellular 

cAMP has been degraded by a secreted or membrane bound phosphodiesterase (PDE; 

McMains et al. 2008; Palsson et al. 1997; Hall et al. 1993; Franke et al. 1991; Podgorski 

et al. 1988; Roos et al. 1975; Gerisch et al. 1972). The cells recover sensitivity in a few 

minutes and these cycles of refractory and responsive states regulate the pulses of 

extracellular cAMP emitted with a periodicity of 6-7 minutes for several hours (Maeda et 

al. 2004). The activity of the extracellular phosphodiesterase (ePDE) is regulated by an 

ePDE inhibitor called PDI (Riedel et al. 1972). The diffusible PDI is secreted as cells 

arrive at the stationary growth phase (Franke et al. 1991; Riedel et al. 1972).  Expression 

of PDI is regulated by the levels of extracellular cAMP, thus cells can control the activity 

of ePDE by monitoring cAMP concentrations (Franke et al.1991).  
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It is remarkable that cAMP is not only the intercellular communication agent in 

Dictyostelium but it serves also as an intracellular secondary messenger modulating 

different developmental signalling pathways. A fraction of the cAMP produced by the 

ACA accumulates within the cell to activate the cAMP-dependent protein kinase A (PKA), 

the main transducer of intracellular cAMP. PKA is a highly conserved protein kinase that 

affects activity of a variety of proteins by phosphorylation (Loomis 1998). This ubiquitous 

enzyme is held in an inactive form by association of the catalytic subunit (PKAC) with an 

inhibitory regulatory subunit (PKA-R; Funamoto et al. 2003; Mann et al. 1997; Mann et al. 

1994; Hopper et al. 1993a; Harwood et al. 1992a; Mann et al. 1992; Burki et al. 1991; 

Firtel & Chapman 1990; Veron et al. 1988; Abe & Yanagisawa 1983). When the 

intracellular cAMP binds the regulatory subunit of PKA, the catalytic subunit is released, 

causing differential expression of developmentally regulated genes (Funamoto et al. 

2003).  

 

The mitogen-activated protein kinases (MAPKs) are a family of highly conserved 

serine/threonine kinases activated upon phosphorylation of both the threonine and 

tyrosine residue in the conserved TXY motif and are associated with many types of 

signalling pathways (Hadwiger & Nguyen 2011). D. discoideum ERK2 (extracellular 

signal related kinase 2) is a MAP kinase that is rapidly and transiently activated by 

extracellular cAMP acting through cAR1, involving, in part, phosphorylation by Ras 

proteins and/or an unidentified ERK2 kinase (Kimmel et al. 2004; Kimmel & Parent 2003; 

Wang & Segall 1998; Maeda & Firtel 1997; Aubry et al. 1997; Kosaka & Pears 1997; 

Knetsch et al. 1996). ERK2 inhibits activity of intracellular RegA by phosphorylating it at 

Thr676, thereby increasing intracellular cAMP levels, which, in turn, activate PKA 

(Hadwiger & Nguyen 2011; McMains et al. 2008; Brzostowski & Kimmel 2006; Maeda et

al. 2004). As cAMP accumulates, it is also secreted, thus recruiting neighboring cells to 

contribute to cAMP signal relay during aggregation (Maeda et al. 2004). Another putative 

ERK2 substrate, EPPA has been identified as being necessary for chemotaxis to cAMP 

and intracellular production of cAMP (Chen & Segall 2006). It has been shown by 

different research groups that ERK2 functions at independent stages during 

Dictyostelium development: during aggregation, ERK2 is required for the cAMP signal 

relay and normal chemotactic response but is not essential for aggregation-stage, cAMP 

pulse-induced gene expression, or for the expression of postaggregative genes. 

However, during multicellular development, ERK2 is required for morphogenesis and 

cell-type-specific gene expression (Sawai et al. 2005; Maeda et al. 2004; Zhang et al. 

2003; Gaskins et al. 1996; Segall et al. 1995).  
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Previously, Loomis and colleagues developed a computational oscillatory loop model by 

using only six components: cAR1, ACA, ERK2, PKA, PDE and RegA (Maeda et al. 2004; 

Laub & Loomis 1998). In short, upon ligand binding, cAR1 activates both ACA and ERK2 

leading to secretion of cAMP outside the cell and accumulation of cAMP inside. 

Extracellular PDE destroys cAMP outside the cell, while activation of PKA inside the cell 

blocks ACA and ERK2 activity, allowing RegA to degrade the intracellularly accumulated 

cAMP. This model also proposed that activated PKA may either directly or indirectly 

phosphorylate the receptor cAR1 causing loss of ligand binding. When the levels of 

intracellular cAMP are declined sufficiently by the activity of RegA, PKA is inhibited and 

protein phosphatases return cAR1 to its basal state and the whole process repeats 

thereby generating oscillations (Maeda et al. 2004; Escalante & Vicente 2000; Laub & 

Loomis 1998). However, erkB- and regA- mutants exhibit wave patterns suggestive of the 

spontaneous oscillations during Dictyostelium aggregation, therefore, Sawai et al. (2005) 

consummated that periodic cAMP signaling required the activity of the secreted cAMP 

phosphodiesterase for ligand clearing and not an intracellular feedback loop regulated by 

PKA (Sawai et al. 2005). Recently Brzostowski and Kimmel (2006) showed that pathways 

regulating ERK2 inhibition work independent of PKA activation (Brzostowski & Kimmel 

2006). 

 

cGMP is synthesized via guanylyl cyclases (Wedel & Garbers 2001) and regulate 

enzyme activities mainly via cGMP-dependent protein kinases (Roelofs & Van Haastert 

2002; Lohmann et al. 1997). Dictyostelium contains two genes that encode for unusual 

guanylyl cyclase (GC) enzymes, guanylyl cyclase A (GCA; expressed mainly during 

growth and multicellular development; Roelofs et al. 2001a) and soluble guanylyl cyclase 

(sGC; expressed largely during cell aggregation; Veltman et al. 2005; Roelofs & Van 

Haastert 2002; Roelofs et al. 2001b). Extracellular cAMP binding to cAR1 activates both 

GCs via heterotrimeric G-proteins, leading to the transient accumulation of cGMP 

(Roelofs & Van Haastert 2002; Bosgraaf et al. 2002). In Dictyostelium, cGMP is 

implicated as one of the second messengers for chemotaxis (Veltman et al. 2005; van 

Haastert & Kuwayama 1997) that modulates the phosphorylation and localization of 

myosin II by binding to GbpC, a high affinity cGMP-binding protein. GbpC contains Ras, 

MAPKKK and Ras-GEF domains that transduce the cGMP signal, but may also function 

to receive other input signals (Bosgraaf et al. 2002; de la Roche & Cote 2001). 

Previously Ma et al. (1997) suggested that a MAP kinase kinase DdMEK1 activity is also 

necessary for cAMP-mediated guanylyl cyclase activation throughout the aggregation in 

Dictyostelium; nevertheless, DdMEK1 does not regulate ERK2 suggesting the presence 
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of independent MAP kinase cascades involved in aggregation (Sobko et al. 2002;

Escalante & Vicente 2000; Ma et al.1997). 

 

Other responses elicited by extracellular cAMP binding to cAR1 include the elevation of 

IP3 levels via PLC activation mediated by heterotrimeric G-proteins (Bominaar & Haastert 

1994); PLC independent IP3 formation interceded by receptor-stimulated Ca2+ influx (Van 

Dijken et al. 1997) and activation of the protein kinase Akt/PKB necessary for sensing 

and responding to the chemoattractant gradient during aggregation (Escalante & Vicente 

2000; Meili et al. 1999).  

 

Signal relay and chemotactic movement of several hundred thousand amoeboid cells 

towards cAMP source ultimately result in aggregation (Schaap 2011b; Konijn et al. 

1967). Initially, the cells aggregate individually, but as time progresses, they form 

bifurcating streams by establishing head-to-tail contacts and continue to move towards 

the aggregation centres, eventually coalescing into hemispherical aggregates; the 

mounds, containing about 105 cells (Weijer 2004). Once aggregation is complete, the top 

of the mound keeps on secreting cAMP that result in continued cell movement towards 

the top, causing emergence of a tip (Schaap 2011a; Siegert & Weijer 1995). Tipped 

mound further elongates and develops into a migrating slug which proceeds through 

culmination to generate a fruiting body (Bonner & Lamont 2005).  

 

Particularly relevant to this dissertation is that cAMP as an intercellular communication 

agent plays an important role not only in the chemotactic movement towards aggregation 

centres but also in the developmental regulation of gene expression, both responses 

being mediated via cell surface cAMP receptors. During aggregation, extracellular cAMP 

pulses at nM concentrations induce optimal expression of a number of aggregation-

specific genes (Kessin 1988; Williams 1988; Mann & Firtel 1987; Sun & Devreotes 1991; 

Mann et al. 1988; Kimmel 1987; Chisholm et al. 1987; Noegel et al. 1986) while other 

genes, induced by different signals immediately with the onset of starvation, become 

repressed by the external cAMP signal. These differential gene expression changes 

cause all cells to become rapidly competent for aggregation (Schaap et al. 2011a; 

Bagorda et al. 2009; Maeda et al. 2004, Aubry & Firtel 1999; Mann et al. 1997; Schulkes 

& Schaap 1995; Gerisch et al. 1975). Moreover, to prevent the loss of directional 

information and gene expression resulting from saturation of the receptors due to 

excessive external cAMP, Dictyostelium cells use an intricate signal removal system 
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consisting of secreted and membrane-bound phosphodiesterases to degrade the 

extracellular cAMP (Gerisch et al. 1972; Roos et al. 1975). 

  

Interestingly, D. discoideum cells express many developmental genes while suspended 

in buffer if they are stimulated with pulses of 30 nM cAMP at 6-min periods for several 

hours followed by high concentrations of cAMP to mimic conditions encountered on solid 

supports (Iranfar et al. 2003). Under these conditions, the cells are spatially 

homogeneous and express developmental genes more synchronously than when 

developing on solid supports where there are local variations in cell density. Additionally, 

this setting provides the opportunity to address the effects of cAMP pulses on gene 

expression more directly.  

 

1.3 Significance of studying intercellular communication 

Intercellular communication modulates a variety of biological processes in a diverse array 

of organisms. In mammals, precise cell-to-cell communication coordinating directed cell 

migration gives shape and form to developing embryos and generates many connections 

and interactions between the cells of nervous system during development (Dormann & 

Weijer, 2003). Later in life, excessive intercellular communication promotes tissue 

maintenance and repair, hormonal action, wound healing and directional migration of 

cells of our immune system from the bloodstream towards sites of infection (Wu & Lin 

2011; Wang et al. 2011; Eccles 2004; Martin & Parkhurst, 2004). Impaired cell-cell 

communication is the basis for several pathological conditions including atherosclerosis, 

cancer metastasis, asthma, and arthritis (Braunersreuther & Mach 2006; Mrass & 

Weninger 2006; Eccles 2005; Charo & Taubman 2004; Trusolino & Comoglio 2002). 

Further insight into the molecular mechanism of cell-cell communication underlying 

directional sensing and cell migration is crucial for the development of treatments for 

these disorders, as well as in understanding normal biological processes. 

 

1.4 Advantages of social amoebae in researching cell-cell signalling  

Dictyostelids are a large ancient group of unicellular eukaryotes with an unusual 

multicellular stage in their life cycle (Romeralo et al. 2011c). Because of the simplicity of 

their multicellular form and rapid life cycle of just 24 hours, researching Dictyostelids can 

provide useful insight into the adaptive evolution of social behaviour and multicellularity 

(Heidel et al. 2011). A crucial part of exploring how Dictyostelids are able to form 
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multicellular bodies from their unicellular components is to understand how single cells 

communicate with each other in aggregation and differentiation processes. Thus 

Dictyostelids represent an ideal eukaryotic model system for studying basic principles of 

cell-cell communication (Das et al. 2011).  

 

The factors that make Dictyostelids attractive as model organisms include their distinctive 

growth and developmental stages, relatively short and haploid life cycle and ease of 

growth. All known Dictyostelids species can be efficiently and cheaply cultured in the 

laboratory on bacterial lawns on agar, and many species can be grown as mass cultures 

in liquid media comprising glucose, peptone, and a defined mixture of vitamins and 

aminoacids (Schaap 2011a). It considerably simplifies the isolation and purification of 

cellular products for biochemical analysis and proteomics (Schaap 2011a). Complete 

genome sequence, about 30 Mb in size, of a few species representing three major 

groups (Heidel et al. 2011; Sucgang et al. 2011; Eichinger et al. 2005) are accessible 

which provide a valuable resource for the comparison of genes between species and the 

identification of new genes. Sequencing projects have revealed that Dictyostelids 

genomes contain many genes that are homologous to those in higher eukaryotes and 

are missing in other model organisms such as Saccharomyces cerevisiae (Heidel et al. 

2011; Goldburg et al. 2006; Eichinger et al. 2005). Orthologs of many genes involved in 

human disease are found in the genome of D. discoideum and have been the subject of 

functional studies (Myre et al. 2011; Williams 2010; Eichinger et al. 2005). In future, 

major use of this organism seems to be in biomedical research to understand gene 

function and pathological mechanisms in a variety of human disorders.  

 

Both D. discoideum and the group 2 species P. pallidum are amenable to a broad range 

of molecular and genetic approaches (Schaap 2011a) including random plasmid 

insertional mutagenesis (REMI) which facilitates the identification of mutated genes, 

gene disruption by homologous recombination, RNA interference (RNAi) and antisense 

RNAs, episomal and integrating expression plasmids, and many other techniques. 

 

Previous work with D. discoideum has provided a greater insight into the components of 

complex intercellular communication mechanism regulating chemotaxis to cAMP during 

aggregation. The seven-transmembrane receptors to detect chemoattractants,

components of the heterotrimeric G-proteins and many downstream signalling pathways 

are highly conserved between D. discoideum and mammalian neutrophils despite of their 

large evolutionary divergence (Wang et al. 2011; Insall 2010; Swaney et al. 2010; Parent 
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2004). This conservation not only signifies that these pathways are evolutionarily ancient, 

but also that research in Dictyostelids might be applicable to the human immune system. 

 

Though D. discoideum research has contributed enormously to our exisiting knowledge 

of eukaryotic cell-cell communication, much work lies ahead to tackle the complexity of 

chemoattractant induced signalling networks regulating changes in patterns of gene 

expression to coordinate cell behaviour during aggregation. Therefore, researching 

effects mediated by acrasins other than cAMP can extend the current understanding of 

developmental signalling. 

 

1.5 Previous knowledge about the acrasin of Polysphondylium

The polyphyletic genus Polysphondylium owes its individuality to the shape of the fruiting 

body, distinguished by the presence of whorls of side branches. Molecular phylogeny of 

Dictyostelids has placed all known Polysphondylium species into the ancient group 2B 

except Polysphondylium violaceum which is more related to the most derived group 4 

Dictyostelids (Romeralo et al. 2011b; Romeralo et al. 2010; Schaap et al. 2006). It was 

known since the work of Shaffer (Shaffer 1953) that the acrasin of P. violaceum was 

different from that of the larger species of Dictyostelium. In 1976, Bonner and co-workers 

provided the first positive evidence that aggregation competent P. violaceum amoebae 

used an unusual dipeptide as acrasin that was later identified as N-propionyl- -L-

glutamyl-L-ornithine- -lactam-ethylester, known as glorin (Figure 5; Shimomura et al. 

1982; Wurster et al. 1976). Activity of glorin was found to be maximal during aggregation 

that declined to insignificant levels at the onset of culmination (De Wit et al. 1988). 

 

 

                                                   

                                                  Figure 5: Structure of glorin
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In addition to Polysphondylium violaceum, Dictyostelium caveatum (a group 3 species) 

and Polysphondylium pallidum belonging to ancient group 2 were also reported to repond 

chemotactically to glorin (Waddell 1982b; Shimomura et al. 1982; Wurster et al. 1976).  

 

In P. violaceum, glorin signal transduction system is demonstrated to have many 

similarities with cAMP and folic acid transduction systems in social amoebae. 

Occurrence of secreted and membrane-bound acrasinases that inactivate the glorin 

communication signal was proposed in aggregating P. violaceum amoebae (Kopachik 

1990; Shimomura et al. 1982; Wurster et al. 1976). It was shown that degradation of 

glorin by intact cells occurs rapidly (half-time 2 min) in a two-step process (De Wit et al. 

1988). First step of this process involves hydrolyzing amide bond of the -lactam ring 

while in the second step slower cleavage of the peptide bond between propionic acid and 

glutamic acid takes place (Figure 6).  

 

 
Figure 6: The chemical structures of glorin and the products of enzymatic degradation. 
(Modified from De Wit et al. 1988). 
 

Two-step glorin degradation may favour reuse of the building blocks. It was 

demonstrated that glorin degradation occurs mainly by cleavage of -lactam. Chemically 

synthesized -lactam-cleaved glorin, corresponding to the first product of glorin 

degradation, was found to be chemotactically inactive, because this product is not able to 

bind to receptor (De Wit et al. 1988). A synthetic glorin derivative in which propionic acid 

group was absent possessed weak chemotactic activity. Degradation of glorin by 

extracellular medium takes place in a similar manner as by the intact cells but at a 

relatively low rate (half-time 45 min). It was shown that crude homogenates also 

possessed some glorin inactivation activity. Cell surface glorinase activity was observed 
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to peak during aggregation, followed by a rapid decrease. It was noticed that cell-surface 

bound glorinase activity was developmentally regulated that reached its maximum during 

aggregation (De Wit et al. 1988). 

 

Further studies to investigate the first steps in the signal transduction towards glorin 

suggested that in P. violaceum that this unusual dipeptide acts by binding to cell-surface 

G-protein coupled receptors (De Wit et al. 1988). Authors illustrated a functional interplay 

between cell-surface receptors and signal-transducing G-proteins by showing that 

binding of glorin to cell-surface receptors of aggregation-competent P. violaceum 

amoebae is modulated by guanine nucleotides, and contrarily glorin stimulus mediates 

the binding of GTP to cell membranes (De Wit et al. 1988). It was demonstrated that 

vegetative stage P. violaceum amoebae exposed sufficient number of cell-surface glorin 

receptors that increased slightly during aggregation, declined at later stages of 

development and reduced to undetectable levels during culmination (De Wit et al. 1988). 

The affinity of cell-surface glorin receptors exhibited great variations in the early hours of 

development but was stabilized throughout the aggregation. The receptor binding kinetic 

studies indicated the presence of two kinetically distinct receptors (De Wit et al. 1988). 

The same authors showed that extracellular glorin stimulus induces cGMP accumulation, 

a cellular response that is developmentally regulated in P. violaceum, peaks during 

aggregation and reduces to minimum at the onset of culmination (De Wit et al. 1988). 

 

Oscillatory aggregation has been reported in P. violaceum (De Wit et al. 1988), but 

surprisingly De Wit and colleagues could not detect glorin-stimulated glorin secretion. 

Authors observed that glorin-induced cAMP accumulation and glorin signal relay was 

also absent in aggregation-competent P. violaceum amoebae (De Wit et al. 1988); 

therefore, they proposed that glorin is not a primary oscillator and glorin secretion during 

aggregation may be modulated by an unknown oscillator.  

 

Previously, Francis (1965) suggested that in P. pallidum only special founder cells are 

capable to initiate centres in a population of starving amoebae (Francis 1965). These 

single cells round off and actively secrete acrasin attracting amoebae in the immediate 

vicinity (Konijn 1972). Such founder cells were reported to appear occasionally among 

aggregation sensitive amoebae of P. violaceum (Shaffer 1961).  Francis (1965) 

suspected absence of any signal relay in P. pallidum during aggregation because he 

could not observe pulses of oriented cell movement among the responding amoebae 

(Francis 1965). P. pallidum cells tends to form small sized aggregates compared to large 
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species D. discoideum, therefore, Francis (1965) suggested that the concentration of 

acrasin in the small centres guiding formation of aggregates in P. pallidum may not be 

high enough to elicit the acrasin relay in responding amoebae (Francis 1965). Later, 

Jones (1976) reported that aggregation fields of P. pallidum amoebae display 

centrifugally propagated waves of excitation that are not systematically spaced (Jones 

1976). In comparison, P. violaceum exhibited regularly spaced waves with an interval 

decreasing from 4 to 2.5 minutes (Jones 1976). In P. pallidum and P. violaceum wave 

velocities were observed to be 22 μm/min and 28 μm/min respectively (Jones 1976). 

Based on the observation that starving amoebae of P. pallidum aggregate in converging 

streams, he suggested that a relaying mechanism may mediate aggregation as in D. 

discoideum (Jones 1976). 

 

It was shown by Newth & Hanna (1982) that P. violaceum amoebae developed in liquid 

suspensions gained increased ability to respond to exogenous glorin shortly after 

starvation before cells have acquired aggregation competency (Newth & Hanna 1982). 

Later, Will Kopachik (Kopachik 1990) reported some changes in protein synthesis when 

starving P. violaceum amoebae were stimulated with exogenous glorin in shaking 

cultures. The author showed that exogenous glorin treatment could not affect protein 

synthesis patterns in vegetative stage amoebae, whereas with progression of starvation, 

P. violaceum cells acquired increased sensitivity to glorin (Kopachik 1990). Furthermore, 

Kopachik suggested that in developing P. violaceum amoebae, glorin effects occur 

mainly during the early hours of development while sensitivity to glorin and secretion of 

glorin by starving cells declines rapidly once aggregation stage is over (Kopachik 1990).  

 

Recently, Funamoto and co-workers (Funamoto et al. 2003) showed that P. pallidum 

cells transformed with dominant negative regulatory subunit (Rm; that can not bind 

cAMP) of PKA from Dictyostelium exhibit aggregation defects, whereas the 

overexpression of Dictyostelium PkaC in P. pallidum results in precocious development; 

demonstrating that a biochemically similar PKA mechanism works in Dictyostelium and 

Polysphondylium (Funamoto et al. 2003). The same authors proposed that PKA-requiring 

and a non-PKA requiring intracellular signalling pathways may regulate early 

developmental genes in P. pallidum. However, so far, glorin-mediated changes in gene 

expression have not been studied. 

 

To date, little is known about the secretome of P. pallidum at aggregation stage of 

development. The availability of valuable data of P. pallidum PN500 genome sequence 
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and the advanced proteomics technology provides the foundation for the analysis of 

extracellular proteins secreted by aggregating P. pallidum cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                 OBJECTIVES OF THIS STUDY 

1.6 Objectives of this Study 
 

Glorin is a peptide chemoattractant used by Polysphondylium violaceum amoebae for 

cell-cell communication to coordinate the process of aggregation (Shimomura et al. 1982; 

Wurster et al. 1976). An ancient group 2 species Polysphondylium pallidum also exhibits 

chemotactic activity towards glorin (Shimomura et al. 1982). The present thesis is 

focused on exploring glorin-based cell-cell communication among the Dictyostelids. For 

functional genomic studies, P. pallidum isolate PN500 is employed owing to its genetic 

tractability (Heidel et al. 2011). 

 

Recently, molecular phylogeny data (Schaap et al. 2006) suggested that glorin-based 

cell-cell communication might be quite wide-spread among the Dictyostelids. Based on 

this hypothesis, in the present research work the roots of glorin-mediated communication 

are being traced in the Dictyostelids phylogeny and the question will be addressed how 

common this peptide-based communication is in the phylogenetic descent of the social 

amoebae. A proteomics approach will be used to search for the putative glorin-degrading 

enzyme by analyzing the secretory proteome of aggregating P. pallidum PN500 

amoebae. 

 

P. pallidum PN500 is an emerging model organism with full experimental and genetic 

amenability (Schaap 2011a). It could be interesting to study if glorin-based intercellular 

communication also executes intracellular communication, i.e. signal transduction via 

binding to its cognate receptor. This possibility will be examined in the present study by 

researching whether glorin communication induces differential gene expression in 

aggregation competent P. pallidum amoebae. For these investigations, Illumina 

sequencing technology will be applied, taking advantage of the fully sequenced and 

annotated reference genome of P. pallidum PN500 (Heidel et al. 2011). Genome-wide 

analysis will be performed to determine changes in total cellular mRNA levels in 

response to the stimulation of P. pallidum cells with exogenous glorin. Changes in global 

gene expression in response to starvation will also be investigated in parallel. Interaction 

between glorin communication system and the post-aggregation cAMP signalling system 

of P. pallidum PN500 will also be scrutinized. A critical question to address is whether 

glorin-induced gene expression would require de novo protein synthesis. Finally, this 

study will characterize the developmental effects of ‘glorin-stimulated cell signalling’ in 

starving P. pallidum cells.  
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1.7 Significance of this work 

The research work presented in this dissertation holds considerable promise. Firstly, it 

provides intriguing information about the origins of peptide communication in 

Dictyostelids. Secondly, it exquisitely compares signalling induced by two different 

acrasin systems (i.e. cAMP system and the glorin system) at the transition from growth to 

aggregation. D. discoideum that uses cAMP as aggregative chemoattractant and P. 

pallidum, which is presumed to use glorin as acrasin during aggregation, are similar in 

basic patterns of their life histories but biochemical relationship between both is utterly 

vague. If glorin is the acrasin of P. pallidum, it is expected to exert similar effects in 

organizing aggregation as cAMP does in D. discoideum. The fact that cAMP binding to 

the cell-surface receptors initiates distinct signaling pathways leading to differential 

changes in gene expression (that regulate diverse cellular functions during aggregation) 

prompted us to do comparative signal-receptor physiology with glorin. In this thesis, 

recent data on developmental roles of glorin mediated cell-cell signalling is presented 

with a particular emphasis on gene regulation by this vital cell behaviour that is 

suspected to coordinate aggregation in P. pallidum. 

 

It has been reported that P. pallidum also secretes cAMP (Jones & Robertson 1976; 

Konijn et al. 1968) which has been shown by Schaap and colleagues to be involved in 

post-aggregation differentiation events in this species (Kawabe et al. 2009; Alvarez-Curto 

et al. 2005). The assumption that glorin mediates aggregation in P. pallidum suggests a 

clear chemical distinction between the chemotactic system coordinating aggregation and 

cAMP differentiation system. This project provides the initial insight into the topic whether 

post-aggregation cAMP system is induced by aggregation-specific glorin system or both 

systems work independently in the development of P. pallidum.  

 

Structurally, glorin is an interesting molecule, it is an exceptional dipeptide and like so 

many peptide attractants of leukocytes, it is also terminally blocked. Though N-

formylmethionyl peptides used for leukocyte chemotaxis do not attract P. violaceum 

amoebae that use glorin as chemotactic agent, but the basic molecular similarity is 

striking despite the difference in specificity (Shimomura et al. 1982; Devreotes & 

Zigmond 1988). Researching signalling pathways induced by this unique molecule may 

provide further insight into signal transduction networks that coordinate immune cell 

functions. 
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3 Results 

Chemotaxis is an intriguing biological phenomenon that plays significant role during the 

life cycle of Dictyostelids. In the vegetative stage the amebae have to locate their 

bacterial food in the soil they dwell. At this time the amebae exhibit chemotaxis to folic 

acid and pterin (Liao & Kimmel 2009; Pan et al. 1972; Pan et al. 1975), both of which are 

secreted by bacteria, and serve as cues for nutrient localization. Cyclic AMP secreted by 

E.coli has also been shown to attract vegetative amoebae of Dictyostelium and 

Polysphondylium species and was suggested as efficient food-seeking mechanism 

(Samuel 1961; Konijn 1961; Konijn et al. 1967; Konijn 1969; Konijn 1972). When food 

source is exhausted, the amoebae gain the ability to establish a complex cell-cell 

communication network and aggregate to initiate social phase of their life cycle. In 1902, 

Olive and Potts proposed the existence of a chemical mediator of aggregation in 

Dictyostelids. Later, Bonner (1947) reported that starving amoebae release diffusible 

chemical agents, named ‘acrasins’ that are capable to orient and attract neighbouring 

amoebae. It has been suggested that there might be at least 8 different chemical 

substances prevailed as acrasins among the Dictyostelids (Bonner 1982). Recently, 

molecular phylogeny of Dictyostelids classified more than 100 species of social amoebae 

into four major groups (Schaap et al. 2006). The well-studied Group 4 species, 

Dictyostelium discoideum, employs the chemoattractant cAMP as communication signal 

to organize aggregation (Konijn  et al. 1967). Some other group 4 species, such as D. 

mucoroides, D. purpureum, and D. rosarium have also been reported to use cAMP as 

acrasin (Bonner 2009; Schaap et al. 2006; Konijn 1973; Bonner et al. 1969; Konijn et al. 

1967; Shaffer 1953). Group 3 species D. lacteum uses pterin as aggregation 

chemoattractant (Van Haastert et al. 1982), whereas D. minutum employs a derivative of 

folic acid (De Wit & Konijn 1983) as acrasin. A modified dipeptide glorin (N-propionyl- -L-

glutamyl-L-ornithine- -lactam-ethylester) is used as cell-cell communication agent to 

mediate aggregation in P. violaceum (Shimomura et al. 1982), a species placed at the 

bottom of group 4 in the molecular phylogeny of Dictyostelids (Schaap et al. 2006). It was 

reported that P. pallidum, a group 2 species, was also responsive to glorin (Shimomura 

et al. 1982) but no detailed description of related experiments was available. D. 

caveatum (group 3 species) was described to show activity towards the acrasin of P. 

violaceum (Waddell 1982b).  These previous studies provided an indication that chemical 

language of glorin might be widely used among the Dictyostelids.  
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Primary objective of this study was to explore how wide-spread glorin-based cell-cell 

communication is in the phylogenetic history of Dictyostelids. To address this question, 

commercially available glorin was used as an acrasin (or chemoattractant) and 

chemotactic sensitivity of a collection of dictyostelid species was evaluated using a 

bioassay described under section 3.1. 

 

3.1 Development and validation of chemotaxis bioassay 

Konijn (1961, 1968, 1969, 1972) developed an effective small population assay to test 

chemotaxis of Dictyostelium and Polysphondylium species to cAMP. This assay makes 

use of aggregation competent cells that are highly sensitive to acrasin gradients. Futrelle 

et al. (1982) showed that starving amoebae start to gain chemotactic competence within 

an hour after the initiation of starvation that increases gradually, such that cells acquire 

full competence when aggregation begins (Futrelle et al. 1982). Small population assay 

was later modified by Shimomura and colleagues to determine the chemotactic activity of 

P. violaceum to glorin that was collected from aggregating amoebae of this species 

(Shimomura et al. 1982). It has been shown that aggregation competent P. violaceum 

cells possess high number of cell surface receptors for the detection of the extracellular 

glorin and are capable to degrade dipeptide chemoattractant by secreting or exposing 

glorin degradation enzymes (De Wit et al. 1988).  

 

Small population assay requires a hydrophobic agar surface of low rigidity. To prepare 

hydrophobic agar plates, agar is washed repeatedly with deionised water, suspended in 

phosphate buffer, dissolved by boiling and allowed to gelate. The concentration of the 

agar is adjusted to 1% that allows amoebae to move outside the boundaries of the drop 

to increasing concentration gradients of acrasin after cells have degraded 

chemoattractant in their vicinity by the activity of acrasinases (Konijn 1972). The 

chemoattractants are added to the agar before pouring plates.  

 

In the modified small population assay (Shimomura et al. 1982), small drops of 

aggregation-competent amoebae are deposited on a hydrophobic agar surface 

incorporating acrasin of choice, such that all cells remain within the boundary of the drop. 

Since the developing amoebae secrete acrasinase in their instant vicinity, any acrasin in 

that region is removed. If there were initially an even concentration of acrasin in the agar, 

there will now be much less or none within and surrounding the drop of amoebae, 

44 



                                                                                                                                           RESULTS                           
  

45 

resulting in an increasing concentration gradient from the centre of drop outwards. This 

gradient causes the orientation of the amoebae beyond the margins of the drop 

displaying chemotactic sensitivity of cells to the acrasin. An optimal chemotaxis response 

can be obtained in this assay only when cells are at the right stage of aggregation 

competence that lasts only for a very restricted period of time; once starving cells cross 

this short aggregation-sensitivity peak, they move back to the new centres that have 

developed within the drop and start to secrete their own acrasin (Shimomura et al. 1982). 

Direction of movement of cells is reversed to the centres formed in the original drop 

because acrasin gradient is reversed (Futrelle et al. 1982). The success of the bioassay, 

then, is dependent on the ability of cells to detect extracellular acrasin and release a 

stable extracellular enzyme ‘acrasinase’ which destroys the attractant; properties that are 

essential for chemotaxis during the normal development of the social amoebae.   

 

To perform chemotaxis assays in this study, the revised small population assay 

(Shimomura et al. 1982) was adapted. To induce aggregation competence, cells were 

starved for 3-4 hours in shaken suspensions as suggested by Browning and colleagues 

(Browning et al. 1995). This treatment is reported to trigger a spectrum of molecular and 

biochemical changes that result in the loss of sensitivity to vegetative-stage folate, while 

inducing responsiveness to aggregation-specific chemoattractant (Browning et al. 1995). 

This assay was first verified by investigating the chemotactic activity of P. violaceum to 

its known acrasins i.e. glorin (Figure 7). Source of glorin used in this assay was the 

commercial glorin. Different concentrations of glorin were tested (data not shown) and 

optimal chemotactic response was detected with 1 μM glorin (final concentration; Figure 

7). 

 

 

Figure 7:  Validation of chemotaxis assay. P. violaceum cells developing in the absence (left 
picture) or presence of 1 μM of glorin final concentration (right pictures). In each experiment, cells 
were starved in slow shaking buffer suspensions for 4 hrs prior to plating as 10 μl drops containing 
2x105 cells on hydrophobic agar. In control plates containing no acrasin, cells remained confined 
inside the boundaries of the drop. If acrasin was embedded in the agar, amoebae crossed the 
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margins of the drop in all directions and drop was completely dispersed. Edges of drops were 
photographed 3 hours after plating to document outward movement of cells from the boundaries 
of drop.  

3.2 Chemotactic specificity of group 4 species 

Acrasin of the well-known group 4 species D. discoideum is known to be cAMP. 

Chemotaxis assay adapted in this study was further validated by evaluating response of 

D. discoideum NC4 to cAMP (Figure 8). Different concentrations of cAMP were tested 

(data not shown) and optimal chemotactic response was noticed with 100 μM final 

concentration of cAMP (Figure 8).   

 

Figure 8:  Chemotaxis assay for cAMP used in this study. D. discoideum NC4 cells were 
deposited on hydrophobic agar plates containing either no cAMP (left picture) or 100 μM of cAMP 
(right picture). In each experiment, cells were starved in slow shaking buffer suspensions for 4 hrs 
prior to plating as 10 μl drops containing 2x106 cells on hydrophobic agar. In control plates 
containing no acrasin, cells remained confined inside the boundaries of the drop. If acrasin was 
embedded in the agar, amoebae crossed the margins of the drop in all directions and drop was 
completely dispersed. Edges of drops were photographed 3 hours after plating to document 
outward movement of cells from the boundaries of drop. 

Under similar conditions, response of five other group 4 species was evaluated towards 

cAMP and glorin. All tested group 4 species: D. sphaerocephalum, D. giganteum, D. 

dimigraforum, D. firmibasis and D. intermedium reacted well to cAMP but showed no 

response to glorin. These data are summarized in Table 1. 

3.3 Chemotactic specificity of P. violaceum lying at the edge of group 4

The violet coloured P. violaceum is distinctly placed at the base of group 4 or in group 3 

plus 4 (Figure 1; Schaap et al. 2006). Group 4 species use cAMP as chemotactic 

aggregant, whereas in P. violaceum, dipeptide glorin mediates aggregation. Chemotaxis 

Control cAMP
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of P. violaceum amoebae to glorin was reported by some groups (Shimomura et al. 

1982; Wurster et al. 1976) and verified in this study (Figure 7 & 9). 

3.3.1 Stage specificity in the response of P. violaceum amoebae to different 
chemotactic agents 

Previously, it was reported that folic acid causes a strong chemotactic response in the 

early preaggregation cells of P. violaceum (Wurster et al. 1978). This study showed that 

post-vegetative cells starved for 1 hour in shaken suspensions were sufficiently active to 

cAMP (Figure 9). Sensitivity to cAMP decreased with increase in starvation as shown by 

a minimal response to 100 μM cAMP by P. violaceum amoebae starved for 3 hours.  

 

 

Figure 9: Chemotactic activity of starving P. violaceum amoebae to cAMP and glorin. Cells 
were starved for 1, 3 and 5 hours (t1, t3, t5) in shaking cultures before 10 μl drops containing 2x106 
cells were placed on phosphate agar plates prepared with either 100 μM cAMP or 1 μM final 

t1

t5

t3

0 nM acrasin 100 μM cAMP 1 μM glorin 
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concentration of glorin. Plates containing 0 nM acrasin represented “controls without acrasin”. 
Chemotaxis towards glorin was monitored every 30 minutes using an Olympus steromicroscope 
and pictures were taken 3 hours after plating. 

Cells starved for 1 hour were adequately active to glorin, while aggregation competence 

induced by starving cells for 3 or 5 hours in suspensions provoked cells to display greater 

chemotaxis towards glorin. When cells were plated from cultures starved for 5 hours, a 

maximal response to glorin was observed where P. violaceum amoebae moved out of 

drop in a dense front with some streams. These results are in agreement with the 

observations made by Jones and Robertson (1976), which showed that P. violaceum 

amoebae are weakly attracted to a microelectrode releasing 100 μM or 1 mM cAMP 

(Jones and Robertson 1976). Owing to the phylogenetic position of P. violaceum at the 

bottom of group 4, the weak chemotactic response of starving amoebae of this species to 

cAMP may represent development of initial biochemical steps towards switching on the 

use of cAMP to coordinate aggregation that is characteristic of group 4 species.  

3.4 Chemotaxis of social amoebae towards glorin is an ancient response 

3.4.1 Chemotactic response of group 2 species to glorin 

3.4.1.1 Chemotactic specificity of P. pallidum PN500 cells 

Previously, P. pallidum amoebae have been described to be chemotactically reactive to 

glorin (Shimomura et al. 1982; Wurster et al. 1976). A group 2 species designated as P. 

pallidum PN500 is emerging as an eminent eukaryotic model system to study 

fundamental problems in cell and developmental biology because it is accessible to 

various genetic and biochemical approaches, and imaging techniques (Schaap 2011a). 

Additionally, recent availability of the genome sequence of P. pallidum PN500 (Heidel et 

al. 2011) has opened exceptional possibilities to identify developmentally relevant genes. 

The ultimate objective of this project was to examine glorin-mediated regulation of gene 

expression employing P. pallidum PN500 as test species. Therefore, as a first step, 

chemotactic response of P. pallidum PN500 towards glorin was investigated. This study 

demonstrated that P. pallidum PN500 amoebae exhibit marked chemotactic orientation 

and directional locomotion of cells towards glorin but no response was noticed towards 

cAMP (Figure 10). 
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Figure 10: Chemotactic response to glorin by P. pallidum PN500. Cells were starved for 3 
hours in shaking cultures before 10 μl drops containing 2x106 cells were spotted on phosphate 
agar plates prepared without (picture A), with 1 μM final concentration of glorin (picture B) or with 
100 μM cAMP (picture C). Chemotaxis towards glorin was monitored every 30 minutes using an 
Olympus steromicroscope and pictures were taken 3 hours after plating. P. violaceum was used 
as a positive control (data not shown).

These data provide an indication that developing P. pallidum PN500 amoebae are 

capable to detect glorin, degrade it and move up a spatial gradient of chemoattractant 

demonstrating that glorin may be used as acrasin by P. pallidum PN500 to coordinate 

aggregation; therefore, it could be interesting to examine further cellular response to 

extracellular glorin using P. pallidum PN500 as model species. 

 

3.4.1.2 Determination of optimal concentration of glorin required to obtain 
maximum chemotactic response of P. pallidum amoebae 

In order to determine optimal concentrations of glorin required for the radial chemotaxis 

assays, P. pallidum PN500 ‘vegetative stage cells’ and ‘cells starved for 3 hours’ were 

deposited in form of drops on thin agar plates containing a range of concentrations of 

glorin. Depending upon the chemoattractant concentration used, cells responded to 

varying degrees by moving out of the drop to a certain distance. Patterns of response 

were recorded approximately 3 hours after plating (Figure 11). In these experiments, P. 

pallidum aggregation-competent amoebae migrated ‘as individuals’ on plates containing 

10-100 nM glorin, while cells migrated outward ‘as aggregates’ in response to 1 μM glorin 

(Figure 11). These results indicate that 100 nM (final concentration) is the optimal 

concentration of glorin required to observe maximal chemotaxis response of P. pallidum 

PN500 cells (Figure 11). Nevertheless, prominent chemotactic response was detected 

using even higher concentration of glorin, i.e. 1 μM (Figure 11). 
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Figure 11: Chemotactic response of P. pallidum PN500 amoebae to differing 
concentrations of glorin. Cells were starved for 3 hours in shaking cultures before 10 μl drops 
containing 2x106 cells were placed on phosphate agar plates prepared with 0 nM, 10 nM, 20 nM, 
50 nM, 100 nM, 500 nM, 1 μM and 5 μM final concentration of glorin. Chemotaxis towards glorin 
was monitored every 30 minutes using an Olympus steromicroscope and pictures were taken 3 
hours after plating. 

3.4.1.3 Stage specificity in the response of P. pallidum PN500 cells to glorin  

These experiments were designed to trace changes in the sensitivity of the amoebae as 

they “age” in shaking cultures. Vegetative stage P. pallidum PN500 cells (indicated by t0; 

Figure 12) deposited on hydrophobic phosphate agar plates showed a very weak 

response to 10 nM glorin and were insensitive to higher concentrations of acrasin (Figure 

12). Effects of varying starvation times (from 0- to 4-hours) on the ability of cells to 

respond to glorin were then assessed. Amoebae starved for 1 hour (indicated by t1) were 

moderately more reactive to low concentrations of glorin (Figure 12). The progression of 

starvation led to an enhanced sensitivity of the responding amoebae, and as a result 

orientation of P. pallidum PN500 cells to the gradients of glorin increased. Cells starved 

for 2 hrs (data not shown) were adequately active to glorin, while there was a sudden rise 

in the sensitivity of cells starting at about 3 hours of starvation (indicated by t3; Figure 

12). It was observed that cells developed for 3 hours in shaking suspensions were at the 

appropriate stage of aggregation competence and responded maximally on chemotaxis 

assay plates containing optimal concentration of glorin (i.e. 100nM glorin as shown in 

Figure 11 & Figure 12). When amoebae starved in shaking cultures for 4 hours (indicated 

1μM500 nM

20 nM

100 nM

50 nM20 nM10 nM0 nM
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by t4) were deposited on hydrophobic agar, chemotactic efficiency of the responding cells 

was comparatively reduced (Figure 12). These data support stage-specificty in the 

response of P. pallidum PN500 cells to glorin.  

 

 

Figure 12: Effects of varying starvation times on the ability of P. pallidum PN500 amoebae
to respond to glorin. Cells were starved for 1-4 hours (t1, t2, t3, t4) in shaking cultures before 10 μl 
drops containing 2x106 cells were placed on phosphate agar plates prepared with 0 nM, 10 nM, 
100 nM and 1 μM final concentration of glorin. Chemotaxis towards glorin was monitored every 30 
minutes using an Olympus steromicroscope and pictures were taken 3 hours after plating. 

    0 nM glorin     10 nM glorin   100 nM glorin   1μM glorin 

t0

t1
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3.4.1.4 Delayed chemotactic response of P. pallidum amoebae to high 
concentrations of glorin 

When sensitivity of aggregation-competent P. pallidum PN500 cells was tested to higher 

concentrations of glorin, i.e. 10-20 μM glorin, it was noticed that starving amoebae could 

sense a higher concentration of attractant, however, they responded by relatively slow 

outward migration from the margins of the drop and did not move a greater distance 

away from the drop during the first few hours (indicated by t1 & t3 in Figure 13) after being 

plated on hydrophobic agar surface. 

 

 

Figure 13: Chemotactic response of starving P. pallidum PN500 amoebae to high 
concentrations of glorin is delayed. Cells were starved for 3 hours in shaking cultures before 
10 μl drops containing 2x106 cells were placed on phosphate agar plates prepared with 0 nM or 
20 μM final concentration of glorin. Chemotaxis towards glorin was monitored every 30 minutes 
using an Olympus steromicroscope and pictures were taken at 1, 3 and 5 hours (t1, t3, t5) after 
plating. Slow migration of amoebae outside the borders of the drop was seen within 1 hour of 
placing the drop on agar surface, later this outward movement ceased considerably and the 

0 nM glorin  20 μM glorin 

t1

t3
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optimal response was recorded at 5 hour of plating. Hence chemotaxis to excess of glorin was 
delayed by a few hours. Interestingly, in response to higher glorin concentrations, amoebae 
moved out in a dense front. Similar observations were made when glorin was tested at a 
concentration of 10 μM. 

It seemed clear that the chemotactic response of cells to the excess of glorin was 

delayed by 2-3 hours (compare results depicted in Figure 12 and Figure 13 at t3 for cells 

starved for 3 hours before being deposited on agar). As shown in Figure 12, cells starved 

in shaking suspensions for 3 hours exhibited significant chemotactic response to ‘lower’ 

concentrations of attractant when plated on agar plates and amoebae could travel a 

considerable distance away from the boundaries of drop (Figure 12). Similar 

observations were made by De Wit & Konijn (1983), which showed that the chemotactic 

response of D. minutum to high concentrations of folic acid was delayed (De Wit & 

Konijn, 1983). This phenomenon may indicate that Dictyostelids exhibit adaptation during 

chemotactic migration, undergoing consecutive phases of desensitization and 

resensitization in the presence of increasing concentrations of acrasins. Such adaptive 

behaviour allows the social amoebae to reversibly adjust their sensitivities over a wide 

range of concentrations of the chemoattractant; an essential feature for long-range 

chemotaxis.  

3.4.1.5 P.  pallidum is a species complex 
 

P. pallidum has been considered as a ‘species complex’ (Romeralo et al. 2011b; 

Romeralo et al. 2010; Kawakami & Hagiwara 2008; Schaap et al. 2006; Raper 1984) 

containing several morphologically similar species that are characterized by white 

sorocarps carrying elliptical spores and  bearing sorophores without lengthened terminal 

segments (Hagiwara 1989, 1982). This species complex encompasses Polysphondylium 

pallidum Olive (Olive 1901) and its related species Polysphondylium album Olive (Olive 

1901). P. album Olive is distinguished from P. pallidum primarily in having larger sori, 

prostrate sorocarps and larger number of branches per whorl (Kawakami & Hagiwara, 

2008). A recent morphological reconsideration of P. pallidum species complex by 

Kawakami and Hagiwara (2008) proposed that P. pallidum isolate PN500 (Figure 14) 

should be renamed as P. album, that was placed by Raper together with P. pallidum 

(Kawakami & Hagiwara 2008; Raper 1984). P. pallidum isolate PN500 (Figure 14) is 

characterized by round to clavate sorophore bases, typically ovoid and shorter tip cells 

and exhibit higher whorl index values (Kawakami & Hagiwara, 2008). However, the 

isolate P. pallidum CK8 (Figure 14) is reported to have lower whorl index values, typically 

subulate and longer tip cells and clavate sorophore bases (Kawakami and Hagiwara, 
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2008). Other isolates, such as P. pallidum H168 (reported by Romeralo et al. 2010) and 

P. pallidum WS320 (Figure 14) are clearly demarcated by a combination of the shape of 

sorophore base, the number of branches per whorl, and the shape and length of tip cell. 

In the presented research work, ITS DNA sequencing (Romeralo et al. 2010) was used 

to show that P. pallidum strain WS320 is closely related to the isolate PN500 (placed in 

subclade 2B1; Romeralo et al. 2010) and both may therefore be designated as P. album 

isolates (Figure 15). It is further showed that P. pallidum CK8 (Kawakami & Hagiwara 

2008) is closely related to H168 isolate (placed in subclade 2B2; Romeralo et al. 2010), 

suggesting that they should be recognised as P. pallidum sensu strictu (Figure 15). 

When compared, the ITS sequences of isolates WS320/PN500 (group 2B1) and 

CK8/H168 (group 2B2) revealed low conservation, except in the 5.8 rRNA gene 

sequence, manifesting the relative phylogenetic distance between different isolates of the 

P. pallidum species complex (Figure 15; approved by Romeralo M. and Baldauf S.). It is 

not yet approved by the community that isolates, such as PN500 or WS320 will be 

renamed P. album, therefore, these strains are ascribed as P. pallidum in this study. 

 

Figure 14:  Fruiting body morphologies of different isolates of P. pallidum. Fruiting bodies 
are adorned with regular whorls of side branches. P. pallidum WS320 (upper left); P. pallidum 
PN500 (upper right); P. pallidum CK8 (lower left); P. pallidum H168 (lower right). 

WS320 

H168 CK8 
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PN500    TAAAAAAACGAACTCAAAAGGTGTATTAAGAAGCTTCGGTTTCATTTTACACCGCTCTTT 
WS320    TAAAAAA-CGAACTCAAAAGGTGTATTAAGAAGCTTCGGTTTCATTTTACACCGCTCTTT 
CK8      CATAAAAAAGAACTCAAAAAAAAAAGTTATTTATTTAACTTTTGCCTAATTT---TTTTA 
H168     CATAAAAAAGAACTCAAAAAAAAAAGTTATTTATTTAACTTTTGCCTAATTT---TTTTA 
            ***** **********     * * *     **   ***    * *      * **  
 
PN500    GCTAAAAATTCTTCGGAATTTAAGCTTA---GAGTATCTCAAAAAA--ACTTATTTCGTA 
WS320    GCTAAAAATTCTTCGGAATTTAAGCTTA---GAGTATCTCAAAAAAAAACTTATTTCGTA 
CK8      ATTTGGTATTCATATTAAATTAAATTAATTTGGGCATCTCTCTCAAA-ATTTATTTCGTA 
H168     ATTTGGTATTCATATTAAATTAAATTAATTTGGGCATCTCTCTCAAA-ATTTATTTCGTA 
           *    **** *   ** ****  * *   * * *****    **  * ********** 
 
PN500    TGTCAAATTCAATGTAGTTGTCTGATAGTCTAATGACATCCTCGGATGTTCCAATTCTTG 
WS320    TGTCAAATTCAATGTAGTTGTCTGATAGTCTAATGACATCTTCGGATGTTCCAATTCTTG 
CK8      TGTCAAATTAATTGTAATTGTCTAA---------GATGTTTCCACTCTGTGGAAATATTA 
H168     TGTCAAATTAATTGTAATTGTCTAA---------GATGTTTCCACTCTGTGGAAATATTA 
         ********* * **** ****** *         **  *   *      *  ** * **  
 
PN500    AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA 
WS320    AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA 
CK8      AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA 
H168     AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA 
         ************************************************************ 
 
PN500    CCGTAGCAAACTGCGATAAGTCACTTGAATTGCAGACTACTGTGAAAGTCGAACTGTTGA 
WS320    CCGTAGCAAACTGCGATAAGTCACTTGAATTGCAGACTACTGTGAAAGTCGAACTGTTGA 
CK8      CCGTAGCAAACTGCGATAAGTCACTCGAATTGCAAACTACTGTGAAAGTCGAAATGTTGA 
H168     CCGTAGCAAACTGCGATAAGTCACTCGAATTGCAGACTACTGTGAAAGTCGAAATGTTGA 
         ************************* ******** ****************** ****** 
 
PN500    ACGCACATGATGATATTGATTCTTCACGGAGTTAAATATCACACTTGGTTGAGAGTCGCA 
WS320    ACGCACATGATGATATTGATTCTTCACGGAGTTAAATATCACACTTGGTTGAGAGTCGCA 
CK8      ACGCACATGATGACATTGACTCCCCC--GAGTTAAATGTCACACTTGGTTGAGAGTCGCA 
H168     ACGCACATGATGACATTGACTCCCCC--GAGTTAAATGTCACACTTGGTTGAGAGTCGCA 
         ************* ***** **  *   ********* ********************** 
 
PN500    TCTCATTATCATTTACCAATAGTTTTTTTTTCGAAAAAGCTATTGGCAAAGTATTGGGAA 
WS320    TCTCATTATCATTTACCAATAGTTTTTTTT-CGAAAAAGCTATTGGCAAAGTATTGGGAA 
CK8      TCTCATTATCATTTCTTAATTCTATT-------AAGAAAGTATTGGTAAAGATTTCTTAG 
H168     TCTCATTATCATTTCTTAATTCTATT-------AAGAAAGTATTGGTAAAGATTTCTTAG 
         **************   ***  * **       ** **  ****** ****  **   *  
 
PN500    AGTTTTCTATGACAATTCGGGATTACTTTCTTTAAATATTAAAACATTGTCAGGTATGAA 
WS320    AGTTTTCTATGACAATTCGGGATTACTTTCTTTAAATATTAAAACATTGTCAGGTATGAA 
CK8      A------TATTACA-TTCGGAAT--CTTCACTTAAATATAAAAAAAAAAAGTAATATCAG 
H168     A------TATTACA-TTCGGAAT--CTTCACTTAAATATAAAAAAAAAAAGTAATATCAG 
         *      *** *** ***** **  ***   ******** **** *        *** *  
 
PN500    AATTAGTTGTCTCACGACTTCTAATATCCAATAGATTCAAAATTATTTAATTGGTTTCCA 
WS320    AATTAGTTGTCTCACGACTTCTAATATCCAATAGATTCAAAATTATTTAATTGGTTTCCA 
CK8      GTACAATTCCAATAAGAAACAAAATCGTTTTCCAATTTGT--TTCCGCAAGGAAACAGCA 
H168     GTACAATTCCAATAAGAAACAAAATCGTTTTCCAATTTGT--TTCCGCAAGGAAACAGCA 
             * **     * **     ***         ***     **    **        ** 
 
PN500    GTTTACTGGAGTGGCCAGTTGGATTTTTTAAAGTCTTTGTTCGTTTCGACTAAATTTTTA 
WS320    GTTTACTGGAGTGGCCAGTTGGATTTTTTAAAGTCTTTGTTCGTTTCGACTAAATTTTTA 
CK8      ATTGAATAATTTTTTTGTTATAAATTTTTAACAA--TTATTGATTTCGATTCAATTTTT- 
H168     ATTGAATAATTTTTTTGTTATAAATTTTTAACAA--TTATTGATTTCGATTCAATTTTT- 
          ** * *    *      *   * *******     ** **  ****** * *******  
 
PN500    GTGGAACGGGATTGGACTGAAGCATTTGCTTCTTTTTCATATAAAAACTTTAATTGGTTA 
WS320    GTGGAACGGGATTGGACTGAAGCATTTGCTTCTTTTTCATATAAAAGCTTTAATTGGTTA 
CK8      GTGAGAAAATTTCGGATAGTACGAAGTTTTGATCGTTAAT-TCAAGGATGGGATTTACAA 
H168     GTGAGAAAATTTCGGATAGTACGAAGTTTTGATCGTTAAT-TCAAGGATGGGATTTACAA 
         ***  *     * ***  * *  *  *  *  *  ** ** * **   *   ***    * 
 
PN500    AACCCAGTAACTATAGTTGATAAATCGACTTAGCTATTAATGAAAGTTTTAAACATCAAA 
WS320    AACCCAGTAACTATAGTTGATAAATCGACTTAGCTATTAATGAAAGTTTTAAACATCAAA 
CK8      AATCTTA-AACTGGTAATGAAAAATTAA---AACTATCAAT------TTGAAAGATTGCC 
H168     AATCTTA-AACTGGTAATGAAAAATTAA---AACTATCAAT------TTGAAAGATTGCC 
         ** *    ****     *** ****  *   * **** ***      ** *** **     
 
PN500    TTGAAAAGTCTAACTTTCCAACGTTTAGAATTAGTAGTTTCTGACGCGTCTTTTGTGTAG 
WS320    TTGAAAAGTCTAACTTTCCAACGTTTAGAATTAGTAGTTTCTGACGCGTCTTTTGTGTAG 
CK8      TCGCGTGATTT---TTTAAAATGTTTTAAATTAGTAATTATCG-TATGTTTTT------G 
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H168     TCGCGTGATTT---TTTAAAATGTTTTAAATTAGTAATTATCG-TATGTTTTT------G 
         * *     * *   ***  ** ****  ******** **   *    ** ***      * 
 
 
PN500    ACTATAGCAGAAAAGTTTAACGCTAACAATTTTTGTTTTTGAAAAAGTAGTAGTCTAGTA 
WS320    ACTATAGCAGAAAAGTTTAACGCTAACAATTTTTGTTTTTGAAAAAGTAGTAGTCTAGTA 
CK8      ATTATTGTAGACTTGCACTGCTTTAACA-----CATGGTTAAAATTTTGGAAATT---TG 
H168     ATTATTGTAGACTTGCACTGCTTTAACA-----CATGGTTAAAATTTTGGAAATT---TG 
         * *** * ***   *     *  *****       *  ** ***   * * * *    *  
 
PN500    AGTACTTTCTCTAGTAAACTTTAAGTTTTTTAACGCTTCGAGCAGCTACAAGACTTTTTA 
WS320    AGTACTTTCTCTAGTAAACTTTAAGTTTTTTAACGCTTCGAGCAGCTACAAGACTTTTTA 
CK8      AGAATTTTTCATATTAATTGAAATGATTCCGGTAATGACATAAAATTTTTAGCATATATA 
H168     AGAATTTTTCATATTAATTGAAATGATTCCGGTAATGACATAAAATTTTTAGCATATATA 
         ** * ***   ** ***     * * **          *    *  *   **  * * ** 
 
PN500    AGATTCAATTTGACTATCAATTATGGCTATTAAGTAATTTTGTATACCTTCTCAAAAATC 
WS320    AGATTCAATTTGACTATCAATTATGGCTATTAAGTAATTTTGTATACCTTCTCAAAAATC 
CK8      AAAGTTA-TCCAACTGTCAATTATGGTTGTTAAATTTTTTTTTGAGTACCTACAAAAATT 
H168     AAAGTTA-TCCAACTGTCAATTATGGTTGTTAAATTTTTTTTTGAGTACCTACAAAAATT 
         * * * * *   *** ********** * **** *  **** *         *******  
 
PN500    TTTGGACTT----TTAAAAGTTGAATTGA-CGCTGT-TTGTTCACTCAATTTAACTATAA 
WS320    TTTGGACTT----TTAAAAGTTGAATTGA-CGCTGT-TTGTTCACTCAATTTAACTATAA 
CK8      CTTTGGTTCCTTATTAACAAATGTTTTAAACACTGTATTGTTAAGTTTTTAACATTTTAA 
H168     CTTTGGTTCCTTATTAACAAATGTTTTAAACACTGTATTGTTAAGTTTTTAACATTTTAA 
          ** *  *     **** *  **  ** * * **** ***** * *   *   * * *** 
 
PN500    AA-AAAC-CTACAAAAAGCGACATCAG 
WS320    AA-AAAC-CTACAAAAAGCGACATCAG 
CK8      AATAAACACTTCCAAAAGCGACATCAG 
H168     AATAAACACTTCCAAAAGCGACATCAG 
         ** **** ** * ************** 

  

Figure 15: Alignment of ITS sequences from P. pallidum isolates, namely, PN500, WS320, 
CK8, and H168 generated with CLUSTAL 2.0. Nucleotide positions that are identical in all four 
sequences are indicated by stars. The 5.8 rRNA gene is illustrated in blue letters. 

3.4.1.6 Chemotactic response of different P. pallidum isolates and group 2 
Dictyostelid species to glorin 

Next chemotactic response of different P. pallidum isolates, such as WS320, CK8 and 

H168 to glorin was tested. In these experiments, all P. pallidum isolates reacted equitably 

well to glorin. Eight other group 2 species were assayed for their responsiveness to 

glorin. The results are summated in Figure 16 and Table 1. It was observed that the 

group 2B1 polysphondylids P. pseudocandidum, P. asymmetricum, P. tenuissimum and 

the group 2B2 species P. tikaliensis and P. luridum were chemotactically active to glorin. 

Qualitatively, these polysphondylids reacted to glorin as efficiently as P. pallidum isolates 

did. Two Dictyostelium species placed in group 2, D. gloeosporum and D. oculare also 

responded to glorin equally well (Figure 16), while Acytostelium species were not found 

positive in this assay (Table 1). None of the tested group 2 species responded to cAMP 

(Table 1). These data indicate that glorin-based cell-cell communication is a common 

property of early diverged group 2 species. 
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Figure 16: Chemotactic response to glorin by group 2 species. Cells were starved for 3 hours 
in shaking suspensions before 10 μl drops containing 2x105 cells were placed on hydrophobic 
agar without (left pictures) or with 1 μM glorin (middle pictures). Shape of fruiting bodies of each 
species is shown (right pictures). Chemotaxis assay pictures were taken 3 hours after plating. A: 
P. pallidum PN500; B: P. tenuissimum; C: P. asymmetricum; D: Dictyostelium gloeosporum. P. 
violaceum was used as positive control (data not shown). 

3.4.2 Chemotactic response of group 1 species to glorin 

Glorin communication was further explored more deeply into the phylogenetic history of 

social amoebae. It was found that group 1 species D. fasciculatum, D. parvisporum, D. 

aureo-stipes, D. microsporum and D. bifurcatum exhibited pronounced chemotaxis to 

glorin (Figure 17). It was convincing data to believe that ancient group 1 species 
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generally employ glorin as extracellular signalling molecule. Group 1 species were not 

reactive to cAMP in these chemotaxis assays (Table 1).  

 

Figure 17: Chemotaxis to glorin by group 1 species. Cells were starved for 3 hours in shaking 
suspensions before 10 μl drops containing 2x105 cells were deposited on hydrophobic agar 
prepared without (left pictures) or with 1 μM glorin (middle pictures). Shape of fruiting bodies of 
each species is shown (right pictures). Chemotaxis assay pictures were taken 3 hours after 
plating. A: Dictyostelium fasciculatum; B: D. aureo-stipes; C: D. parvisporum; D: D. microsporum.

 A 
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Species Dictyostelids 
groupa

Activity to 
cAMP

Activity to 
glorin

Dictyostelium discoideum NC4 4 + – 
Dictyostelium discoideum AX2 4 + – 
Dictyostelium sphaerocephalum 4 + – 
Dictyostelium giganteum 4 + – 
Dictyostelium dimigraforum 4 + – 
Dictyostelium firmibasis 4 + – 
Dictyostelium intermedium 4 + – 
Polysphondylium violaceum (4) (+) + 
P. pallidum WS320 2B1 – + 
P. pallidum PN500 2B1 – + 
Polysphondylium tenuissimum 2B1 – + 
Polysphondylium asymmetricum 2B1 – + 
Dictyostelium gloeosporum 2B1 – + 
P. pallidum H168 2B2 – + 
P. pallidum CK8 2B2 – + 
Polysphondylium luridum 2B2 – + 
Polysphondylium tikaliensis 2B2 – + 
Dictyostelium oculare 2B – + 
Acytostelium ellipticum 2B – – 
Acytostelium subglobosum 2A – – 
Dictyostelium fasciculatum 1 – + 
Dictyostelium aureostipes 1 – + 
Dictyostelium parvisporum 1 – + 
Dictyostelium microsporum 1 – + 
Dictyostelium bifurcatum 1 – + 

Table 1: Chemotactic activity of aggregation competent amoebae from four groups of 
Dictyostelids was tested towards glorin and cAMP. Chemotaxis tests were carried out twice 
for each species. “+” indicates positive chemotactic response. “–”stands for no response.  
a Group description based on Schaap et al. (2006) and Romeralo et al. (2010). 

 

In short, these data demonstrate that glorin-based cell-to-cell signalling is the oldest form 

of intercellular communication used at the transition from growth to multicellular 

development of social amoebae.
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3.5 Identification of the proteins secreted by aggregating P. pallidum
amoebae: Fishing for putative glorinase 

If glorin is the acrasin of P. pallidum PN500, then a glorin degrading enzyme must also 

be secreted in the medium during aggregation of cells to keep extracellular levels of 

glorin within bounds. In related species D. discoideum, during incubation of amoebae 

under buffered, a rise in the amount of extracellular cyclic AMP phosphodiesterase has 

been observed, which reaches a peak at the time of aggregation and then declines 

(Noce et al. 1983; Malkinson & Ashworth 1973; Riedel et al. 1973; Chassy 1972; Gerisch 

et al. 1972; Chang 1968). Based on these previous reports, it was interesting to search 

for a glorin degrading enzyme in the medium conditioned by aggregating P. pallidum 

PN500 amoebae to get further insight into glorin communication system. Studies with P. 

violaceum have demonstrated the occurance of extracellular and membrane-bound 

enzyme(s) capable of inactivating glorin (De Wit et al. 1988; Wurster et al. 1976). It has 

been reported that inactivation of glorin signal occurs mainly by rapid cleavage of the -

lactam bond, followed by a slower cleavage of the peptide bond between propionic acid 

and glutamic acid (Figure 6; De Wit et al. 1988). The same authors showed that 

considerable degradation of glorin occurs when this dipeptide compound is incubated 

with extracellular medium of aggregating P. violaceum amoebae (De Wit et al. 1988). In 

the presented research work, the ‘secretome’ of aggregating P. pallidum PN500 cells 

was studied in an attempt to identify a putative hydrolase that would degrade glorin 

possibly by opening -lactam ring. 

 

To collect secreted proteins, vegetatively growing P. pallidum PN500 cells were 

harvested from culture plates using cold 17 mM phosphate buffer (pH 6.2) and freed of 

bacteria by centrifugation at 800 rpm in phosphate buffer. The final cell pellet was 

resuspended in phosphate buffer at a concentration of 107cells/ml. Cells (107) were then 

pipetted on to Type 353102 1 mm pore-sized polyethylene terephthalate membrane six-

well format cell-culture inserts (Figure 18). Within 10 minutes, when the cells had settled 

on, and attached to the membrane, the buffer was gently removed from the insert. Cold 

phosphate buffer containing a protease inhibitor cocktail, AEBSF to a final concentration 

of 0.25mM and 5 mM EDTA was added into the wells of a six-well plate followed by the 

placement of the inserts with cells in the wells (Figure 18). The volume of phosphate 

buffer in the wells was adjusted to just touch the membrane of the insert to keep the 

membrane and the cells moist. Amoebae developed normally at 21°C, with cells 

aggregation starting at 4 hour and branching streams formation at 8 hours (data not 
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shown). When amoebae were actively forming aggregation streams on the surface of 

inserts, the conditioned starvation buffer in the wells was collected in 2 ml eppendorf 

tubes and stored at -80°C. Frozen conditioned starvation buffer samples were 

lyophilized and resulting powder in each tube was resuspended in 50 μl of deionized 

water. Samples were then immediately boiled with 50 μl of 2 x Laemmli buffer for 5 min 

at 95°C to denature proteins and subsequently centrifuged for 10 min at 11000 x g to 

remove the large particles. Supernatant was collected and used for protein analysis.

Proteins were then separated on polyacrylamide gel on the basis of size. Silver-staining 

of the gel revealed the presence of numerous proteins (Figure 19). Protein bands were 

excised and proteomic analyses of secreted proteins were performed. 

 

Figure 18: Experimental setup for collection of secreted proteins. P. pallidum PN500 cells 
were placed on a porous membrane in contact with buffer. Amoebae developed normally and 
aggregation streams could be seen at 8 hours (data not shown). During this period, proteins were 
secreted into the buffer. 
 

Figure 19: Proteins secreted by aggregating P.  pallidum PN500 cells. Conditioned buffer was 
lyophilized and secreted proteins were subjected to separation by electrophoresis on a SDS-
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polyacrylamide gel, which was then silver stained. Different volumes of the same protein solution 
were loaded in each well of 12.5% SDS-PAGE gel to analyze protein band patterns. From left to 
right, lane1, molecular mass marker (Page Ruler), lane 2, 3, 4, 5, 6 contains 10 μl, 20 μl, 30 μl, 40 
μl and 50 μl of concentrated protein solution respectively. A number of protein bands on silver 
stained SDS-PAGE were rather diffused; this might be because of the heterogeneity of the 
secreted proteins owing to glycosylation. 

A total 97 different proteins were identified including a variety of peptidases and 

hydrolases. Though, great care was taken to avoid any treatments likely to cause cell 

lysis, yet presence of some intracellular proteins was identified. The detection of internal 

proteins in secretome studies due to cell lysis is an inherent aspect of secretome 

proteomics. A complete list of the proteins identified in two independent experiments is 

shown in (Appendix Table A1). Same protein species were identified in many different 

bands (data not shown), revealing that many proteins were digested by proteases during 

the 8 hours of incubation and sample preparation despite the presence of protease 

inhibitors. 

 

Most prominent proteins identified by ESI tandem mass spectrometry included members 

of glycoside hydrolase (GH) families 5, 18, 20, 25, 27, 35 and 39, peptidase families C26, 

C1A, C53 and S28, gamma-glutamyl hydrolase, glycosyl hydrolase family chitinase, 

dipeptidyl-peptidase III, beta-N acetylhexosaminidase, putative alpha-N-

acetylgalactosaminidase, beta-galactosidase, alpha-glucosidase, beta-xylosidase-like 

protein, alpha-mannosidase, metallopeptidase, cathepsin Z-like protein and counting 

factor associated protein. Peptides crorresponding to cathepsin L-like proteinase, 

discoidin I and acetylornithine deacetylase were also detected. Many of the identified 

proteins belonged to the category of carbohydrate metabolism. Twenty proteins identified 

from P. pallidum PN500 database were ‘hypothetical proteins’ with unknown functions. 

For such proteins, homology searches were performed using the BlastP program against 

all non-redundant protein sequences available at the National Centre for Biotechnology 

Information database (http://www.ncbi.nlm.nih.gov/blast). However, no putative function 

could be assigned to these hypothetical proteins. These hypothetical proteins, if unique, 

may represent good targets for future biochemical studies. 

 

In this study, any putative lactamase could not be detected in the conditioned buffer. It is 

possible that the lactam hydrolase protein was present, but not in sufficient quantity for 

detection via applied proteomics, or there is a possibility that it could not be detected as a 

result of extensive post-translational modifications. After two attempts, more efforts to 

search for a putative ‘lactam opening hydrolase’ as glorinase candidate or biochemical 
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characterization of the identified peptidases were not possible because of time limitation. 

More research therefore needs to be done to identify/define glorinase. 

 

3.6 Genome-wide analysis of glorin modulated gene expression changes 

A distinct feature of development of P. pallidum is an aggregative transition from a 

unicellular to a multicellular phase. The outcome of the chemotaxis assays (described 

under Section 3.4.1.1; Figure 10) using glorin as chemoattractant clearly indicated that P. 

pallidum PN500 cells possess all necessary biochemical machinery required to use 

glorin as an acrasin. These findings prompted us to address the question whether glorin 

regulates gene expression changes at the transition from growth to aggregation; similar 

to the role that chemoattractant cAMP plays in D. discoideum during chemotactic 

aggregation (Winckler et al. 2004; Iranfar et al. 2003; Mann et al. 1997; Schulkes & 

Schaap 1995; Pitt et al. 1993; Mann & Firtel 1987). Previously Will Kopachik (Kopachik 

1990) reported effects of glorin on protein synthesis in starving P. violaceum amoebae. In 

his experiments, beginning 1 hour after starvation, P. violaceum cells were exposed to 

glorin (1 μM final concentration, at 30 minute intervals) for 2 to 7 hours. It was 

demonstrated that within 2 hours of the beginning of starvation, the amoebae displayed 

two fold increase in sensitivity to glorin. It was found that starving P. violaceum cells 

exhibit ‘some changes’ in protein synthesis when exposed to glorin for only 2 hours, 

whereas ‘prominent changes’ were observed when cells were treated with glorin for 7 

hours (Kopachik 1990). These previous studies further incited us to investigate the 

putative role of glorin in modulating changes in gene expression patterns of developing 

P. pallidum PN500 cells. To approach this question, we were able to take advantage of 

recently completed genome sequence of P. pallidum PN500 (Heidel et al. 2011), while 

employing Illumina high-throughput RNA sequencing (RNA-seq) technology for analyzing 

global changes in gene expression. 

Glorin-regulated gene expression changes have not been investigated before; therefore, 

no valuable information was available about optimal conditions to monitor transcriptional 

changes in response to externally added glorin. Results of the chemotaxis experiments 

employing P. pallidum PN500 as test species (described under Section 3.4.1.3; Figure 

12) indicated that amoebae developed in shaking suspension for 1 hour were sufficiently 

responsive to glorin and gained maximum sensitivity to chemoattractant glorin within next 

2-3 hours of development (Figure 12). Also it was noticed that P. pallidum amoebae start 

to aggregate within 3-4 hours of incubation under buffer in petri dishes (Figure 20). 
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Figure 20: Aggregation of P. pallidum PN500 amoebae under buffer. 3x107cells were starved 
submerged under a thin layer of phosphate buffer in a 50-mm petri dish and monitored for 
aggregation by differential interference contrast microscopy. Images were taken at 0 hour (left 
picture) and when cells started to aggregate (right picture). 
 

Previously, it was demonstrated that in starving P. violaceum cells glorin acts by binding 

to cell-surface G-protein coupled receptors (De Wit et al. 1988). The same authors 

reported that P. violaceum amoebae developed in shaken suspensions exposed greater 

number of glorin receptors compared to the cells developed on agar surface (De Wit et 

al. 1988). It was proposed that cells starved in suspension cultures gain maximum 

sensitivity to glorin because amoebae are not able to aggregate under these conditions 

and development is arrested in the preaggregation phase (De Wit et al. 1988).  

Predominant role of G-protein coupled receptors (GPCRs) in Dictyostelids is 

chemoattractant sensing (Heidel et al. 2011). GPCRs activate intracellular responses by 

interacting with heterotrimeric G-proteins. In order to study glorin-induced changes in 

gene expression patterns of developing P. pallidum PN500 amoebae, it was important to 

identify some genes whose expression was differentially regulated by glorin. However, 

not many examples of developmentally regulated genes were available for P. pallidum 

PN500. When experiments presented in Section 3.6 of this study were initiated, genome 

sequence of P. pallidum PN500 was not yet published but a list of genes was available to 

us that may encode G-protein coupled receptor proteins in this species (courtesy of Dr. 

Gernot Glöckner, Fritz-Lippman Institute Jena, Germany). 25 GPCR genes were 

randomly selected from the available list (data not shown) and subjected to preliminary 

analysis of glorin-regulated gene expression.  

In this study, initially the protocol devised by Kopachik (Kopachik 1990) was followed to 

stimulate P. pallidum amoebae with glorin. P. pallidum PN500 cells grown in association 

with Klebsiella planticola were harvested at vegetatively growing stage, washed free of 

0 hour 3.5 hours 
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bacteria and resuspended in phosphate buffer at cell density 2x107cells/ml. A pellet of 

2x107cells was immediately stored at -80oC and served as ‘growing cells control for 

subsequent gene expression analysis. Cell suspension of P. pallidum PN500 amoebae 

was then divided into two parts. One suspension culture was first prestarved for 1 hour to 

initiate development, and then treated with periodic additions of 1 μM final concentration 

of glorin at 30-min intervals for up to 8 additional hours to assess the time-course effects 

of exogenous glorin on the expression of selected putative GPCR genes. In this 

experiment, 8 hour time scale was chosen to identify the period when the greatest 

increase in mRNA levels could be detected. Other culture was maintained in the absence 

of added glorin for the time period. Suspension cultures (at high cell density 

2x107cells/ml) were shaken at low speed i.e. 100 rpm because it may permit cell-cell 

interactions. Starting at second hour of starvation, cell samples were taken from glorin 

treated and untreated cultures every hour for total 8 hours to extract total RNA. cDNAs 

were prepared and expression of chosen putative GPCR genes was analyzed using real-

time RT-PCR.  

It was taken into account that the final concentration of glorin, i.e. 1 μM applied at 30-

minute intervals, used to study glorin-regulated gene expression in suspension cultures 

of starving P. pallidum PN500 cells was higher than the concentration (i.e. 100 nM) found 

to show optimal response in chemotaxis assays on agar surface for the same cells 

(Figure 11). This difference could be justified by the fact that for P. violcauem cells 

developing in shaken suspensions, concentration for half maximal occupancy of the 

major glorin receptor is 200 nM and only 80 nM for cells aggregating on agar surface (De 

Wit et al. 1988). Moreover, it was shown that developing P. violaceum amoebae exhibit 

glorin degradation activity and do not amplify glorin signal in response to externally 

added glorin; activities that would lead to rapid reduction in initially high concentrations of 

glorin (De Wit et al. 1988). Thus, in this study, final concentration of glorin available to 

affect gene expression in P. pallidum PN500 cells developing in buffer suspensions 

might be relatively lower and within the range exploited by amoebae for chemotaxis. 

Among all tested GPCR genes (data not shown), PPL_04108 was found to be highly 

induced by glorin at second hour of starvation when cells received glorin treatment for 

only one hour, i.e. after total 2 additions of glorin, whereas maximal increase in the 

expression of another GPCR encoding gene, PPL_00855, was noticed at third hour of 

starvation after stimulation of cells with glorin for total two hours (Figure 21). After these 

time points, expression of these genes generally declined to lower levels (Figure 21).  
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Figure 21: Expression kinetics of two putative GPCR genes during pulse development.  
P. pallidum PN500 cells were developed in shaken suspensions and given pulses of 1 μM final 
concentration of glorin starting at 1 hour of starvation. At the indicated time points, gene 
expression levels were measured for PPL_04108 and PPL_00855 by quantitative RT-PCR. As a 
control, expression of house keeping gene gpdA was examined. Fold changes are shown. All 
data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Mean of two 
independent experiments is presented. 
 

Based on these preliminary data, it seemed interesting to study changes in the patterns 

of gene expression at 2 and 3 hours after initiation of development because during this 

time (known as interphase or pre-aggregation stage) cells may undergo many 

biochemical changes to prepare themselves for imminent aggregation. Therefore, it was 

decided to perform RNA-seq on cDNAs drived from cells treated with glorin for one and 

two hours (i.e. cells starved for total two and three hours) to study effects of glorin 

stimulation on developmentally regulated genes. 
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For RNA-seq studies, samples of total RNA were prepared from growing cells (t0), cells 

developed for 2 hours without glorin treatment (t2), cells developed for 3 hours without 

glorin treatment (t3) and cells pre-starved for 1 hour and then stimulated with 1 μM final 

concentration of glorin for 1 and 2 hours, respectively (t2+ and t3+) in two independent 

biological replicates and analyzed by RNA-seq to obtain gene expression profiles from 

steady-state mRNAs (data deposited in the Gene Expression Omnibus (GEO) database 

under accession number GSE24911). In short, mRNA molecules were purified from total 

RNA using Illumina’s mRNA-seq sample prep kit and cDNA libraries were sequenced on 

a high-throughput Illumina (GAIIx) which generates about 35 million reads of 76 bases 

for each sample. These short reads were then aligned with the P. pallidum PN500 

reference transcriptome (composed of the spliced sequences of all the transcripts 

annotated in the reference database) downloaded from the Social Amoeba Comparative 

Genome Browser (SACGB; http://sacgb.fli leibniz.de/cgi/index.pl). A total of 12,657 gene 

models (transcripts) are annotated from the genome of P. pallidum PN500. 

Approximately two third of the obtained reads mapped distinctively onto 12,657 

annotated transcripts. Any read that could not be mapped to a unique sequence was not 

counted, thus eliminating repetitive elements. To estimate gene expression, each 

transcript was then quantified by calculating its RPKM (reads per kilobase of transcript 

per million mapped reads; Mortazavi et al. 2008). Using biological replicate I, 20,212,278 

to 24,489,837 mappable reads were obtained, whereas biological replicate II generated 

between 16,943,246 and 20,182,623 mappable reads. Spearman correlation coefficients 

were calculated for all data sets. The biological replicates were highly comparable; when 

comparing each experimental condition, Spearman correlation coefficients were >0.95, 

demonstrating a high quality of data (Table 2). While comparing data from growing and 

starving cells, Spearman correlation coefficients ranged from 0.88 to 0.98 (Table 2). This 

difference signifies global changes in gene expression at the transition from growth to 

development.  
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t0 
exp1

t0 
exp2

t2 
exp1

t2 
exp2

t3 
exp1

t3 
exp2

t2+ 
exp1

t2+ 
exp2

t3+ 
exp1

t3+ 
exp2

t0 exp1 0.950 0.934 0.895 0.938 0.904 0.938 0.897 0.939 0.912

t0 exp2  0.880 0.922 0.899 0.928 0.900 0.928 0.885 0.925

t2 exp1 0.953 0.984 0.949 0.979 0.938 0.977 0.949

t2 exp2 0.958 0.988 0.954 0.983 0.935 0.974

t3 exp1 0.968 0.982 0.948 0.986 0.969

t3 exp2 0.954 0.980 0.947 0.986

t2+ exp1 0.961 0.981 0.964

t2+ exp2  0.934 0.978

t3+ exp1          0.965

t3+ exp2          

Table 2: Spearman correlation coefficients for all RNA-seq data sets. The time t0 refers to 
vegetatively growing cells. Cells were staved for 2 or 3 hours without glorin treatment (t2, t3) or 
pre-starved for 1 hour and treated with glorin for additional 1 or 2 hours (t2+, t3+). exp: 
experiments (biological replicates). 
 

To assess the differential regulation of genes by starvation and glorin treatment, 

analyses focused only on those gene transcripts that changed in expression at least 3-

fold in each of the two biological replicates compared to a control condition to avoid noise 

in data. 

 

3.6.1 Starvation triggers dramatic changes in gene expression in P.
pallidum PN500 amoebae 

To demarcate the effects of starvation from those of the glorin treatment, first, gene 

expression changes in response to starvation were studied using RNA-seq data from 

growing cells and from samples collected at 2 and 3 hours of starvation in buffer (with no 

glorin treatment). These analyses demonstrated that a considerable fraction of the 

genome of P. pallidum PN500 is represented as stage-specific transcripts. Many genes 

were found to be transcribed in vegetative cells, while others were transcribed at some 

time during early development. A number of transcripts found in cells at 3 hour of 

starvation were not found in vegetative cells, and many of the vegetative transcripts were 

no longer present by 3 hour of development (Appendix Table A3). 

68 



                                                                                                                                           RESULTS                           
  

While comparing growing cells with cells developed for 2 hours, a total of 12,628 genes 

were found to be transcribed (Figure 22). 1,299 gene transcripts were seen to be 

differentially regulated after 2 hours of starvation; 911 transcripts were up-regulated and 

388 transcripts down-regulated. Analysis of data from growing cells and cells starved for 

3 hours revealed that 680 transcripts were up-regulated and 376 were down-regulated 

(Figure 22; Appendix Table A3). When a comparison was made between the lists of 

gene transcripts differentially regulated at 2 and 3 hours of starvation, it was found that 

553 of the up-regulated genes and 283 of the down-regulated genes matched between 

two lists (Appendix Table A3).  

 

 

Figure 22: Effect of starvation on global gene expression in starving P. pallidum cells. A 
comparison is shown between steady-state levels of cellular transcripts (expressed as RPKM) in 
growing and starved cells for all 12,627 gene models (grey symbols). Genes that are regulated at 
least 3-fold in cells starved for 2 hours are denoted with blue dots with red circles. 911 genes were 
up-regulated and 388 down-regulated after 2 hours of starvation. Blue dots indicate differentially 
expressed genes in cells starved for 3 hours; 680 genes were up-regulated and 376 were down-
regulated. Scatter blot presents the average result from two independent replications. 

Starvation induced changes in expression of individual genes were highly reproducible 

when comparing RNA-seq data from both biological replicates (Table 2). The expression 

measurements obtained by RNA-seq analyses were further verified by quantitative RT-
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PCR. As shown by absolute expression data (Appendix Table A3), expression of many 

genes, of which PPL_02780 and PPL_02774 are clear examples, increased immediately 

upon starvation and continued to increase to high levels linearly during the first 3 hours of 

development. PPL_02780 and PPL_02774 were then selected for confirmation of RNA-

seq data using real-time RT-PCR. Quantitative RT-PCR results were in agreement with 

those obtained by RNA-seq analysis, thereby demonstrating validity of RNA-seq data 

(Figure 23).  

 

Figure 23: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3). (A) Two model genes, 
indicated by the corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq 
data of first biological replicate to describe starvation induced gene expression. It should be noted 
that the results obtained from RNA-seq of second biological replicate were comparable to the 
results shown here. (B) Relative expression of representative genes (as shown in panel A) 
determined by real-time RT-PCR. cDNA used in this experiment were prepared from total RNA 
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extracted from first biological replicate. Mean values of triplicate measurements of the same cDNA 
± SD were plotted. A high degree of correlation was observed between two methods 
demonstrating the effectiveness of RNA-seq approach.  
 

Moreover, it was found that 837 genes diffrentially regulated by starvation (more than 3-

fold) after 2 hours of starvation were similarly regulated one hour later (Appendix Table 

A3). This set of genes is identified as ‘starvation-responsive genes’ and symbolizes the 

growth arrest of the cells. Genes down-regulated by starvation are possibly those that 

are expressed during vegetative growth and shut off at the onset of starvation. Whereas 

genes up-regulated by starvation represent ‘developmentally induced genes’. RPKM 

values and fold changes for each individual gene regulated at 2 and 3 hours of 

development are available in Appendix Table A3. 

 

Overall, these results indicate that the transition of P. pallidum PN500 amoebae from 

growth-to-starvation is accompanied by predominant changes in the gene expression 

patterns.  

 

3.6.2 Glorin-induced developmental regulation of gene expression

After getting an insight into starvation triggered gene expression changes, it was 

interesting to investigate whether exogenous glorin can stimulate differential changes in 

the early developmental gene expression. To explore this question, gene expression 

data from cells starved for 2 hours without glorin treatment were compared with the data 

from cells that were pre-starved for 1 hour and then treated with 1 μM final concentration 

of glorin at 30-minute intervals for an additional hour, meaning that only two pulses of 

glorin were applied. It was observed that stimulation of starving cells with glorin resulted 

in more than 3-fold differential expression of 115 gene transcripts, 70 of which were up-

regulated by 3- to 57-fold (Figure 24A). When  gene expression profiles of cells starved 

for 3 hours were compared with gene expression data of cells pre-starved for 1 hour and 

treated with 1 μM glorin every 30 minutes for 2 hours, a relatively different outcome was 

noticed (Figure 24B). In these analyses, 120 genes were differentially regulated more 

than 3-fold, but only 20 of them were up-regulated. Among these 20 genes, 11 were 

those that were induced more than 3-fold after 1 hour of glorin treatment also. 

 

The phenomenon that many genes differentially up-regulated more than 3 fold after 1 

hour of glorin treatment exhibited abrupt changes in expression after 2 hours of 

stimulation with glorin, could be explained by comparing the absolute abundance and 
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expression kinetics of these genes under starving conditions (in absence of glorin) as 

depicted in Appendix Table A4 & A5. 

 

 

Figure 24: Effects of exogenous glorin stimulation on global gene expression in P. 
pallidum PN500.  A comparison is shown between steady-state levels of cellular transcripts 
(expressed as RPKM) in P. pallidum PN500 cells treated with glorin for 1 hour (A) or 2 hours (B) 
and cells starved without glorin treatment for the time period. All 12,627 gene models are plotted 
(represented by grey symbols). Genes that were differentially regulated at least 3-fold after 1 or 2 
hours of glorin treatment are indicated by black dots. Treatment of starving cells with glorin for 1 

2 hr glorin treatment 

3 hr glorin treatment 
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hour resulted in differential expression of 115 genes, 70 of which were up-regulated. After 2 hours 
of stimulation with glorin, 120 genes were differentially regulated, but only 20 of them were up-
regulated more than 3-fold. Scatter plot presents the average result from two independent 
replications. 
 

A few genes, of which PPL_05354 and PPL_09347 (Table 3; Figure 25) are obvious 

representatives, exhibited very low basal expression in growing cells and retained low 

level expression constantly during the first hours of starvation. In comparison, the 

majority of other genes (43 out of 70 genes up-regulated more than 3 fold after 1 hour of 

glorin treatment) showed a moderate increase in expression at the growth-to-starvation 

transition, possibly because cells gain the ability to set up endogenous glorin signalling 

within first few hours of starvation, however, their expression was further enhanced by 

exogenous glorin pulses (examples in Table 3 & Figure 27). Previously, it was shown 

that slow shaken high cell density cultures of D. discoideum were able to generate 

normal endogenous cAMP signals without exogenously supplied cAMP pulses (Kimmel 

& Carlisle 1986).  

 

While the expression levels of these genes increased with the progression of starvation, 

the effects of glorin treatment became relatively less significant. As a result, many genes 

that were differentially induced by glorin more than 3-fold after 1 hour of glorin treatment 

were up-regulated less than 3-fold one hour later even in the presence of glorin. This 

demonstrates that externally added glorin caused the induction of genes precociously 

compared to the natural conditions of development. RPKM values and fold changes for 

each individual gene regulated by glorin at 2 and 3 hours of development are presented 

in Table 3 & Appendix Table A4, A5 and A6. 

 

These data support the hypothesis that in starving P. pallidum PN500 amoebae, 

extracellular glorin binds to cell surface receptors, a signal is transduced intracellularly 

that leads to changes in developmental gene expression. 
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Table 3: Absolute expression data of selected genes obtained by RNA-seq analysis. The time t0 
refers to vegetatively growing cells. Cells were staved for 2 or 3 hours without glorin treatment (t2, t3) or 
pre-starved for 1 hour and treated with glorin for additional 1 or 2 hours (t2+, t3+). 

 

 

 

Gene
Number 

t0

RPKM

t2

RPKM

t3

RPKM

t2+

RPKM

t3+

RPKM

t2/ t0 

fold
change

t3/ t0 

fold
change

t2+/ t0 

fold
change

t3+/ t0 

fold
change

t2+/ t2 

fold
change

t3+/ t3 

fold
change

PPL_05833 0.42 3.50 6.56 56.75 10.97 8.21 15.41 133.2 25.75 16.21 1.67 

PPL_03784 0.16 0.74 0.79 3.35 1.30 4.51 4.84 20.40 7.96 4.51 1.64 

PPL_00912 0.60 0.76 1.16 9.54 2.66 1.27 1.93 15.87 4.42 12.40 2.28 

PPL_05195 3.71 42.36 84.83 9.46 5.42 11.39 22.81 2.54 1.45 0.22 0.06 

PPL_05702 13.94 17.65 24.43 1.72 10.97 1.26 1.75 0.12 0.78 0.09 0.44 

PPL_04459 18.55 8.22 4.62 12.50 22.54 0.44 0.24 0.67 1.21 1.52 4.87 

PPL_03541 0.08 0.065 0.069 0.81 0.069 0.75 0.80 9.44 0.80 12.55 0.99 

PPL_11763 0.62 0.86 0.92 11.40 2.71 1.38 1.49 18.31 4.36 13.18 2.92 

PPL_02774 0.21 320.8 361.1 188.3 478.5 1488. 1675. 874.0 2220 0.58 1.32 

PPL_07847 202.2 0.49 0.22 0.29 0.22 0.002 0.001 0.001 0.001 0.585 0.99 

PPL_12271 31.53 10.77 25.60 105.4 26.19 0.34 0.81 3.34 0.83 9.78 1.02 

PPL_12249 22.37 10.59 4.54 273.1 48.53 0.47 0.20 12.20 2.16 25.77 10.66

PPL_12248 4.23 1.93 1.48 68.90 10.42 0.45 0.35 16.26 2.46 35.62 7 

PPL_09347 0.10 0.24 0.26 15.18 13.27 2.25 2.42 139.4 121.9 61.76 50.31

PPL_07908 0.12 105.0 97.31 22.54 19.10 854.4 791.1 183.2 155.3 0.21 0.19 

PPL_05354 21.33 22.40 18.61 1141 1682 1.05 0.87 53.75 79.23 50.95 90.37

PPL_03564 6.05 3.12 4.13 27.04 7.01 0.51 0.68 4.46 1.15 8.65 1.69 

PPL_08455 8.58 0.33 0.53 4.05 1.07 0.03 0.06 0.47 0.12 11.98 2.02 

PPL_08454 0.30 0.37 0.45 5.96 1.20 1.23 1.5 19.86 4 15.86 2.66 

PPL_00855 0.20 1.72 2.66 2.99 5.33 8.6 13.3 14.95 26.65 1.73 2.00 

PPL_04108 1.83 6.79 7.58 22.55 7.04 3.71 4.14 12.32 3.84 3.32 0.92 

PPL_05727 59.16 14.16 18.86 58.89 19.59 0.23 0.31 0.99 0.33 4.15 1.03 

PPL_00902 66.97 70.05 96.22 192.5 148.7 1.04 1.43 2.87 2.22 2.74 1.54 

PPL_06644 0.77 0.50 0.58 8.70 3.17 0.64 0.75 11.29 4.11 17.40 5.40 
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3.6.2.1 Classification of glorin-induced developmental gene expression

For the convenience of data interpretation, genes differentially regulated by glorin were 

sorted into 5 classes on the basis of their expression kinetics. Instead of presenting the 

entire list of glorin-regulated genes in this section, some model genes were choosen to 

explain the glorin mediated modulation of gene expression.   

 

3.6.2.1.1 Class I: Genes stably induced by glorin  

RNA-seq data analyses indicated that glorin causes precocious and high-level induction 

of many genes (Table 3 & Appendix Table A4, A5, and A6). Prominent examples of such 

genes are PPL_09347 and PPL_05354. As described in the absolute RNA-seq data of 

glorin-regulated genes (Table 3), in vegetative-stage cells and also at the beginning of 

development (2 and 3 hours of starvation), transcripts of PPL_09347 were barely 

detectable, whereas PPL_05354 was expressed at very low levels under these 

conditions. Marked induction in gene expression was observed in response to 

exogenous glorin as shown in Figure 25. 
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Figure 25: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1 
show that expression of gene is lower in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour 
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the 
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first 
biological replicate to describe glorin-induced gene expression. It should be noted that the results 
obtained from RNA-seq of the second biological replicate were comparable to the results shown 
here. (B) Relative expression of representative genes (as shown in panel A) determined by real-
time RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first 
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 
A high degree of correlation was observed between two methods demonstrating the effectiveness 
of RNA-seq approach.
 

Transcripts of these genes accumulated rapidly in cells developed in buffer and treated 

with 1 μM of glorin at 30 minute intervals for for 1 or 2 hours. Induction of expression of 

these genes by glorin was maintained at high levels over the course of observation 

(Figure 25). In cells treated with glorin for 1 and 2 hours, level of expression of 

PPL_09347 was found to be 53- and 82-fold higher, respectively, than in vegetative cells. 
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PPL_05354 was induced 56- and 84-fold after 1 and 2 hours of glorin stimulation, 

respectively. This class of genes may exemplify ‘aggregation stage specific genes’. The 

expression measurements obtained by RNA-seq data analyses were validated by 

quantitative RT-PCR (Figure 25).

3.6.2.1.2 Class II:  Genes transiently induced by glorin   
 

When P. pallidum PN500 cells were developed in buffer suspensions and stimulated with 

glorin, many genes showed a transient increase in expression relative to the expression 

in growing cells. PPL_11763, PPL_12271 and PPL_03541 were rapidly induced by glorin 

followed by a rapid turn over leading to a sharp decline in expression level at the next 

hour of glorin treatment (Table 3; Figure 26). Transcripts of PPL_11763 and PPL_03541 

were not expressed at significant levels in vegetative cells (Table 3) and cells developed 

for 1 or 2 hours in the absence of glorin treatment. After 1 hour of glorin treatment 

expression of these genes increased to 22.66- and 22.2-fold, respectively, compared to 

vegetative cells. In comparison, PPL_12271 was moderately expressed in growing cells 

(Table 3), also at the beginning of development, i.e. 1 hour of starvation but further 

development without glorin pulses led to a small decrease in the transcript level (Table 3; 

Figure 26). 

 

Pulsing with glorin for 1 hour significantly upregulated this gene to 7.68 fold compared to 

growing cells. A rapid decline in expression of all these genes was observed after 2 

hours of glorin treatment (Figure 26). These glorin-induced genes may represent a class 

of ‘developmentally induced aggregation specific genes’ with the exception of 

PPL_12271 that may also play some role in growing cells because adequate level of 

transcripts of this gene were detected in vegetative cells (Table 3). Real-time RT-PCR 

analysis confirmed the expression levels obtained in RNA-seq experiments (Figure 26). 
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Figure 26: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1 
show that expression of the gene is lower in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour 
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the 
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first 
biological replicate to describe glorin-induced gene expression. It should be noted that the results 
obtained from RNA-seq of second biological replicate were comparable to the results shown here. 
(B) Relative expression of representative genes (as shown in panel A) determined by real-time 
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first 
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 
A high degree of correlation was observed between two methods demonstrating the effectiveness 
of RNA-seq approach. 
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3.6.2.1.3 Class III: Genes induced by starvation, whereas glorin treatment 
further enhanced their expression 
 

For some other genes, such as PPL_05833, PPL_03784 and PPL_00912, only low 

levels of transcripts were detected at 0 hr (Table 3). Starvation induced a moderate 

increase in the expression of PPL_05833 and PPL_03784 at 2 and 3 hours of 

development in buffer, whereas PPL_00912 was expressed at insignificant levels at 1 

hour of starvation and only slightly upregulated at third hour of development in the 

absence of glorin pulses (Figure 27). When cells were exposed to glorin for 1 hour, 

transcripts of these genes accumulated significantly. PPL_05833, PPL_03784 and 

PPL_00912 were upregulated by 133-, 20- and 15-fold, respectively, compared to 

growing cells (Figure 27). Expression of PPL_03784 exhibited a low level of 

responsiveness to glorin. Comparatively reduced levels of expression were observed 

after 2 hours of glorin treatment indicating rapid turn over of these genes similar to class 

II genes. This class may symbolize ‘early developmental genes required shortly during 

aggregation’. Products of these genes may be needed during the first few hours of 

development. 
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Figure 27: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1 
show that expression of the gene is lower in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour 
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the 
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first 
biological replicate to describe glorin-induced gene expression. It should be noted that the results 
obtained from RNA-seq of second biological replicate were comparable to the results shown here. 
(B) Relative expression of representative genes (as shown in panel A) determined by real-time 
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first 
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 
A high degree of correlation was observed between two methods demonstrating the effectiveness 
of RNA-seq approach. 
 
Induction of these genes by starvation indicates that some pre-starvation factor(s) may 

be involved in stimulating the expression of these genes. Glorin pulses further enhanced 

expression of this class of genes demonstrating that expression of these genes is 

controlled by a two-step regulatory pathway.
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3.6.2.1.4 Class IV: Genes induced by starvation, whereas glorin treatment 
repressed their expression 
 

Messenger RNA of many genes, represented by PPL_07908, PPL_05702 and 

PPL_05195 started to accumulate immediately at the onset of development; indicating 

that these are ‘starvation-induced’ genes. In vegetative cells, negligible amount of 

transcripts of PPL_07908 was present (Table 3). Starvation led to 854- and 791-fold 

increase in expression of this gene compared to vegetative cells, at 2 and 3 hours of 

development (Figure 28). Administration of exogenous glorin pulses elicited a rapid 

decline of expression, such that only 22.54- and 19.10-fold expression (compared to 

growing cells) was detectable after glorin treatment for 1 and 2 hours, respectively. In 

comparison, some transcripts of PPL_05702 were detected in vegetative cells, whereas 

starvation slightly increased expression of this gene (Table 3).   

 

PPL_05195 exhibited basal level expression in growing cells (Table 3). A moderate 

increase in transcripts of this gene was observed at 2 hour of development, followed by a 

high level expression one hour later. As shown in the Figure 28, expression of PPL_05195 

increased by 11.39- and 22.81-fold at 2 and 3 hour of starvation. Stimulating cells with 

glorin dramatically decreased expression level of this gene to 2.54- and 1.45-fold after 1 

and 2 hours of treatment. RNA-seq data for expression of these genes was confirmed by 

real-time RT-PCR as illustrated in Figure 28.
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Figure 28: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1 
show that expression of the gene is lower in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour 
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the 
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first 
biological replicate to describe glorin repressed gene expression. It should be noted that the 
results obtained from RNA-seq of second biological replicate were comparable to the results 
shown here. (B) Relative expression of representative genes (as shown in panel A) determined by 
real-time RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from 
first biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were 
plotted. A high degree of correlation was observed between two methods demonstrating the 
effectiveness of RNA-seq approach. 

These genes represent ‘differentially expressed early genes’ and repression of their 

expression by glorin indicates that products of these genes may function only in the early 

hours of starvation and may not be required for aggregation. These genes are 
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considered to be negatively modulated by glorin pulses that may occur during the early 

development of P.  pallidum to coordinate aggregation.  

 

3.6.2.1.5 Class V: Genes repressed by starvation, whereas glorin treatment 
induces their expression 

Expression of some other genes is negatively regulated during the early hours of 

development. Examples of such genes include PPL_12248 and PPL_12249. While 

considering absolute expression levels of these genes in growing cells of P. pallidum 

PN500, it was noticed that transcripts of PPL_12248 were present at low levels, 

whereas sufficient mRNA was detected for PPL_12249 (Table 3). With progression in 

development, transcripts of both genes declined in suspension developed cells. 

Figure 29: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values 
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1 
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show that expression of the gene is lower in starving cells than in growing cells. As a control, 
expression of house keeping gene gpdA was examined.Cells were starved in shaking cultures for 
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour 
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the 
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first 
biological replicate to describe glorin-induced gene expression. It should be noted that the results 
obtained from RNA-seq of second biological replicate were comparable to the results shown here. 
(B) Relative expression of representative genes (as shown in panel A) determined by real-time 
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first 
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 
A high degree of correlation was observed between two methods demonstrating the effectiveness 
of RNA-seq approach. 

Development of cells in the presence of glorin led to an increase in mRNA levels of both 

PPL_12248 and PPL_12249. After 1 hour of glorin treatment, PPL_12248 was 16.26- 

fold induced compared to the growing cells, whereas PPL_12249 exhibited 12.20-fold 

increase in expression (Figure 29). Glorin-induced expression of both genes declined to 

low levels after stimulating cells with glorin for 2 hours indicating rapid turn over of these 

genes. RT-PCR data for validation of RNA-seq analyses of these genes is shown in 

Figure 29 that confirmed the RNA-seq findings. 

 

PPL_12248 and PPL_12249 may represent ‘vegetative stage genes’ that turn off at the 

onset of development. Strong induction of these genes by glorin illustrates that products 

of these genes may also function in glorin signalling during aggregation of P. pallidum 

PN500 amoebae. Though these genes are transiently induced by glorin, they may play a 

crucial role if products of these genes are proteins required for only short period of time. 

 

The results presented above clearly demonstrated that glorin may have two distinctly 

different effects during early development. The periodic addition of 1 μM glorin every 30 

min stimulates the rate of expression of many genes, while expression of several other 

genes is suppressed. RT-PCR data used to evaluate performance of RNA-seq analyses 

indicated reliability of the experimental methods used in this study. These experiments 

also validate the experimental conditions used to in this study to examine glorin-

regulated gene expression. Taken as a whole, studying differential gene expression 

changes mediated by glorin has contributed to the previous knowledge of cellular roles 

played by glorin. 

3.7 Putative functions of glorin-regulated genes 
 

To get insight into the possible roles of glorin responsive genes, putative molecular 

functions of these genes were searched based on homologies to annotated D. discoideum 
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genes (Social Amoebas Comparative Genome Browser; http://sacgb.fli-

leibniz.de/cgi/index.pl). A short list of gene ontology (GO) terms attributed to the glorin-

induced genes is presented in Table 4. Detailed information was obtained for genes 

significantly up- or down-regulated by glorin in three different organizing principles of GO, 

i.e. molecular function, biological process and cellular component (P.  pallidum database; 

http://sacgb.fli-leibniz.de/cgi/index.pl) and is depicted in Appendix Table A7 and A8. 

 

3.7.1 Annotation of GO terms to glorin-induced genes 

Interestingly, it was found that a considerable number of genes induced by glorin may 

encode proteins that can play important roles in transducing extracellular signals. For 

example, the list encompasses seven G protein-coupled receptors, upregulated by glorin 

to various degrees. Several putative serine/threonine kinases are induced by glorin, 

some of which are alpha kinases carrying the conserved “ -kinase catalytic domain” as 

reported in D. discoideum myosin heavy chain kinases (MHCKs; Betapudi et al. 2005). 

The alpha-kinases family is a class of atypical protein kinases that exhibit low sequence 

similarity to conventional eukaryotic protein kinases. Some of these kinases contain von 

Willebrand factor A (vWFA) like motifs. The vWFA motif is found in a variety of 

intracellular proteins involved in various cellular functions, such as protein–protein 

interactions, DNA repair, transcription, ribosomal and membrane transport, and 

proteosomal functions (Betapudi et al. 2005; Whittaker and Hynes 2002). Some other 

proteins that include vWF domains take part in cell adhesion, signal transduction, 

migration, and pattern formation, engaging interaction with a variety of ligands 

(Colombatti et al. 1993). Extracellular signal-regulated kinase 2 (ErkB) is a protein 

involved in MAP kinase signal transduction pathways. D. discoideum erkB null mutants 

exhibit a decrease in motility and a severe chemotaxis defect towards cAMP gradient 

leading to impaired aggregation (Wang et al. 1998; Rodriguez et al. 2008). Stimulation of 

starving P. pallidum PN500 cells with glorin transiently upregulated expression of a gene 

designated as PPL_12271 that encodes putative ErkB protein. Glorin induced expression 

of genes encoding histidine kinases and tyrosine kinases-like transmembrane proteins 

that exhibit signal transduction activity across the cellular membrane.  

 

A number of genes encoding small GTPases of Ras and Rho families were up-regulated 

by the glorin. Ras-superfamily small GTPases constitute components of signalling 

pathways connecting extracellular signals via transmembrane receptors to cytoplasmic or 

nuclear responses. Rho GTPases are involved in diverse signal transduction pathways, 
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including organization of the actin cytoskeleton during cell migration, activation of certain 

MAP kinases and may also activate transcription factors. Glorin induces a gene encoding 

a ‘Profilin I-like’ actin binding protein that may be involved in the dynamic turnover and 

restructuring of the actin cytoskeleton during chemotaxis. 

 

Genes encoding zinc-binding domain containing proteins are also upregulated by glorin. 

One of these proteins is a RING zinc-finger domain holding protein. Zinc fingers are 

relatively small protein motifs that bind one or more zinc ions to help stabilize their fold. 

Zinc fingers usually consist of multiple finger-like protrusions that bind to the target 

molecule, such as DNA, RNA, proteins, or small molecules. Zinc finger-containing 

proteins play key roles in gene transcription, mRNA trafficking, translation, protein 

folding, cytoskeleton organisation, cell adhesion, and chromatin remodelling. A RING-

finger domain is a protein structural domain of zinc finger type, whereas proteins 

containing a RING finger play vital roles in the ubiquitination pathway leading to 

degradation of proteins.  

 

Glorin also induced expression of proteins involved in DNA metabolism, such as 

Deoxyribonuclease II that plays a major role in the degradation of nuclear DNA in cellular 

apoptosis during development. Glorin upregulated expression of genes encoding putative 

cytochrome P450 family proteins that are haem-containing mono-oxygenases, involved 

in oxidation-reduction processes. Enzymes of cytochrome P450 family play important 

role in the metabolism of compounds that control cell differentiation in D. discoideum 

(Gonzalez-Kristeller et al. 2008).  

 

Glorin induced expression of many genes whose products are involved in carbohydrate 

metabolic processes. Examples include enzymes belonging to the glycoside hydrolase 

family 45 that exhibit endoglucanase activity, expansin-like proteins and cellulases. 

Expansins are unusual proteins that are believed to act as chemical grease and may 

allow cellulose fibrils to slide past one another when cellulose sheath is being assembled 

during the late aggregation stages. Similarly, cellulases seem to be involved in 

remodelling of slime sheath cellulose during morphogenesis (Sucgang et al. 2011).  

 

Moreover, glorin induced genes encoding PA14 domain-containing proteins with 

homology to D. discoideum extracellular matrix proteins, such as EcmB. PA14 domain is 

a -barrel structure recognized as a novel carbohydrate-binding module (Rigden et al. 

2004).  
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The mannose 6-phosphate receptor homology (MRH) domain-containing family of 

proteins play key roles in the secretory pathway (Castonguay et al. 2011), whereas 

mannose 6-phosphate receptors (MPRs) play an essential role in lysosome biogenesis. 

These proteins (i.e. MPRs) bind newly synthesized Mannose-6-Phosphate-containing 

lysosomal hydrolases in the trans-Golgi network (TGN) and deliver them to the pre-

lysosomal compartments (Castonguay et al. 2011). 

 

Stimulation of cells with glorin induces expression of genes that may encode ABC 

transporter proteins belonging to family A & G. ATP-binding cassette (ABC) transporters 

are transmembrane proteins that make use of the energy of adenosine triphosphate 

(ATP) hydrolysis to transport various substrates across extra- and intracellular 

membranes, including metabolic products, lipids, toxins and drugs. Other genes induced 

by glorin may encode proteins displaying homology to glutamate-ammonia ligase 

involved in glutamine biosynthetic process, zymogen granule (pancreatic secretory 

granules) membrane glycoprotein, beta-lactamase-type transpeptidase fold containing 

protein, cellulose and chitin-binding domain containing proteins that exhibit carbohydrate-

binding activity, epidermal growth factor-like domain containing membrane-bound protein 

implemented in cell recognition and proteins involved in proteolysis, pathogenesis and 

transcription repression. 

 

The concomitant upregulation of these genes during early development suggests their 

possible involvement in the glorin-mediated coordination of aggregation process. 
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Gene 
Expression 

(fold
change)a 

Gene description 

Signal transduction 
G-protein coupled receptor activity 

PPL_08454 15.8 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_08455 11.9 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_03564 8.6 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_05727 4.1 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_04108 3.3 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_00902 2.7 G-protein coupled receptor activity (family 3), metabotropic 
glutamate receptor-like 

PPL_00855 1.89 G-protein-coupled receptor (GPCR) family protein, frizzled and 
smoothened-like protein 

protein serine/threonine kinase activity 
PPL_12248 39.6 protein serine/threonine kinase activity (alpha kinase superfamily)
PPL_12249 29.2 protein serine/threonine kinase activity (alpha kinase superfamily)

PPL_12251 8.7 protein serine/threonine kinase activity (alpha kinase superfamily); 
type A von Willebrand factor (VWFA) domain-containing protein 

PPL_12250 4.76 protein serine/threonine kinase activity 
PPL_12271 7.7 erkB, ERK subfamily protein kinase, extracellular response kinase
Tyrosine kinase-like protein 
PPL_00861 11.6 tyrosine kinase-like protein 
Histidine kinase-like protein 

PPL_04384 4.11 histidine kinase, protein kinase, signal transducer activity, 
regulation of transcription 

Ras GTPases 

PPL_07296 7.4 Ras GTPase domain-containing protein; type A von Willebrand 
factor (VWFA) domain-containing protein 

Rho GTPases 
PPL_05452 5.8 Rho GTPase 

PPL_04393 3.17 GTP binding activity, Rho GTPase,  small GTPase mediated 
signal transduction 

Cytoskeleton organization 
Actin cytoskeleton organization 
PPL_09347 53.9 profilin I, actin binding protein 
Putative extracellular matrix proteins 

PPL_05354 56.9 putative extracellular matrix protein, PA14 domain-containing 
protein 

PPL_12308 6.3 putative extracellular matrix protein, PA14 domain-containing 
protein 

PPL_11304 2.8 putative extracellular matrix protein, PA14 domain-containing 
protein 

Transcription and translation 
Zinc-binding domain-containing protein 
PPL_01619 3.32 CMP/dCMP deaminase, zinc-binding domain-containing protein 
PPL_09669 4.37 RING zinc finger-containing protein 
Secretory pathway 
protein binding function 
PPL_07812 15.4 Mannose-6-phosphate receptor domain, protein binding function 
PPL_07800 5.48 Mannose-6-phosphate receptor domain, protein binding function 
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Transport 
ABC transporter family proteins 
PPL_07551 3.39 ABC transporter A family protein 
PPL_07432 4.39 ABC transporter G family protein, integral to membrane 

PPL_07551 3.49 ABC transporter A family protein, nucleoside-triphosphatase 
activity 

Metabolism 
DNA metabolic process 

PPL_08854 2.84 similar to zymogen granule (pancreatic secretory granules) 
membrane glycoprotein,  deoxyribonuclease II activity 

PPL_05392 5.27 deoxyribonuclease II activity, DNA metabolic process 
PPL_04328 3.40 DNA metabolic process, deoxyribonuclease II activity 
Oxidoreductase activity 
PPL_09729 4.19 iron ion binding proteins, oxidoreductase activity 
PPL_04071 1.21 electron carrier activity, iron ion binding activity 
Carbohydrate metabolic process 

PPL_11763 22.6 expansin-like protein, Barwin-like endoglucanases, Glycoside 
hydrolase family 45 protein 

Carbohydrate binding activity 
Cellulose-binding domain containing protein  

PPL_02674 2.7 Cellulose-binding domain containing protein, Carbohydrate 
binding domain-containing protein, Stalk-specific protein 

PPL_05703 4.27 Cellulose-binding domain containing protein, Carbohydrate 
binding domain-containing protein, extracellular region 

Cell recognition 
Epidermal Growth Factor-like domain containing membrane-bound proteins 

PPL_00062 3.3 Cell surface receptor, IPT/TIG Epidermal Growth Factor-like 
domain containing membrane-bound proteins 

PPL_07302 4.90 Epidermal growth factor-like domain containing membrane-bound 
protein, calcium ion binding activity, extracellular in location 

Miscellaneous 
Transcription repressor activity 
PPL_00612 3.95 transcription repressor activity 
Proteolysis   

PPL_05027 3.90 ubiquitin carboxyl-terminal hydrolase 2, Peptidase C19, ubiquitin 
thiolesterase activity 

PPL_08725 3.66 hydrolase activity, proteolysis 
Pathogenesis   
PPL_10669 4.55 Delta endotoxin insectocide, pathogenesis 
PPL_06262 3.80 delta-Endotoxin insectocide 
Glutamate-ammonia ligase activity 

PPL_04550 3.73 glutamate-ammonia ligase, glutamine synthetase type I, glutamine 
biosynthetic process 

beta-lactamase-type transpeptidase fold containing protein 

PPL_11763 22.6 beta-lactamase-type transpeptidase fold containing protein (based 
on  homology to D.  discoideum protein DDB_0189589. 

Enhancing factor precursor 

PPL_04587 7.6 Enhancing factor precursor, Chitin-binding domain containing 
protein 

Immunoglobulin E-set domain-containing protein 

PPL_04784 10.8 IPT/TIG domain-containing protein; immunoglobulin early-set 
domain-containing protein 

PPL_04746 2.8 putative cell surface glycoprotein, IPT/TIG domain-containing 
protein, Immunoglobulin early-set domain-containing protein 

Proteins with unknown function 
PPL_03541 22.2 unknown 
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PPL_05833 20.9 unknown 
PPL_06644 17.4 unknown 
PPL_07811 16.3 unknown 
PPL_00117 12.1 unknown 
PPL_00912 15.2 unknown 
PPL_10324 11.6 unknown 
PPL_02621 9.3 unknown 
PPL_02620 9.3 unknown 
PPL_07801 8.0 unknown 
PPL_07818 7.2 unknown 

Table 4: Summary of glorin-induced genes in P. pallidum PN500. aFold change calculated for 
gene expression in cells prestarved for 1 hour and then treated with glorin for an additional hour, 
compared to gene expression in cells starved for 2 hours in the absence of exogenous glorin.

3.7.2 Annotation of GO terms to glorin-repressed genes 

GO term analysis of glorin-repressed genes could not provide much information as most 

of these genes have not yet been ascribed to a distinct function. Genes that were 

downregulated by glorin may encode proteins that may be involved in the regulation of 

transcription, carbohydrate and lipid metabolic processes, proteolysis, pathogenesis, 

steroid metabolic processes, oxidoreduction reactions, nucleosome assembly and 

transportation. 

 

Glorin treatment repressed expression of some genes whose products may exhibit O-

methyltransferase activity. Methyltransferases play important role in many vital cellular 

processes including signal transduction, chromatin regulation, gene silencing, and 

protein repair. Expression of a gene that may encode myb transcription factor domain-

containing protein was down-regulated by glorin. In D. discoideum Myb transcription 

factors play important role at culmination as activators of ancillary stalk differentiation 

(Tsujioka et al. 2007). Another gene repressed by glorin may encode a transcription 

factor including a homeodomain that binds DNA through a helix-turn-helix (HTH) 

structure. 

 

Other glorin-repressed genes encode proteins with homology to cAMP-dependent 

protein kinase (PKA family protein kinase), winged helix-turn-helix transcription 

repressor, zinc ion binding proteins, and SecA protein that is a superfamily 2 helicase 

adapted to translocate proteins. GO annotation for some of the glorin-repressed genes is 

presented in Appendix Table A7 and A8. 
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3.8  Detailed kinetics of glorin-regulated gene expression 

3.8.1 Effect of signal modulation on glorin-regulated gene expression 

Previously, Kopachik (1990) studied protein synthesis by developing P. violaceum 

amoebae in response to externally added glorin and showed that this reaction was 

concentration and time dependent (Kopachik 1990). The author reported that a higher 

concentration of glorin added for a longer time was most effective to stimulate synthesis of 

certain proteins (Kopachik 1990). Therefore, it was interesting to elucidate effects of 

different concentrations and pulsing frequencies of glorin on gene expression changes in 

P. pallidum PN500 amoebae. 

3.8.1.1 Gene expression analysis under different concentrations of glorin 
 

First, starving P. pallidum PN500 cells were stimulated with varying concentrations of 

glorin and changes in gene expression were examined.  

 

P. pallidum PN500 cells cultured on bacterial lawns were harvested and starved by slow 

shaking in phosphate buffer at a cell density of 2x107cells/ml at 20°C. Before inducing 

development, 2x107 vegetative stage cells were pelleted and stored at -80°C. This pellet 

of cells represented ‘growing cells control’ for total RNA extraction in subsequent gene 

expression analyses. After one hour of pre-starvation, culture was divided into 4 

erlenmeyer flasks and cells were allowed to develop in shaking suspensions either in the 

presence or absence of glorin. Cells in each of three flasks were given glorin pulses at 10 

nM, 100 nM and 1 μM final concentration, respectively, at 30-min intervals. Cells in one 

flask received no exogenous treatment (shown by ‘0 nM glorin’ symbol in Figure 30) and 

served as the ‘control’ for the time period. Cells (2x107) were harvested from all four 

cultures at 0.5, 1 and 2 hours after glorin treatment for isolation of total RNA to prepare 

cDNA for gene expression analysis using real-time RT-PCR. Cell samples were collected 

from ‘untreated control’ at the same time points. Model glorin-regulated genes, 

PPL_09347 and PPL_05354 that were noticed to be highly induced by glorin in RNA-seq 

analyses were chosen to study gene expression changes in response to varying 

concentrations of glorin applied at 30- minute intervals. Relative gene expression levels of 

both genes under all tested conditions were calculated and fold changes were determined 

compared to expression in growing cells. 
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It was found that exposure of cells to 10 nM glorin for the first 30 minutes (one pulse 

only) was sufficient to induce PPL_09347 to 30.50-fold, compared to growing cells, 

whereas further stimulation of cells with 10 nM glorin added every 30 minutes for 

additional 1 and 2 hours increased expression of PPL_09347 by 39.26- and 45.62-fold, 

respectively (Figure 30A).  

 

 

Figure 30: Glorin-induced gene expression in response to varying concentrations of 
glorin. P. pallidum PN500 cells were developed in shaking cultures for 3 hours in the presence 
or absence of exogenous glorin. In glorin treated cultures, beginning 1 hour after starvation, 
glorin was added at 10 nM, 100 nM or 1 μM final concentration at 30-minute intervals. Untreated 
control is represented by 0 nM glorin. Cell samples were collected after 30 min, 1 and 2 hours of 
glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. Relative expression of model genes PPL_09347 (A) and 
PPL_05354 (B) was determined by real-time RT-PCR. As a control, expression of house keeping 
gene gpdA was examined. Fold changes are shown. All data were compared to growing P. 
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pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher expression 
of the gene in starving cells than in growing cells. Values < 1 show that expression of gene is 
lower in starving cells than in growing cells. Mean values of duplicate measurements of the same 
cDNA ± SD were plotted.

Treatment of developing cells with 100 nM glorin for 0.5-, 1- and 2-hours led to 72.49, 

43.09- and 67.76-fold expression of PPL_09347. When 1 μM glorin was added at 30 

minutes intervals to cells pre-starved for 1 hours, 180.15-, 178.13- and 150.79-fold 

increased in gene expression of PPL_09347 was observed after 30 minutes, 1 and 2 

hours of glorin treatment. It is interesting to note that only after first pulse of 10 nM, 

100nM, or 1 μM glorin (final concentration), PPL_09347 was induced to 30.50-, 72.49- 

and 180.15-fold respectively (Figure 30A). Overall, expression of PPL_09347 generally 

increased in response to glorin stimulation in the course of observation.  

While analysing expression of model gene PPL_05354, it was noted that upon treatment 

of cells with 10 nM glorin every 30 minutes for 0.5-, 1- and 2-hours, gene expression 

increased adequately by 12.31-, 19.84-, and 10.71-fold, respectively (Figure 30B). 

Exposure of cells to 100 nM glorin for 30 minutes, 1 and 2 hours enhanced expression 

of PPL_05354 by 19.86, 26.12 and 15.15-fold, respectively. When glorin was added to 

starving cells at 1 μM final concentration, 28.39-, 33.52- and 25.67-fold increase in 

mRNA levels was noticed after 0.5-, 1- and 2-hours of treatment, while comparing 

expression to that in growing cells (Figure 30B). An important observation was the slight 

decrease in expression of PPL_05354 at 3 hours of development under all tested 

conditions. This may indicate that expression of PPL_05354 reduces to varying degrees 

with progression of starvation when cells are developed in shaking cultures. 

 

Contrary to the results obtained in RNA-seq analyses (Figure 25), PPL_09347 and 

PPL_05354 exhibited a considerable increase in expression in cells that were not 

treated with glorin (referred to t2 and t3 in Figure 25 & untreated control ’0 nM’ in Figure 

30). In experiment shown in Figure 25, untreated cells did not show significant 

expression of PPL_09347 and PPL_05354 genes. A possible interpretation of detecting 

low level expression of PPL_09347 and PPL_05354 in experiment depicted in Figure 30 

could be that cells were harvested for this experiment when they were already starving 

on agar plates where they were grown in association with bacteria and most probably 

have already established some basic endogenous glorin signalling by themselves.  

 

In short, it is shown that increasing concentrations of externally added glorin are 

associated with increased response in gene expression; maximum response in gene 
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expression was obtained when cells were stimulated with 1 μM glorin. Thus, these 

experiments further validated experimental conditions used for conducting RNA-seq 

analyses (described in Section 3.6). These data also provided an indication that glorin 

triggers rapid changes in gene expression.  
 

3.8.1.2 Gene expression analysis under different pulsing frequencies of 
glorin

Physiological effects of many messengers of intercellular communication might be 

regulated by the frequency of their temporal variation (Li & Goldbeter 1992; Knobil 1981). 

Such a frequency encoding may manifest more advantages than amplitude-modulated 

control (Rapp 1987). Frequency encoding of signals is exemplified by secretion of cAMP 

pulses in aggregating D. discoideum cells at periodicities of ~6 min (McMains et al. 2008; 

Goldbeter 2006). To date pulsatile glorin signalling has not been observed. Previously 

some researchers showed that starving P. violaceum exhibit oscillatory aggregation, but 

it was pointed out that glorin may not be the primary oscillator (De Wit et al. 1988). 

Similarly, some initial reports described the presence of centrifugally propagated waves 

of excitation in the aggregation fields of P. violaceum amoebae that were regularly 

spaced with an interval decreasing from 4 to 2.5 minutes, while in P. pallidum amoebae, 

these waves were not found to be systematically spaced (Jones 1976).  

 

As described in the Section 3.8.1.1, 1 μM final concentration of glorin was found to be 

optimal for studying glorin-induced gene expression. As a next step, gene expression 

changes in response to different pulsing frequencies of glorin were analyzed to 

understand how intervals between pulses may modulate gene expression. 

 

P. pallidum PN500 cells were grown in association with bacteria and harvested after 48 

hours of growth. Cells were washed and resuspended in phosphate buffer at a density of 

2x107cells/ml. A pellet of vegetative cells (~ 2x107 amoebae) was collected for total RNA 

extraction for subsequent gene expression analyses. Amoebae were then starved in 

suspension culture for 1 hour by shaking at 100 rpm at 22°C to induce development. 

After 1 hour pre-starvation, cell suspension was splitted into 4 parts. One culture 

designated as “untreated control” did not receive any exogenous treatment. Glorin (1 μM 

final concentration) was added for 2 hours to each of 3 other cultures at 10-, 20- and 30-

minute intervals under slow-shake conditions (i.e. 100 rpm). Control culture was 

developed similarly in the absence of externally added glorin. Cell samples were 
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collected after 1 and 2 hours of glorin treatment to prepare total RNA for gene expression 

analysis. Samples were collected from ‘untreated control’ at the same time points. 

 

To determine whether varying periods of exposure to glorin influenced gene expression, 

model genes PPL_09347 and PPL_05354 were subjected to quantitative RT-PCR 

analyses. Relative expression levels of both genes were determined under 3 different 

conditions of glorin treatment and fold changes were calculated compared to the 

expression in growing cells (Figure 31).  

 

 

Figure 31: Glorin-induced gene expression in response to varying periods of exposure to 
glorin. P. pallidum PN500 cells were developed in shaking cultures for 3 hours in the presence 
or absence of exogenous glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM 
final concentration of glorin was added at 10-, 20- or 30-minute intervals. Untreated control is 
shown seperately. Cell samples were collected after 1 and 2 hours of glorin treatment for total 
RNA extraction to analyse gene expression. Cells were generally harvested 30 minutes after a 
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pulse of glorin was applied. Samples were collected from untreated cells at the same time points. 
Relative expression of PPL_09347 (A) and PPL_05354 (B) was determined by real-time RT-
PCR. As a control, expression of house keeping gene gpdA was examined. Fold changes are 
shown. All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 
where values > 1 represent higher expression of the gene in starving cells than in growing cells. 
Values < 1 show that expression of gene is lower in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted.

Real-time RT-PCR analysis showed that mRNA levels of PPL_09347 were highly up-

regulated by 385- and 378-fold after 1 and 2 hour of glorin treatment at 10 minute 

intervals (Figure 31A). When starving cells were treated with 1 μM glorin at 20 minute 

intervals for 1 or 2 hours, PPL_09347 was induced to 249- and 212-fold, respectively, 

compared to growing cells. Adding glorin at 30 minute intervals led to 178- and 150-fold 

increase in expression of PPL_09347 at 1 and 2 hours (Figure 31A). For each pulsing 

condition tested, expression of PPL_09347 was similarly maintained at both hours of 

glorin treatment. 

 

When gene expression data of PPL_05354 were analyzed, it was found that this gene 

was induced to 33.52- and 25.67-fold (compared to growing cells) when cells were 

pulsed with glorin at 30-minute intervals for 1 and 2 hour, respectively (Figure 31B). 

Significant level expression of this gene to 46.91- and 33.20-fold was noticed after 

pulsing cells with glorin at 20-minute intervals for 1 and 2 hours, respectively. 

Pronounced changes in gene expression levels were detected when cells received 

pulses of glorin at 10-minute intervals. 59.78- and 46.92-fold increase in expression of 

PPL_05354 was observed after 1 and 2 hours of exogenous glorin treatment, 

respectively (Figure 31B).  

 

These data demonstrate that 1 μM glorin (final concentration) induced model genes 

significantly when pulsed at 30-minute intervals, whereas comparatively higher levels of 

gene expression were obtained when glorin pulses were applied more frequently at 10-

minute intervals indicating that repetitive stimulation with glorin results in a stronger 

response. These results further support authenticity of pulsing conditions used for RNA-

seq analyses. It still remains to uncover how often pulses of glorin are secreted in 

aggregation fields of starving P.  pallidum PN500 amoebae. 
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3.8.2 Expression kinetics of glorin-regulated genes during the first 5 hours 
of development in suspension cultures 

In the RNA-seq analysis and subsequent experiments, gene expression studies mainly 

focused on first 3 hours of starvation encompassing 2 hours of glorin treatment. After 

RNA-seq data analysis provided a list of glorin-regulated genes, and model genes were 

defined to study glorin effects on gene expression using real-time RT-PCR, it could be 

advantageous to investigate expression kinetics of glorin -induced and -repressed genes 

beyond 3 hours of starvation in the presence or absence of exogenous glorin using 

suspension cultures of P. pallidum PN500 amoebae.  

 

Therefore, expression kinetics of selected glorin-regulated genes were determined during 

the first 5 hours of development under four different conditions. 5 hour duration was 

chosen in this experiment because it was assumed that within this time cells encounter a 

prominent shift from pre-aggregation to aggregation phase and may undergo major 

changes in gene expression patterns. P. pallidum PN500 amoebae were harvested in the 

late vegetative stage, washed to remove nutrients and suspended in phosphate buffer at 

a cells density of 2x107cells/ml. The amoebae in suspension culture were pre-starved for 

1 hour by slow shaking at 100 rpm at 22oC to trigger development. After this initial 

treatment, cell suspension was equally divided into 5 parts. One culture of cells was not 

treated with glorin and acted as ‘untreated control’. Each of 4 other cultures received four 

different glorin treatments for additional 4 hours. To one culture, 1 μM of glorin was 

added at 10-minute intervals, whereas a second culture received 100 nM (final 

concentration) glorin every 10-minutes. The third culture was treated with 1 μM (final 

concentration) glorin at 30-minute intervals, while fourth culture was pulsed with 100 nM 

(final concentration) glorin at 30-minute intervals. All these cultures were then developed 

for 4 additional hours under slow shaking conditions. By this approach, the objective was 

to investigate how gene expression is modulated during development under suspension 

when starving cells are pulsed with low and high levels of glorin at varying intervals for 4 

hours. 2x107 cells were harvested from glorin treated cultures after 0.5-, 1-, 2-, 3-, and 4-

hours of glorin treatment. Samples (2x107cells per sample) were collected from untreated 

control culture at the same time points. Samples were generally collected 30 minutes 

after a pulse of glorin was applied. Total RNA was extracted to prepare cDNA for gene 

expression analysis using real-time RT-PCR. Relative gene expression of model genes 

PPL_09347, PPL_05354, PPL_05833, PPL_12271 and PPL_07908 was determined and 

fold changes were calculated compared to the expression in untreated cells. Four hours 
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of glorin treatment represented total 5 hours of starvation (1 hour pre-starvation + 4 hours 

glorin treatment). 

 
Analyzing expression data of glorin induced gene PPL_09347 under above mentioned 

conditions revealed that both 1 μM and 100 nM concentrations of glorin were equally 

effective to induce high level gene expression when cells were pulsed frequently, i.e. at 

10-minute intervals (Figure 32). 1 μM glorin added every 30 minute also exhibited 

comparable induction of PPL_09347, whereas expression levels observed in response to 

100 nM glorin added at 30-minute intervals were relatively lower, signifying the 

requirement for higher concentrations of glorin to achieve optimal induction of expression 

(Figure 32). PPL_09347 retained high levels of expression at all 4 hours of glorin 

treatment. 
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Figure 32: Glorin-induced changes in expression of PPL_09347 in response to varying 
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in 
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated 
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was 
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours 
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model genes PPL_09347 was determined by real-time RT-
PCR. Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. 
Fold change was set to 1 where values > 1 represent higher expression of the gene in glorin 
treated cells than in untreated cells. Mean values of duplicate measurements of the same cDNA 
± SD were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.

 

Another glorin-induced gene, PPL_05354, exhibited progressive increase in expression 

for the first 3 hours of glorin treatment, whereas expression levels declined drastically at 

4th hour (Figure 33).  At 4th hour of glorin treatment, low level expression of this gene was 
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still detectable in cells pulsed frequently at 10-minute intervals with 1 μM or 100 nM 

glorin, whereas PPL_05354 showed clear down-regulation in cells treated with 1 μM or 

100 nM glorin at 30-minute intervals (Figure 33). These data provide an understanding of 

kinetics of PPL_05354 in slow shaking cultures. There is a gradual increase in gene 

expression during the first 3 hours of glorin treatment followed by a steep reduction in 

mRNA levels. This rapid decline in expression may be explained by suggesting that 

starving cells may secrete glorin by themselves after a few hours of development and 

accumulation of glorin (exogenous glorin + glorin secreted by cells) may result in 

autonomous signalling, therefore, effects of externally added glorin appear less 

prominent.  
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were plotted. 4 hours of glorin treatment represented total 5 hours of starvation. 

 

PPL_05833 was another gene chosen from RNA-seq data of glorin-induced genes. This 

gene manifested very unique kinetics. It was highly induced within 30 minutes of glorin 

treatment, followed by progressive decline, such that only basal level expression was 

Figure 33: Glorin-induced changes in expression of PPL_05354 in respo
concentrations and periods of exposure to glorin. P. pallidum PN500 wer
shaking cultures for 5 hours in the presence or absence of exogenous glorin. I
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentrat
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-
of glorin treatment for total RNA extraction to analyse gene expression. Cells
harvested 30 minutes after a pulse of glorin was applied. Samples were collected
cells at the same time points. As a control, expression of house keeping g
examined. Relative expression of model genes PPL_05354 was determined by real-time RT-P
Fold changes are shown. All data were compared to untreated P. pallidum PN
change was set to 1 where values > 1 represent higher expression of the gene in gl
cells than in untr
cells than in untr
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detectable after 4 hours of glorin treatment (Figure 34). These data were in agreement 

with the RNA-seq results which indicated that PPL_05833 exhibits rapid turn over and 

high-level gene expression is followed by a prompt decline. This phenomenon may be 

similarly explained as in case of PPL_05354 (Figure 33) by proposing that setting up of 

endogenous glorin signalling by starving cells may result in less significant responses to 

externally added glorin. Yet, a second possiblity is that product of PPL_05833 might be 

required only for very short period of time during aggregation, therefore expression of 

this gene declines quickly. However, it can not be ignored that mRNA of this gene might 

be unstable under shaking culture conditions leading to rapid decline in transcript levels.  

Induction of PPL_05833 in response to 1 μM and 100 nM glorin pulsed at 10-minute 

intervals was comparable and a high-level expression was detected under both of these 

conditions (Figure 34). Significant increase in gene expression was observed when cells 

were treated with 1 μM glorin at 30-minute intervals. Messenger RNA of PPL_05833 

accumulated to relatively lower levels in response to pulses of 100 nM glorin delivered at 

30-minute intervals manifesting need of frequent pulsing with glorin to detect optimal 

gene expression responses. 
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Figure 34: Glorin-induced changes in expression of PPL_05833 in response to varying 
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in 
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated 
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was 
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours 
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model genes PPL_05833 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold 
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated 
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated 
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cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD 
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation. 
 

PPL_12271 is another glorin-induced gene that encodes putative ErkB protein. This gene 

exhibited kinetics similar to PPL_05833 in this experiment. PPL_12271 was rapidly 

induced by glorin within 30-minute of glorin treatment, followed by a gradual decline, 

such that after 4 hours, expression of PPL_12271 droped to near background levels 

even in the presence of frequent glorin pulsing. These results confirm RNA-seq data that 

also indicated a rapid turn over of PPL_12271 (Figure 26 & 35). Analogous to 

PPL_05833, the product of this gene seems to be required for short period during 

aggregation and may play important role in intracellular cell signalling. PPL_12271 was 

induced to almost comparable levels in response to 1 μM and 100 nM glorin pulsed at 

10- minute intervals. 1 μM glorin added every 30-minute showed similar response as 

displayed by pulses delivered more frequently. 100 nM glorin pulsed at 30-minute 

intervals could induce PPL_12271 only at very low levels, pointing that induction of this 

gene may require high levels of glorin (Figure 35). 
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Figure 35: Glorin-induced changes in expression of PPL_12271 in response to varying 
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in 
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated 
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was 
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours 
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model genes PPL_12271 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold 
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated 
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated 
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cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD 
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation. 
 

An important comment to the data obtained with PPL_05833 and PPL_12271 is related 

to transient expression of these genes. RNA-seq data indicated that expression of many 

genes that were differentially up-regulated more than 3-fold was declined below the set 

threshold (3-fold expression) 1 hour later (Table 3). It was suspected that glorin levels 

may need to be elevated continually for the expression of this set of genes to be 

maintained. Therefore, when expression of some of these genes (Figure 34 & 35) was 

analyzed under frequent pulsing coniditons, it was found that even frequent exposure to 

glorin caused decline in gene expression. This provides evidence that transient changes 

in gene expression induced by glorin are an innate property of starving P. pallidum 

PN500 cells.  

 

PPL_07908 is an example of a glorin-repressed gene. As indicated in figure 28, 

PPL_07908 is highly induced by starvation during the early hours of starvation but 

treatment with glorin rapidly suppresses expression of this gene. Expression data of 

PPL_07908 presented in Figure 36 confirmed the findings of RNA-seq analyses by 

showing that expression of this gene is strongly repressed by glorin during the early 

hours of development.  

Expression kinetics of PPL_07908
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Figure 36: Glorin-induced changes in expression of PPL_07908 in response to varying 
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in 
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated 
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was 
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours 
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of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model genes PPL_07908 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold 
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated 
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated 
cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD 
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation. 

When cells were treated with 1 μM or 100 nM glorin (at 10 or 30-minutes intervals) for 1 

hour, expression of PPL_07908 declined to insignificant levels.  As shown in Figure 36, 

expression of PPL_07908 remained downregulated in response to frequent pulsing of 

glorin (1 μM or 100 nM glorin pulsed at 10-minute intervals) for 4 hours, as indicated by 

gene expression levels after 2-, 3- and 4- hours of glorin treatment in Figure 36.  

However, when cells were pulsed with 100 nM glorin at 30-minute intervals, low level 

expression of PPL_07908 was detected after 3 and 4 hours of treatment. These data 

may indicate that expression of PPL_07908 is repressed by high concentrations of glorin, 

whereas low level expression of this gene is recovered when intensity of glorin pulses is 

reduced. 

 

Alternatively, these results demonstrate that to maintain down-regulation of PP_07908 

for longer period, comparatively higher levels of glorin are required at shorter intervals. 

This gene may be an immediate early developmental gene induced by starvation and 

suppression of this gene by glorin indicates that products of this gene may not be 

necessary during aggregation. 

3.8.3 Temporal expression pattern of glorin responsive genes during 
development in shaken suspensions 

After determining relationships among glorin pulse concentration, pulsing interval and 

related gene expression changes, next the developmental kinetics of glorin responsive 

genes were determined in P. pallidum PN500 amoebae developed in shaken cultures 

over longer periods of time (i.e. more than 5 hours) to get an insight into how gene 

expression patterns develop when cells are starved in buffer suspensions. For this 

experiment, two different concentrations of glorin, i.e. 1 μM & 100 nM were chosen and 

time-course effects of frequent glorin pulsing were examined on gene expression 

patterns of selected glorin-induced genes during the first 8 hours of development. 8 hour 

duration was selected to cover the complete period of early development in suspension 

cultures; however, chemotactic aggregation of cells is prevented under these conditions. 
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P. pallidum PN500 cells were grown in association with bacteria, harvested in the late 

vegetative stage, washed and resuspended in phosphate buffer at a concentration of 

2x107cells/ml. A pellet of 2x107cells was collected for total RNA isolation that represented 

‘growing cells control’ for subsequent gene expression analyses. Cells in suspension 

cultures were pre-starved for 1 hour under slow shaking conditions (i.e. 100 rpm) at 22oC 

to initiate development. After 1 hour of starvation, cell suspension was divided into 3 

parts. One culture served as ‘untreated control’ and did not receive glorin treatment. 

Second culture was treated with 1 μM glorin every 10-minutes, whereas in third culture 

100 nM glorin was added at 10-minute intervals. These cultures were developed under 

shaking conditions at 22oC for 8 additional hours. Samples (each containing 2x107 cells) 

were collected from glorin-treated cultures starting at 0.5 hour of glorin treatment until 

total 8 hours for RNA extraction. Samples were collected from untreated cell cultures at 

the same time points. Cell samples were generally collected 30- minutes after a pulse of 

glorin was delivered. cDNA was syntheiszed and gene expression analyses were carried 

out using quantitative RT-PCR. Relative gene expressions of selected glorin-induced 

genes PPL_09347, PPL_05354, PPL_05833, PPL_12271 and a glorin repressed gene 

PPL_07908 were determined and fold changes were calculated compared to expression 

in growing cells. 8 hours of glorin treatment corresponded to 9 hours of starvation (1 hour 

pre-starvation + 8 hours glorin treatment). 

3.8.3.1 Class I: Genes stably induced by glorin in shaking cultures 

3.8.3.1.1 Expression profile of PPL_09347 

When expression kinetics of model gene PPL_09347 were analyzed in cells developed in 

the absence of glorin treatment, only basal level expression of this gene could be 

detected at 1.5 hour of development. Expression was then maintained at low levels for 

the next 4 hours (Figure 37). 
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Figure 37: Time course of glorin effects on PPL_09347 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final 
concentration of glorin was added at 10-minute intervals. Cell samples were collected at 
indicated time points after glorin treatment for total RNA extraction to analyse gene expression. 
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were 
collected from untreated cells at the same time points. As a control, expression of house keeping 
gene gpdA was examined. Relative expression of model genes PPL_09347 was determined by 
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum 
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene 
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in 
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ± 
SD were plotted. 
 
Levels of PPL_09347 mRNA started to rise in untreated cells after 5 hours of 

development and continued to increase gradually for the next hours of observation. 

These time points may correspond to aggregation time during normal development on 

agar. Only basal level expression of PPL_09347 during the first 4 hours of development 

may indicate that product of this gene is not needed in the first few hours of starvation. 

 

When cells were pulsed with glorin every 10 minutes, mRNA of PPL_09347 accumulated 

rapidly within 30-minutes (0.5 hour of glorin treatment; Figure 37) and 265- and 136.32-

fold induction was detected in response to 1 μM and 100 nM glorin pulses, respectively, 

delivered at 10-minute intervals. In the presence of glorin stimulus, high-level expression 

of PPL_09347 was maintained in the next 8 hours of observation. Gene induction in 

response to both concentrations of glorin used (1 μM & 100 nM) was comparable at all 

time points. These data indicate that PPL_09347 is constantly induced by glorin to high 

levels. These results also show that within a few hours of development in suspensions, 
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cells may establish endogenous glorin signalling (referred to the expression kinetics of 

PPL_09347 in untreated control shown in Figure 37) and start to secrete glorin 

themselves; however, these signalling may not reach the same level as in glorin-pulsed 

cultures (Figure 37). 

3.8.3.1.2 Expression profile of PPL_05354 

When gene expression data collected from P. pallidum PN500 cells starved in shaking 

suspensions for 8 hours was analyzed, it was noticed that in the absence of glorin 

pulses, PPL_05354 exhibited nearly negligible expression during the first 6 hours of 

development in shaking suspensions. A slight increase in the expression was observed 

starting at 7 hours of starvation, while 3.03-, 5.5-, and 10.7-fold expression levels were 

detected at 7-, 8- and 9-hour of development, respectively (Figure 38). These results 

suggest that PPL_05354 is gradually induced in the course of development.  
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Figure 38: Time course of glorin effects on PPL_05354 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of 
glorin was added at 30-minute intervals and cell samples were collected at indicated time points 
after glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model gene PPL_05354 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold 
change was set to 1 where values > 1 represent higher expression of the gene in starving cells 
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in 
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted. 
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When cells were treated with 1 μM glorin at 30-minute intervals, PPL_05354 was induced 

rapidly, such that 48.5-fold expression (compared to growing cells) could be detected 

within 1 hour of glorin treatment (Figure 38). After stimulation of cells with glorin for 2 

hours, this gene was further up-regulated to 210.83-fold followed by a decline in 

expression to 47.17-, 48.5- and 31.12-fold at 3-, 4-, and 5-hours of glorin treatment, 

respectively (Figure 38). A slight increase in expression was noticed at 6- and 7-hours of 

glorin treatment, whereas 82.13-fold expression was detected in cells treated with glorin 

for 8 hours (Figure 38). Effects of pulsing 100 nM glorin were not detected. These data 

indicate that PPL_05354 is rapidly induced by glorin to high levels and gene expression 

in response to exogenous glorin was stable over 8 hours of observation. 

 

3.8.3.2 Class II: Genes induced by starvation, whereas exogenous glorin 
pulses resulted in their precocious expression

3.8.3.2.1 Expression profile of PPL_05833 

Real-time RT-PCR data analyses showed that PPL_05833 was expressed to 

insignificant levels during the first 3 hours of development in shaking culture (Table 3; 

Figure 27). In response to starvation in suspension culture, a slight increase in the 

expression of PPL_05833 was observed starting at 4 hours of development, whereas 

10.41-fold expression was detected at 7 hours of starvation (Figure 39). Expression was 

then maintained at approximately the same levels in the next hours of development 

(Figure 39). It may indicate that products of this gene are not required during the early 

hours of starvation. RNA-seq analyses predicted that PPL_05833 is a gene that is 

transiently induced by glorin (Figure 27). This experiment verified that PPL_05833 is 

rapidly induced by glorin to high levels within 30 minutes, follwed by a steep decline, 

such that after 2 hours of glorin treatment only a low level expression could be detected 

(Figure 39). 
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Figure 39: Time course of glorin effects on PPL_05833 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final 
concentration of glorin was added at 10-minute intervals. Cell samples were collected at 
indicated time points after glorin treatment for total RNA extraction to analyse gene expression. 
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were 
collected from untreated cells at the same time points. As a control, expression of house keeping 
gene gpdA was examined. Relative expression of model genes PPL_05833 was determined by 
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum 
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene 
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in 
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ± 
SD were plotted. 
 

Effects of pulsing 1 μM or 100 nM glorin were comparable. These data validate 

observations made in previous section of this study (Section 3.8.2; Figure 34) that 

PPL_05833 is induced in response to glorin only for a short period, afterwards 

expression is retained at basal levels; supporting the suggestion that products of this 

gene may not be needed for long time during aggregation. 

 

3.8.3.2.2 Expression profile of PPL_12271 

PPL_12271 (erkB) is a gene that displayed kinetics similar to PPL_05833. In the 

absence of glorin pulses only very few transcripts of this gene were detected during the 

first 4 hours of development in suspension cultures. A low level expression was noticed 

at 5 hour of starvation that was maintained almost at the same levels for the next hours 

of development (Figure 40). 
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Expression kinetics of PPL_12271
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Figure 40: Time course of glorin effects on PPL_12271 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final 
concentration of glorin was added at 10-minute intervals. Cell samples were collected at 
indicated time points after glorin treatment for total RNA extraction to analyse gene expression. 
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were 
collected from untreated cells at the same time points. As a control, expression of house keeping 
gene gpdA was examined. Relative expression of model genes PPL_12271 was determined by 
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum 
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene 
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in 
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ± 
SD were plotted. 

As shown in figure 40, PPL_12271 was induced within 30-minutes in the presence of 1 

μM or 100 nM pulses of glorin. Expression declined briefly at 2 and 3 hours of glorin 

treatment. A slight increase in expression of this gene was detected at 4 hour of 

stimulation with glorin that was maintained at low levels in the next hours. 1 μM and 100 

nM concentrations of glorin used for pulsing were almost equally effective. PPL_12271 

exhibits rapid changes in expression during the early hours of starvation in response to 

glorin treatment (Figure 26 & 40); indicating that activity of this gene may be required 

only for short time during aggregation. 
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3.8.3.3 Class III: Gene induced by starvation, whereas glorin pulses 
repressed their expression during the early hours of development 

3.8.3.3.1 Expression profile of PPL_07908 

PPL_07908 is a starvation induced early gene that was shown to be repressed by glorin 

treatment earlier in this study (Section 3.6.2.1.4 Figure 28; Figure 36). 
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0.1

1

10

100

0.5 1 2 3 4 5 6 7 8

time of glorin treatment (hours)

ge
ne

 e
xp

re
ss

io
n 

(fo
ld

 c
ha

ng
e)

 
st

ar
vi

ng
 v

s.
 g

ro
w

in
g 

ce
lls

untreated control 1 μM glorin added every 10 min 100 nM glorin added every 10 min

Figure 41: Time course of glorin effects on PPL_07908 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final 
concentration of glorin was added at 10-minute intervals. Cell samples were collected at 
indicated time points after glorin treatment for total RNA extraction to analyse gene expression. 
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were 
collected from untreated cells at the same time points. As a control, expression of house keeping 
gene gpdA was examined. Relative expression of model genes PPL_07908 was determined by 
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum 
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene 
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in 
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ± 
SD were plotted. 
 

As shown in figure 41, this gene was rapidly induced in response to starvation in cells 

developed in shaking suspensions. High expression levels of this gene were noticed for 

first 2 hours of starvation followed by a steep decline, such that at 4 and 5 hours of 

development (in the absence of glorin), only basal level expression was detected. A 

slight increase in expression was observed beginning at 6 hours of starvation that was 

then maintained at the same level in the next hours. These data add to the suggestion 
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that PPL_07908 is an early developmental gene required during the initial hours of 

starvation only. 

 

Pulses of glorin delivered at 10-minutes intervals led to a rapid decline in the expression 

of PPL_07908, such that only basal level of expression was detected at 3 and 4 hours of 

glorin treatment. Afterwards (at 5 to 8 hours of glorin treatment) this gene was expressed 

at low levels; almost similar expression levels were detected both in glorin-treated and 

untreated cells at these time points (Figure 41). 1 μM and 100 nM glorin pulses were 

comparably effective during the first 3 hours of glorin treatment. Responses to both 

concentrations of glorin were very slightly different at later stages.  

 

3.8.3.4 Class IV: Genes repressed by starvation, whereas glorin pulses 
induce their expression in shaking cultures 

3.8.3.4.1 Expression profile of PPL_12248 

As shown in Figure 29, RNA-seq data indicated that PPL_12248 is a gene that is 

repressed by starvation but glorin pulses induce its expression. In experiment presented 

in Figure 42, when P. pallidum PN500 amoebae were starved in shaking suspensions for 

8 hours, continuous down-regulation of PPL_12248 was noticed over the whole time 

period confirming the results of RNA-seq analyses that this gene is negatively regulated 

by starvation (Figure 29 & Figure 42). 
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Figure 42: Time course of glorin effects on PPL_12248 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous 
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glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of 
glorin was added at 30-minute intervals and cell samples were collected at indicated time points 
after glorin treatment for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model gene PPL_12248 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold 
change was set to 1 where values > 1 represent higher expression of the gene in starving cells 
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in 
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted. 

In comparison, when cells were pulsed with 1 μM glorin at 30-minute intervals, transient 

increase in expression was noticed. Within one hour of treatment with glorin, expression 

of this gene increased by 31.55-fold. Expression decreased gradually thereafter, such 

that 5.93-, 4.65-, 3.13-, 3.03-, 2.12-, 1.06- and 1-fold expression was detected at 2-, 3-, 

4-, 5-, 6-, 7- & 8-hours of glorin treatment, respectively (Figure 42). Effects of pulsing 100 

nM glorin were not studied. These data indicate that expression of PPL_12248 is highly 

induced by glorin for short time period, illustrating a possible short-term activity of this 

gene during aggregation. 

3.8.3.4.2 Expression profile of PPL_12249 

PPL_12249 is a gene that exhibits expression kinetics similar to PPL_12248. Upon 

starvation of P. pallidum PN500 amoebae in shaking cultures for 8 hours, a constant 

down-regulation of PPL_12249 gene expression was observed (Figure 43) 

demonstrating that this gene is developmentally repressed and may represent a ‘growing 

stage gene’. While analyzing absolute expression levels of this gene (Table 3), it could 

be noticed that PPL_12249 transcripts were present in growing cells, however, at the 

onset of starvation number of transcripts declined confirming that development leads to 

down-regulation of this gene. 
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Figure 43: Time course of glorin effects on PPL_12249 expression. P. pallidum PN500 were 
developed in shaking buffer suspensions in the presence or absence of exogenous glorin. In 
glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of glorin was 
added at 30-minute intervals for an additional 8 hours and cell samples were collected at 
indicated time points for total RNA extraction to analyse gene expression. Cells were generally 
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated 
cells at the same time points. As a control, expression of house keeping gene gpdA was 
examined. Relative expression of model gene PPL_12249 was determined by real-time RT-PCR. 
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold 
change was set to 1 where values > 1 represent higher expression of the gene in starving cells 
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in 
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted. 

P. pallidum PN500 cells exhibited a high-level expression of PPL_12249 after 1 hour of 

glorin treatment (1μM glorin delivered at 30-minute intervals) and 25.28-fold upregulation 

could be observed. Gene expression declined sharply at later time points but was still 

detectable until 6 hours of glorin treatment; expression was down-regulated afterwards. 

4.5-, 3.97-, 2.28-, 2.56-, and 1.46-fold gene expression was detected at 2-, 3-, 4-, 5- and 

6-hours of glorin treatment (Figure 43). Effects of pulsing 100 nM glorin were not tested. 

Transient induction of PPL_12249 to high levels by exogenous glorin indicates that this 

gene may play a short-term but rather significant role in glorin signaling during 

aggregation. As shown in Figure 43, continuous supression of PPL_12249 by starvation 

over the course of observation (i.e. 8 hours) indicates that this gene may be a ‘vegetative 

stage gene’. However, glorin treatment transiently induced expression of PPL_12249 to 

high levels; pointing to the possibility that momentary activity of this gene may be 

required during aggregation also though this gene may function mainly during growth 

phase of cells.  
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Overall, these data suggest that suspension cultures provide an efficient setting to study 

glorin-induced changes in gene expression patterns in starving P. pallidum PN500 

amoebae and cells successfully complete early developmental changes. 

3.8.4 Developmental time course of gene expression in cells starved on 
non-nutrient agar plates 
 

P. pallidum PN500 development is a highly synchronous process and is accompanied by 

a series of coordinated morphological and physiological changes. It starts with the 

transition from growth to aggregation that is induced by starvation. The major 

morphological change occurs when the amoebae begin to aggregate in response to 

communication with a diffusible chemoattractant that may be glorin as suggested by 

experiments performed in this study (described under Section 3.4.1.1 & 3.6.2). The 

activity of cells and chemotaxis to acrasin mediate the aggregation of groups of cells into 

loose aggregates, followed by continuous strong streaming movements towards 

aggregation centres leading to the formation of tipped aggregates (Figure 44). 

After studying developmental regulation of glorin-responsive genes in P. pallidum 

PN500 cells starved in shaking suspensions, the temporal expression patterns of 

selected glorin-induced genes were examined in cells developing on agar surface 

because development of amoebae on solid substrata is closer to the natural conditions 

than developing in a shaking culture. With this approach, the aim was to analyze distinct 

changes in gene expression patterns associated with morphological transitions and to 

determine which developmental event correspond to maximum increase in expression of 

glorin-regulated genes. 

 

P. pallidum PN500 cells were grown in association with bacteria on 1/5 SM agar plates. 

When plates were clear, cells were collected, washed and resuspended in phosphate 

buffer at concentration of 2x107cells/ml. A pellet of 2x107 vegetative stage cells was 

collected for total RNA extraction and served as ‘growing cells control’ for gene 

expression studies. Cells were spread as monolayers on non-nutrient agar plates at a 

density of 8X105cells/cm2 for development. Cells (2x107/sample) were harvested at 9 

different stages of early development including initial 1-4 hours of starvation (the pre-

aggregation stages) and distinct morphological states indicated by loose aggregates (5 

hour), aggregates (6.5 hour), streaming (8.5 hour), late aggregates (10 hour) and 

mounds (13.5 hour) in Figure 44.  
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Figure 44: Prominent morphological states during growth-to-aggregation transition of 
starving P. pallidum PN500 amoebae. A top view of cells developing on non-nutrient agar is 
shown. No multicellular structures were visible at 0 hour. Ripples (3 hours), loose aggregates (5 
hours), streams (8.5 hours), late aggregation (10 hours), and mounds (13.5 hours) are shown. 

Using this strategy, the goal was to encompass all steps of growth-to-aggregation 

transition for analyzing temporal expression of glorin responsive genes. Total RNA was 

extracted from samples that were collected beginning at the onset of starvation until 

formation of mounds and temporal gene expression profiles were analyzed for selected 

glorin-regulated genes. 

 

Genes including PPL_09347, PPL_05354, PPL_11763, PPL_00912, PPL_03541 and 

PPL_06644 were found to be developmentally regulated exhibiting maximum changes in 

gene expression between 4 and 8 hours of development; time points which correspond 

to the transition from unicellular to multicellular organization and are accompanied by 

most dramatic morphological changes in development of P. pallidum PN500. Genes such 

as PPL_12271 and PPL_ 05833 were expressed at low levels during the early hours of 

development, whereas PPL_12248 and PPL_03784 were expressed at basal levels 

approximately at all 9 developmental states that were monitored in this study. It has been 

suggested that individual group of genes expressed in the same manner may represent 

specialized patterns in the course of development (Loomis & Shaulsky 2011). It is also 

proposed that a gene whose expression increases by at least four fold during 

0 hour Loose aggregates (5 h) 

Streams (8.5 h) Mounds (13.5 h) Late aggregation (10 h) 

Ripples (3 hr)  
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development probably encodes a protein that is likely to provide selective advantage 

under one or another condition (Loomis & Shaulsky 2011). 

 

The results are interpreted on gene-by-gene basis in the following sections. 

3.8.4.1 Class I: Aggregation stage specific genes 

3.8.4.1.1 Developmental kinetics of PPL_09347 

RNA-seq data indicated that bacterially grown vegetative-stage P. pallidum PN500 cells 

accumulate a low level of PPL_09347 mRNA (Table 3), however, as shown in Figure 45, 

development on agar led to a gradual increase of the mRNA level which reached a peak 

at 10 hour of development that corresponds to late aggregation stage (Figure 44). Within 

first 3 hours of development, only basal level expression could be detected. Expression 

levels increased thereafter, such that at 6.5 hours of development when aggregation 

was in process, 12.89-fold expression (compared to growing cells) could be detected 

that continued to increase during streaming. Maxmium level expression i.e. 30.27-fold 

was noticed with the formation of late aggregates, whereas expression levels declined to 

22.16-fold when mounds were observed.  

 

Figure 45: Developmental regulation of PPL_09347. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_09347 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. 
Mean values of duplicate measurements of the same cDNA ± SD were plotted. 
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These data indicate that under natural conditions, the expression level of PPL_09347 

starts to increase when cells shift from pre-aggregation to aggregation phase and 

continues to rise during streaming until formation of tight aggregates. These data 

confirm RNA-seq findings that also detected only basal level expression during the early 

hours of development (Figure 25). Under shaking culture conditions, in the absence of 

glorin, mRNA level of PPL_09347 started to rise at 6 hour of development and 9.18-fold 

expression was detected by 8 hour of development that was maintained at the same 

level in the next hour (Figure 37). No more increase in gene expression could be noticed 

under shaking conditions, indicating that normal level expression of this gene (as 

indicated in Figure 45) may require sufficient cell-cell contacts. Moreover, high level 

induction of this gene by glorin under shaking culture conditions suggested that this 

gene is developmentally regulated by glorin. On agar surface, continuous up-regulation 

of PPL_09347 during the entire aggregation process further validates the indication that 

cells might have fully established glorin signalling during aggregation phase leading to 

maximum level induction of PPL_09347.  

3.8.4.1.2 Developmental kinetics of PPL_03541 

In P. pallidum PN500 amoebae developed on phosphate agar plates, basal-level 

expression of PPL_03541 was detected during the first 3 hours of starvation. Moderate 

increase in expression of this gene was detected at 4- and 5-hour of development 

(Figure 46). Expression of this gene continued to rise, reached a peak in actively 

aggregating cells and was then maintained at moderate levels in cells forming streams 

and tight aggregates (Figure 46). Thus, in the early phase of development of P. 

pallidum, there seems to be a close temporal correlation between accumulation of 

mRNA of PPL_03541 and the appearance of aggregates. A slight decline in expression 

was noticed thereafter (Figure 46). Expression levels detected in cells starved for 1-, 2- 

and 3-hours were 1.5-, 2.43- and 2.81-fold higher, respectively, than in growing cells. At 

4- and 5-hour of development 5.36- and 7.95-fold increase in expression was observed, 

respectively (Figure 46). Compared to growing cells, this gene was 11.95-fold 

upregulated at 6.5 hour of development. During streaming and late aggregation stages 

of development 8.31- and 8.15-fold increase in expression was detected. PPL_03541 

was 6.16-fold upregulated when cells had formed mounds (Figure 46). 
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Figure 46: Developmental regulation of PPL_03541. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_03541 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted. 
 
Absolute expression data obtained in RNA-seq experiment showed that mRNA of 

PPL_03541 was barely detectable in growing cells (Table 3). Negligible expression of 

this gene was detected in amoebae developed for 2- or 3-hours in shaking cultures 

(Table 3). However, when cells were treated with exogenous glorin for 1 hour, 9.44-fold 

higher expression was detected than in growing cells, whereas expression of 

PPL_03541 was downregulated after cells were treated with glorin for 2 hour 

demonstrating that PPL_03541 is developmentally induced by glorin for relatively short 

periods (Figure 26). Rapid decline of glorin-induced moderate increase in transcript 

levels of this gene in shaking cultures may result from instability of mRNA under these 

conditions. Maximal expression of PPL_03541 during aggregation may indicate that 

PPL_03541 plays a specific role during aggregation of P. pallidum PN500 amoebae. 

3.8.4.1.3 Developmental kinetics of PPL_06644 

When P. pallidum PN500 amoebae were developed on non-nutrient agar and 

expression profile of PPL_06644 was analyzed, it was noticed that this gene is 

developmentally induced. In the first 2 hours of starvation, only basal level expression 

was detected (1.1- & 1.29-fold, respectively; Figure 47). With progression of starvation, 

expression of this gene increased gradually and reached a peak (23-fold higher than in 
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growing cells; Figure 47) during the late aggregation stage. When cells have formed 

mounds, expression of PPL_06644 declined a little indicating that activity of this gene is 

required mainly during pre-aggregation and aggregation stages of development.  

Figure 47: Developmental regulation of PPL_06644. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_06644 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted.

RNA-seq data indicated that PPL_06644 is moderately induced by glorin (Table 3). If 

aggregating P. pallidum PN500 amoebae secrete glorin, then an induction of 

PPL_06644 is anticipated during aggregation phase of development and data presented 

in Figure 47 supports this assumption by indicating that PPL_06644 is upregulated 

throughout the aggregation process. These features show that PPL_06644 is an 

aggregation stage gene. 

3.8.4.2 Class II: Genes exhibiting characteristics of both ‘early genes’ and 
‘aggregation-stage genes’ 

3.8.4.2.1 Developmental kinetics of PPL_11763 

Previously, RNA-seq data indicated that PPL_11763 is expressed in growing cells to very 

low levels (Table 3 presenting absolute expression data). Also, it was noticed that 

expression of PPL_11763 is gradually induced by starvation, whereas glorin treatment 
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leads to transient upregulation of this gene to high levels (Figure 26). When cells were 

washed free of bacteria and allowed to undergo normal development on phosphate agar 

plates, transcripts of PPL_11763 were detectable by 1 hr of development, expression 

levels increased gradually, while maximal expression was detected at late aggregation 

stage until formation of mounds. Rapid accumulation of this gene to 2.56-, 7.31-, 8.22- 

and 17.26-fold at 1-, 2-, 3- and 4-hours of development (time points corresponding to 

pre-aggrgeation period), respectively indicates that PPL_11763 is an early gene (Figure 

48). 

Figure 48: Developmental regulation of PPL_11763. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_11763 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. 
Mean values of duplicate measurements of the same cDNA ± SD were plotted. 

Further increase in expression levels of this gene was noticed during the whole process 

of aggregation. At early aggregation stage 74.54-fold expression of PPL_11763 was 

detected that increased to 129.78-fold in actively streaming cells (Figure 48). Expression 

of this gene extends beyond the aggregation stage and a high level of transcript persists 

in the postaggregation stages; 200.85- and 210.83-fold higher expression of PPL_11763 

was dectected at late aggregation and mound stage, repectively (Figure 48). These data 

support the indication provided by RNA-seq analyses that PPL_11763 displays 

characteristics of both early gene and aggregation-stage gene. Overall, these results and 

RNA-seq data may indicate that PPL_11763 is regulated both by starvation and glorin. 

Rapid turn over of glorin-induced moderate-level increase in the amounts of PPL_11763 
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transcripts in shaking cultures may result from instability of mRNA of this gene under 

these conditions. 

3.8.4.2.2 Developmental kinetics of PPL_05354 

While analyzing expression pattern of PPL_05354 at various times of development, it 

was found that this gene was 4.19-fold upregulated after 1 hour of starvation compared 

to growing cells (Figure 49). PPL_05354 was further expressed moderately by 10.33- 

and 12.99-fold at 2- and 3-hours of development suggesting that this gene is induced by 

starvation during the early hours of development (Figure 49).  

 

Figure 49: Developmental regulation of PPL_05354. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_05354 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. 
Mean values of duplicate measurements of the same cDNA ± SD were plotted. 

Expression levels increased to 33.22-fold at 5 hour of development; time corresponding 

to early aggregation stage. A continuous rise in expression was observed at next hours 

of development, such that 71.25- and 106.15-fold upregulation could be detected at 

streaming and late aggregation stages (Figure 49). High level expression of PPL_05354 

during the developmental hours corresponding to aggregation illustrate that this gene 

may be additionally modulated by glorin secreted by aggregating cells. Expression of 

PPL_05354 then declined at mound stage indicating that activity of this gene is 

moderately required during pre-aggregation stages, optimally needed in the course of 

aggregation and once aggregates have formed, effects of PPL_05354 decline. These 
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data suggest that PPL_05354 is a gene that exhibits features of both early gene and 

aggregation-stage gene. These results are in agreement with RNA-seq analysis that 

showed the presence of adequate number of transcripts of PPL_05354 in amoebae that 

were developed for 2 and 3 hour (Table 3) and demonstrated that this gene is 

additionally strongly induced by glorin (Figure 25). Moreover, RNA-seq data favours the 

assumption that activity of PPL_05354 might be required during the growth phase also 

because sufficient transcripts of this gene were detected in growing cells (Table 3). 
 

3.8.4.2.3 Developmental kinetics of PPL_00912 

Accumulation of PPL_00912 was determined during the first 14 hours of development of 

P. pallidum PN500 amoebae on non-nutrient agar that indicated a progressive increase 

in expression levels of this gene (Figure 50). At 1 and 2 hours of development 1.49- and 

4.62-fold expression was noticed, respectively. Transcript levels increased to 7.48- and 

10.5-fold in cells starved for 3 and 4 hours of development, respectively (Figure 50).  

 

Figure 50: Developmental regulation of PPL_00912. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_00912 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. 
Mean values of duplicate measurements of the same cDNA ± SD were plotted. 
 

Expression of this gene increased step-by-step during early aggregation and streaming 

stages, peaking at late aggregation stage where 41.18-fold expression was detected, 

whereas gene expression declined to relatively low-levels at mound stage (Figure 50). 

These data further confirm the findings of RNA-seq analyses suggesting that 
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PPL_00912 is a starvation-induced gene, while expression of this gene is further 

enhanced by glorin signalling (Figure 27). Therefore, in parallel with PPL_11763 and 

PPL_05354, PPL_00912 also possesses characteristics of both early developmental 

gene and aggregation-stage gene. 

 

3.8.4.3 Class III: Genes nearly similarly expressed during the early stages of 
development 

3.8.4.3.1 Developmental kinetics of PPL_12271 (erkB)

PPL_12271 is a gene with distinct kinetics (Figure 51). RNA-seq analyses indicated that 

this gene is transiently up-regulated by glorin (Figure 26). Analysing absolute expression 

data of PPL_12271 showed that sufficient transcripts of this gene were present in 

growing cells and cells starved for 1 hour, while transcript number declined slightly at 2 

hours of development (Table 3). When P. pallidum PN500 cells were developed on agar 

surface, 4.11-fold higher expression was detected in cells starved for 1 hour than in 

growing cells (Figure 51). 

Figure 51: Developmental regulation of PPL_12271 (erkB). P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_12271 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted. 
 
Expression decreased to 2.98-fold at 2 hour of development. Expression levels started 

to rise afterwards, such that 6.88- and 8.28-fold expression was detected in cells forming 
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early aggregates and streams, respectively. Expression reached a peak level (13.73-

fold) by 10 hours of development when tight aggregates of cells appeared (Figure 51). At 

mound stage, 11.15-fold expression was noticed. These data indicate that PPL_12271 is 

expressed in cells at moderate levels during all the stages of early development, 

whereas expression levels are slightly enhanced during aggregation supporting 

moderate level induction of this gene by glorin. Sufficient expression of PPL_12271 in 

growing cells and at different stages of development may demonstrate important role 

played by this gene during growth and development.

3.8.4.4 Class IV: Genes expressed at basal level during the early stages of 
development 

3.8.4.4.1 Developmental kinetics of PPL_03784 

When expression profile of PPL_03784 was analyzed in cells developing on non-nutrient 

agar plates, a low level expression of this gene was noticed during the first 4 hours of 

starvation. A small increase in expression of PPL_03784 was detected between 5 and 10 

hour of development (Figure 52). At about 5 hour of development on agar surface, 

formation of early aggregates is observed followed by aggregation streams at 8.5 hour 

(Figure 44). Thus, a slight increase in expression of PPL_03784 within 5 to 10 hours of 

development might be connected to aggregation phase of cells. Transcripts levels of 

PPL_03784 appeared to peak at late aggregation stage when 7.11-fold higher 

expression was detected than in growing cells. Expression declined slightly at the mound 

stage (Figure 52). Gene expression data of PPL_03784 obtained in RNA-seq experiment 

indicated that PPL_03784 is a developmentally induced gene and treatment of starving 

cells with exogenous glorin further increases expression of this gene (Figure 27). 

Analyses of absolute expression data showed that this gene is insignificantly expressed 

in growing cells, whereas starvation led to an increase in number of transcripts of this 

gene at 2 and 3 hours of development (Table 3); results that correlate with the findings 

depicted in Figure 52. Moreover, RNA-seq data indicated that PPL_03784 is transiently 

up-regulated by glorin and 20-fold increase in expression was detected in response to 

treatment with exogenous glorin for 1 hour that declined to 7.96-fold after cells were 

treated with glorin for total 2 hours in shaking cultures (Table 3; Figure 27). 
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Figure 52: Developmental regulation of PPL_03784. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_03784 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change in growing cells was 
defined as 1 where values > 1 represent higher expression of the gene in starving cells than in 
growing cells. Values < 1 show that expression of gene is lower in starving cells than in growing 
cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted. 
 

However, cells developed on agar surface exhibited maximal expression of PPL_03784 

at late aggregation stage when 7.11-fold increase in expression was detected (Figure 

52). The difference between induction of expression of PPL_03784 in cells developed in 

shaking cultures in the presence of glorin and those starved on agar surface can be 

explained by assuming that aggregating amoebae of P. pallidum PN500 excrete glorin, 

nevertheless, transient changes in the expression of PPL_03784 in response to secreted 

glorin were not much prominent. This phenomenon may point to the difference in the 

behaviour of cells in shaking cultures and on agar surface. Another explanation could be 

that rapid and transient nature of gene expression changes did not allow for detection of 

short-lived, high-level upregulation of PPL_03784 by secreted glorin within the time 

points when cell samples were collected for gene expression analysis. These data 

suggest that PPL_03784 may play critical but short-term role during aggregation of P. 

pallidum PN500 amoebae.  

 

3.8.4.4.2 Developmental kinetics of PPL_05833 

PPL_05833 is a gene that exhibits expression profile almost similar to that of 

PPL_03784. When amoebae were starved on phosphate agar plates for 1 hour, 

PPL_05833 displayed low level of expression and compared to growing cells, only 1.23-
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fold increase in expression was detected (Figure 53). Expression of this gene increased 

to 3.05-, 3.58-, 4.14-fold at 2-, 3- and 4-hour of development, respectively (Figure 53). 

During aggregation, a slight increase in expression of PPL_05833 was detected. 

Messenger RNA complementary to PPL_05833 peaked at 10 hour of development and 

7.51-fold higher expression of this gene was noted in cells forming tight aggregates than 

in growing cells (Figure 53). At mound stage, expression declined slightly. Moderate level 

expression of this gene at almost all stages of early development indicates that 

PPL_05833 may perform important biological role during the initial stages of 

development of P. pallidum PN500 amoebae. 

 
Figure 53: Developmental regulation of PPL_05833. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended 
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of 
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA 
extraction. Relative expression of model gene PPL_05833 was determined by real-time RT-PCR. 
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown. 
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where 
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted. 

In RNA-seq experiment, when absolute expression data of PPL_05833 was analyzed 

(Table 3), it was found that this gene is insignificantly expressed in vegetative cells. RNA-

seq analysis further showed that when cells are developed in shaking cultures, 

PPL_05833 is induced by starvation, while stimulation of starving amoebae with 

exogenous glorin further increases expression of this gene transiently. 133.2-fold 

increase in expression of PPL_05833 was induced in response to stimulation with glorin 

for 1 hour, while only 25.75-fold increase in expression could be detected after 2 hours of 

treatment with glorin (Figure 27 A). When data obtained with cells developed on non-

nutrient agar are compared with results from cells starved in shaking cultures for the 

same time period, it is noticed that expression of PPL_05833 is developmentally 
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regulated in both cases (Figure 39 & 53). On the other hand, high-level but transient 

induction of PPL_05833 was detected when cells developing in shaking suspensions 

were treated with glorin (Figure 27 & 39). Speculating that aggregating amoebae of P. 

pallidum PN500 secrete glorin, a high-level expression of PPL_05833 is expected in cells 

undergoing aggregation on agar surface. However, data obtained from cells developed 

on non-nutrient agar do not provide such an indication and PPL_05833 is only 

moderately expressed during aggregation (Figure 53). These differences can be 

attributed to the rapid and transient induction of PPL_05833 by glorin. It is quite possible 

that this gene is induced to high-levels in P. pallidum PN500 cells developing on agar 

surface in response to glorin secreted by aggregating cells but such a change might be 

so fast and short-term that could not be detected in any of the cell samples collected at 

those specific stages of development shown in Figure 44. However, shaking cultures are 

not comparable to the natural conditions of development of amoebae and 1 μM glorin 

used to stimulate cells at 10- or 30-minute intervals is not representative of natural 

pulsing frequency of glorin secreted by starving amoebae during aggregation. Therefore, 

different sensitivities of cells developing in shaking cultures or on agar surface may also 

explain differences in gene induction levels in response to externally added or secreted 

glorin. 

3.8.4.4.3 Developmental kinetics of PPL_12248 

Analyses of gene expression data obtained from cells developed on phosphate agar 

plates showed that PPL_12248 is expressed at basal levels throughout the early 

development (Figure 54). At 1-, 2-, 3- and 4-hour of development, 1.99-, 2.18-, 1.56-, and 

1.37-fold higher expression (than in growing cells) was detected, respectively (Figure 54). 

At the onset of aggregation expression of this gene increased to 2.25 fold, was maintained 

at 2.44-fold during streaming and reduced to 1.09-fold at mound stage (Figure 54).
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Figure 54: Developmental regulation of PPL_12248. P. pallidum PN500 cells grown in 
association with bacteria were harvested in the late vegetative stage, washed, and resuspended in 
phosphate buffer. Cells were then starved on phosphate agar plates at a density of 8X105cells/cm2. 
Cell samples were collected at indicated developmental stages for total RNA extraction. Relative 
expression of model gene PPL_12248 was determined by real-time RT-PCR. As a control, 
expression of house keeping gene gpdA was examined. Fold changes are shown. All data were 
compared to growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1 
represented higher expression of the gene in starving cells than in growing cells. Mean values of 
duplicate measurements of the same cDNA ± SD were plotted. 

RNA-seq data showed that some transcripts of PPL_12248 were present in vegetative 

cells that declined at the onset of starvation (Table 3), indicating that PPL_12248 may be 

a ‘growth-stage-specific gene’ that is repressed by starvation. However, it was shown 

that stimulation of suspension developed P. pallidum PN500 cells with exogenous glorin 

led to significant level induction of expression of PPL_12248 (Figure 29), such that after 

1 hour of exposure to glorin 35.62-fold increase in gene expression could be noticed 

compared to expression in growing cells, whereas only 7-fold expression was detected in 

cells treated with glorin for 2 hours; illustrating rapid and transient induction of 

PPL_12248 in response to glorin (Figure 29). When P. pallidum PN500 cells were 

developed for 8 hours in shaking cultures in the absence of glorin, a continuous down-

regulation of this gene was detected, however, transient and high-level induction of 

PPL_12248 was noticed in the presence of exogenous glorin (Figure 42). When 

amoebae are developed on non-nutrient agar, the pattern of PPL_12248 gene 

expression is somewhat different from that observed in cells developed in shaking 

cultures. Though PPL_12248 is constantly down-regulated under shaking culture 

conditions, yet it exhibits a very low level expression in cells developing on agar surface 

(Figure 42 & 54); indicating that cell-cell contacts may be required for low-level 

expression of this gene. PPL_12248 shows characteristics of vegetative-stage gene but 

is rapidly induced by glorin. This distinct kinetics of expression of PPL_12248 may 

demonstrate that glorin is detected by growing cells also and signal is transduced to 
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downstream effectors that leads to gene expression changes during growth phase. Other 

justification could be that PPL_12248 is rapidly induced to moderate- or high-levels in 

response to glorin secreted by cells aggregating on agar surface but induction might be 

short-lived and increased levels of expression decline back to basal level in a short 

period of time, therefore, could not be detected within the sampling time points as shown 

in Figure 54. Transient induction of PPL_12248 by glorin may explain short-term activity 

of this gene during aggregation of P. pallidum PN500 amoebae. 

3.8.5 Developmental regulation of selective GPCRs 
 

GPCRs are seven-transmembrane proteins that transduce extracellular signals inside the 

cell by activating heterotrimeric G-proteins that couple receptors to effector proteins 

inside the cell to trigger physiological responses (Sucgang et al. 2011). Previous studies 

indicated that glorin acts by binding to cell surface G-protein coupled receptors (De Wit et 

al. 1988). It was demonstrated that aggregating amoebae of P. violaceum possess cell 

surface receptors for the detection of the extracellular glorin (De Wit et al. 1988). 

However, it was shown that vegetatively growing amoebae of P. violaceum also expose 

adequate number of glorin receptors on their cell surface that increases slightly during 

aggregation (De Wit et al. 1988). In D. discoideum expression of cAR1 is induced by 

pulses of extracellular cAMP during aggregation (Mu et al. 1998; Firtel 1995; Loomis 

1996; Louis et al. 1993; Saxe et al. 1991a, b; Klein et al. 1988, 1987; Kimmel 1987). 

RNA-seq analyses conducted in this study indicated that in P. pallidum PN500 a number 

of GPCRs were positively regulated by glorin to varying degrees (Table 4). It was 

suspected that gene encoding glorin receptor(s) may be among the GPCR encoding 

genes differentially regulated by external glorin; similar to the induction of aggregation 

stage cAR1 by extracellular pulses of cAMP in D. discoideum. It was therefore interesting 

to analyze developmental kinetics of selected glorin-regulated GPCR encoding genes 

during the early hours of development of P. pallidum PN500 cells. These experiments 

were designed to recognize GPCR genes that were expressed in growing cells and their 

expression was slightly enhanced during the process of aggregation. GPCR gene(s) 

exhibiting such kinetics might represent candidate glorin receptor gene(s). 

 

P. pallidum PN500 cells grown in association with bacteria were harvested in the late 

vegetative stage, washed, and resuspended in phosphate buffer. Cells were then starved 

on phosphate agar plates at a density of 8x105cells/cm2. Cell samples were collected at 9 
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different developmental stages for total RNA extraction (Figure 44) and developmental 

kinetics of selected glorin-induced GPCR encoding genes were analyzed.  

3.8.5.1 Developmental kinetics of GPCR genes induced by glorin 

Developmentally regulated GPCR genes were divided into 3 major classes based on 

their respective kinetics. 

 

3.8.5.1.1 Class I: GPCR encoding genes expressed in growing amoebae, 
whose expression levels are enhanced upon starvation 

RNA-seq data demonstrated that PPL_00902 and PPL_05727 were two distinct GPCR 

genes whose transcripts were moderately expressed in vegetative cells, whereas 

stimulation of cells with glorin for 1 hour led to 2.74- and 4.15-fold increase in expression 

of PPL_00902 and PPL_05727, respectively (Table 3). When P. pallidum PN500 

amoebae were developed on agar, starvation moderately enhanced expression of 

PPL_00902, such that at all stages of development analyzed in this experiment, 

PPL_00902 was almost similarly regulated (Figure 55). Expression of PPL_05727 was 

also enhanced in response to starvation but kinetics was different compared to 

PPL_00902. PPL_05727 exhibited low-level increase in expression during the first 4 

hours of starvation (Figure 55). At the onset of aggregation, expression of this gene 

further increased and was maintained at high-levels during the whole process of 

aggregation (Figure 55). PPL_00902 and PPL_05727 represent ideal candidate genes 

that may encode glorin receptors because both of these genes are expressed 

moderately in growing cells and their expression is further enhanced with progression of 

starvation. 
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Figure 55: Developmental regulation of GPCR genes PPL_00902 & PPL_05727. P. pallidum 
PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9 different stages 
of early development including initial 1-4 hours of starvation (the pre-aggregation stage) and 
distinct morphological states indicated by number 5 (loose aggregates), 6 (aggregates), 7 
(streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction. Relative expression of 
PPL_00902 and PPL_05727 was determined by real-time RT-PCR. As a control, expression of 
house keeping gene gpdA was examined. Fold changes are shown. All data were compared to 
growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher 
expression of the gene in starving cells than in growing cells. Mean values of duplicate 
measurements of the same cDNA ± SD were plotted. 

3.8.5.1.2 Class II: Starvation induced GPCRs encoding genes whose 
expression is augmented during aggregation 

Certain GPCR genes, of which PPL_ 04108 and PPL_00855 are obvious examples, 

exhibited negligible expression in growing cells (referred to absolute gene expression 

data presented in Table 3). Starvation caused a gradual increase in expression of 

PPL_04108 and a maximal level expression was observed during aggregation that 

decreased to low-levels after tight aggregates have formed (Figure 56). PPL_00855 

exhibited comparatively different kinetics. This gene was moderately expressed at 1 

hour of starvation, followed by a gradual decrease in expression until 4 hour of 
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development on agar (Figure 56). A moderate increase in the expression of PPL_00855 

was then noticed throughout the process of aggregation (Figure 56). These genes are 

selectively induced in response to starvation and may play vital roles during 

aggregation. 

Figure 56: Developmental regulation of GPCR genes PPL_04108 & PPL_00855. P. pallidum 
PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9 different stages 
of early development including initial 1-4 hours of starvation (the pre-aggregation stage) and 
distinct morphological states indicated by number 5 (loose aggregates), 6 (aggregates), 7 
(streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction. Relative expression of 
PPL_04108 and PPL_00855 was determined by real-time RT-PCR. As a control, expression of 
house keeping gene gpdA was examined. Fold changes are shown. All data were compared to 
growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher 
expression of the gene in starving cells than in growing cells. Mean values of duplicate 
measurements of the same cDNA ± SD were plotted. 

3.8.5.1.3 Class III: GPCR encoding genes expressed specifically during 
aggregation

Some GPCR genes, such as PPL_08454, PPL_08455, and PPL_03564 were 

characteristically induced at the onset of aggregation and their expression was 

maintained at moderate levels during aggregation (Figure 57). Expression of these genes 
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was insignificant in growing cells (Table 3). Products of these genes may play essential 

roles during aggregation.

Figure 57: Developmental regulation of GPCR genes PPL_08454, PPL_08455 & PPL_03564. 
P. pallidum PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9 
different stages of early development including initial 1-4 hours of starvation (the pre-aggregation 
stage) and distinct morphological states indicated by number 5 (loose aggregates), 6 
(aggregates), 7 (streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction. 
Relative expression of PPL_08454, PPL_08455 and PPL_03564 was determined by real-time 
RT-PCR. As a control, expression of house keeping gene gpdA was examined. Fold changes are 
shown. All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 
where values > 1 represent higher expression of the gene in starving cells than in growing cells. 
Values < 1 show that expression of gene is lower in starving cells than in growing cells. Mean 
values of duplicate measurements of the same cDNA ± SD were plotted. 
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Expression kinetics  of selected glorin-regulated genes in P. pallidum PN500 cells 

Developed in shaken suspensions for 8 
hours 

Gene Name 

Effects of 
starvation only 

Effects of glorin 
treatment 

Developed on non-nutrient 
agar plates until formation of 

mounds 

PPL_09347 Only slightly 
induced by 
starvation during the 
first 4 hours of 
development, 
moderately induced 
afterwards  
 

Stably induced by 
glorin to high-
levels  

Expression increased gradually 
during the early hours of 
development, highly expressed 
during aggregation 
 

PPL_06644 Insignificant 
expression during 
the first few hours of 
development 

Transiently 
induced by glorin, 
followed by a 
rapid decline in 
expression 
 

Expression increased gradually 
during the early hours of 
development, highly expressed 
during aggregation 
 

PPL_05357 Only slightly 
induced by 
starvation during the 
first 4 hours of 
development, 
moderately induced 
afterwards 
 

Stably induced by 
glorin to high-
levels 

Expression increased gradually 
during the early hours of 
development, highly expressed 
during aggregation 

PPL_11763 Expressed at basal 
levels during the 
first 3 hours of 
development 

Transiently 
induced by glorin 
to high levels, 
followed by a 
rapid decline in 
expression 
 

Expression increased gradually 
during the early hours of 
development, highly expressed 
during aggregation 

PPL_12271 Expressed at basal 
levels during the 
first 3 hours of 
development, 
gradual increase of 
expression to 
moderate levels is 
observed afterwards 
 
 

Transiently 
induced by glorin, 
followed by a 
rapid decline in 
expression 

Basal level expression for the 
first 2 hours. Expressed at low 
levels during the later stages of 
development investigated with 
a slight increase during 
aggrgeation  

PPL_03541 Expressed at basal 
levels during the 
first 3 hours of 
development 

Transiently 
induced by glorin 
to moderate 
levels, followed by 
a rapid decline in 
expression levels 
 

Expression increased gradually 
during the early hours of 
development, moderately 
expressed during aggregation 

PPL_05833 Gradually induced 
by starvation to 
moderate levels 

Glorin treatment 
further enhanced 
its expression 
rapidly, followed 
by a decline in 
expression.  

Basal level expression in the 
first hour of starvation. 
Expressed at low levels during 
the later stages of development 
investigated (starting from 2nd 
hour of starvation until mound 
formation) 
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PPL_03784 Induced by 
starvation 

Glorin treatment 
further enhanced 
its expression 
rapidly, followed 
by a gradual 
decline in 
expression 

Basal level expression in the 
first hour of starvation. 
Expressed at low levels during 
the later stages of development 
investigated (starting from 2nd 
hour of starvation until mound 
formation) 
 

PPL_00912 Induced by 
starvation 

Glorin treatment 
further enhanced 
its expression, 
follwed by a 
gradual decline in 
expression 
 

Expression increased gradually 
during the early hours of 
development, highly expressed 
during aggregation 

PPL_07908 Highly induced by 
starvation during the 
first 2-3 hours of 
starvation followed 
by a rapid decline at 
4-5 hours of 
development.  
Afterwards, 
expression 
increased gradually 
to moderate levels 
 

Glorin treatment 
repressed its 
expression during 
the first 2-3 hours 
of development 

Not detected 

PPL_05702 Induced by 
starvation 

Glorin treatment 
repressed its 
expression 
 

Not detected 

PPL_05195 Induced by 
starvation 

Glorin treatment 
repressed its 
expression 
 

Not detected 

PPL_12248 Repressed by 
starvation 

Stimulation of 
cells with glorin 
induced its 
expression to high 
levels for the first 
hour of treatment, 
followed by a 
gradual decrease 
in expression 
 

Expressed at basal levels 
during all the stages of 
development investigated 
(Figure 44) 

PPL_12249 Repressed by 
starvation 

Stimulation of 
cells with glorin 
induced its 
expression to high 
levels for the first 
hour of treatment, 
followed by a 
gradual decrease 
in expression 
 

Expressed at basal levels 
during all the stages of 
development investigated 

PPL_00902 Expressed in 
growing amoebae, 
induced by 
starvation 

Expression 
enhanced by 
glorin 

Expressed in growing 
amoebae, expression 
enhanced to moderate levels 
during the early stages of 
development 
 

PPL_05727 Expressed in 
growing amoebae, 
induced by 
starvation to  
moderate levels 

Expression 
enhanced by 
glorin to moderate 
levels 

Expressed in growing 
amoebae, expression 
enhanced gradually and 
reached a maximum during 
aggregation 
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PPL_04108 Induced by 
starvation to 
moderate levels 

Expression 
enhanced by 
glorin to moderate 
levels 

Moderately expressed during 
the early hours of development, 
expression enhanced gradually 
and reached a maximum during 
aggregation 
 

PPL_00855 Induced by 
starvation to low 
levels 

Expression 
enhanced by 
glorin to low 
levels 

Moderately expressed during 
the early hours of development, 
expression enhanced gradually 
and reached a maximum during 
aggregation 
 

PPL_08454 Induced by 
starvation to low 
levels 

Rapidly induced 
by glorin to 
moderate levels, 
followed by a 
rapid decline 
 

Expression enhanced gradually 
during the early hours of 
development and reached a 
maximum during aggregation 

PPL_08455 Induced by 
starvation to low 
levels 

Rapidly induced 
by glorin to 
moderate levels, 
followed by a 
rapid decline 
 

Expression enhanced gradually 
during the early hours of 
development and reached a 
maximum during aggregation 

PPL_03564 Induced by 
starvation to low 
levels 

Rapidly induced 
by glorin to 
moderate levels, 
followed by a 
rapid decline 
 

Expression enhanced gradually 
during the early hours of 
development and reached a 
maximum during aggregation 

Table 5: Summarized expression kinetics of chosen glorin-regulated genes in P. pallidum PN500 
cells developed in shaking cultures (in the presence or absence of glorin) and on non-nutrient agar 
plates.
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3.9 Glorin signalling function independent of the cAMP signaling system

Cyclic AMP signalling is used to organize the post-aggregative stages of development 

throughout the Dictyostelids phylogeny (Schaap 2011a; Kawabe et al. 2009; Alvarez-

Curto et al. 2005). However, in younger group 4 species, secreted cAMP acts both as a 

chemoattractant to mediate aggregation of starving amoebae and as a developmental 

signal to trigger pre-spore differentiation (Schaap 2011a; Sucgang et al. 2011; Schaap 

2007). It has been shown that cAMP is secreted by starving P. pallidum amoebae (Konijn 

et al. 1968) and a pdsA gene (phosphodiesterase A) showing low affinity for cAMP is 

expressed in P. pallidum PN500 cells during growth, aggregation and post-aggregation 

stages (Kawabe et al. 2012). However, the ‘acrasin of aggregation’ in this species is not 

cAMP (Shaffer 1962; Jones & Robertson 1976; Shimomura et al. 1982), therefore, it is 

assumed that the low-affinity phosphodiesterase may not be efficacious to generate 

steep cAMP gradients during aggregation (Kawabe et al. 2012). After aggregation has 

completed, there is a major reorganization of the control of development in P. pallidum 

where intercellular communication within the multicellular slug exploits cAMP as 

chemotactic agent for the organization of post-aggregative morphogenesis. Therefore, it 

was interesting to study whether there is any cross-talk between glorin and cAMP, i.e. 

chemoattractant coordinating post-aggregation stages of P. pallidum development.  

 

3.9.1 Expression patterns of components of cAMP signalling system are not 
affected by glorin stimulus 

First, effects of stimulating starving P. pallidum PN500 cells with glorin were studied on 

expression patterns of chosen cAMP signalling system genes.

 

P. pallidum PN500 amoebae were harvested from bacterial growth plates, washed free 

of bacteria and resuspended in phosphate buffer at cell density 2x107cells/ml. A pellet of 

2x107cells served as ‘vegetative-stage growing cells control’ for subsequent gene 

expression analysis. Cell suspension was then equally divided into two flasks. One 

suspension culture of P. pallidum PN500 amoebae was prestarved for 1 hour, and then 

treated with periodic additions of 1 μM glorin at 30-min intervals for up to 2 additional 

hours to determine the influence of externally added glorin on the expression pattern of 

selected genes known to be involved in cAMP signalling (Figure 58). Other culture was 
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maintained in the absence of added glorin for the time period. Cells samples were taken 

from glorin treated and untreated cultures at 2- and 3-hours of development for total RNA 

extraction to analyse changes in gene expression. Expression patterns of adenylyl 

cyclase A (acaA2; PPL_01657), phosphodiesterase A (pdsA; PPL_10234), cAMP-

dependent protein kinase C (pkaC; PPL_05049), and a homolog of cAMP receptor gene 

named tasB are shown in Figure 58. It was noted that stimulation of starving P. pallidum 

PN500 amoebae with glorin has no obvious influence on the expression patterns of all 

tested genes involved in cAMP signalling demonstrating that glorin signalling may not 

augument post-aggregation cAMP signalling. 

Quantitative RT-PCR data
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Figure 58: Expression kinetics of selected components of cAMP signalling in P. pallidum.
Fold changes are shown. All data were compared to growing P. pallidum PN500 amoebae (t0; 
fold change set to 1). Values > 1 represented higher expression of the gene in starving cells than 
in growing cells. As a control, expression of house keeping gene gpdA was examined. Cells were 
starved in shaking cultures for 2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) 
or for 1 hour followed by 1 hour or 2 hours of glorin treatment (t2+glorin, t3+glorin). Relative 
expression of representative genes involved in cAMP signalling was determined by real-time RT-
PCR. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 

3.9.2 P. pallidum tasA-/tasB- null mutant exhibits normal aggregation 

P. pallidum PN500 genome encodes two serpentine receptor genes named tasA and 

tasB that are highly homologous to D. discoideum cyclic AMP receptor genes. tasA is 

expressed strictly only after aggregates have formed, whereas tasB is expressed 

moderately during pre-aggregation and aggregation stages, while peak level expression 

is exhibited when aggregation has completed (Kawabe et al. 2009; Figure 59). In P. 
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pallidum PN500, tasB plays key role in normal fruiting body morphogenesis working 

together with tasA.  

 

Figure 59: Temporal expression pattern of tasB. P. pallidum PN500 cells grown in association 
with bacteria were harvested in the late vegetative stage, washed, and resuspended in phosphate 
buffer. Cells were then starved on phosphate agar plates at a density of 8X105cells/cm2. Cell 
samples were collected at indicated developmental stages for total RNA extraction. Numbers 1, 2, 
3, & 4 represent first four hours of development. Relative expression of TasB was determined by 
real-time RT-PCR. As a control, expression of house keeping gene gpdA was examined. Fold 
changes are shown. All data were compared to growing P. pallidum PN500 cells where fold 
change was set to 1 and values > 1 represented higher expression of the gene in starving cells 
than in growing cells. Mean values of duplicate measurements of the same cDNA ± SD were 
plotted. 

The tasA_tasB_ mutant exhibits astringent developmental aberrations; aggregation is 

normal, but after that instead of normal fruiting body formation, only small club-shaped 

structures are formed that are composed of thick lumpy stalks with spore heads 

containing cyst like cells rather than elliptical spores characteristic of normal fruiting 

bodies (Kawabe et al. 2009).  

 
Figure 60: P. pallidum PN500 tasA-/tasB- mutant exhibits normal chemotaxis towards 
glorin. Cells were starved in slow shaking buffer suspensions for 3 hours before 10 μl drops 
containing 2x105 cells were plated on agar without (left picture) or with 1 μM final concentration of 
glorin (right picture). Pictures were taken 3 hours after plating.

0.1

1

10

100

1 2 3 4

loo
se

ag
greg

ate
s

ag
gr

eg
ate

s

str
ea

min
g

lat
e a

gg
re

ga
tes

moun
ds

ge
ne

 e
xp

re
ss

io
n 

(f
ol

d 
ch

an
ge

) 
st

ar
vi

ng
 v

s.
 g

ro
w

in
g 

ce
lls

      early hours of development 

- glorin + glorin 



                                                                                                                                           RESULTS                           
  

Using chemotaxis assay adapted in this study (as described in Section 3.1), it was shown 

that tasA_tasB_ mutant displayed normal chemotaxis towards glorin (Figure 60) that is 

assumed as aggregative chemoattractant of P. pallidum. These results suggest that a 

functional cAMP signalling system is not invloved in mediating aggregation of P. pallidum 

amoebae. 

Taken together, these limited data lead to speculate that in P. pallidum PN500 acrasin 

mediating aggregation and cAMP coordinating post-aggregation stages of development 

may function independent of each other. To get further insight into possible cross-talk 

between aggregation-specific glorin communication system and post-aggregative cAMP 

signalling, a future line of work would be to study glorin-regulated gene expression in P. 

pallidum PN500 mutants lacking individual components of cAMP signalling system. 

3.10 Glorin elicits rapid changes in gene expression 

Experiments conducted earlier in this study (Section 3.8.3) showed that when P. 

pallidum PN500 amoebae pre-starved for 1 hour were stimulated with glorin, expression 

of model genes PPL_09347 and PPL_05833 was either increased to high-levels (Figure 

37 & 39) or decreased by high degree (expression kinetics of PPL_07908 shown in 

Figure 41) within 30 minutes of exposure to glorin. This phenomenon indicated that 

glorin induces rapid changes in gene expression in starving cells. It was therefore 

intriguing to characterize more deeply how fast the molecular response to glorin 

stimulation could be. In this experiment, collection of cell samples (for total RNA 

extraction) was narrowed down to 5 or 10 minutes of glorin treatment to evaluate rapidity 

of response. 

 

P. pallidum PN500 amoebae grown in association with bacteria were harvested at late 

vegetative stage, washed free of bacteria and resuspended in phosphate buffer at 

concentration of 2x107cells/ml. A pellet of 2x107cells was stored at -80 oC that served as 

‘growing cells control’ for successive gene expression analysis. Suspension of amoebae 

was pre-starved for 1 hour to initiate development and then equally divided into 2 flasks. 

Culture in one flask received 1 μM glorin pulses at 10-minute intervals for an additional 

one hour, whereas culture in second flask received no exogenous treatment. Cell 

samples were collected after 5-, 10-, 30- and 60-minutes of glorin treatment to assess 

how rapidly mRNA of model genes (PPL_09347 & PPL_05833; genes shown to be 

highly induced by glorin) accumulated in response to stimulation with exogenous glorin. 
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Samples were collected from untreated culture at the same time points. Total RNA was 

extracted to prepare cDNA for gene expression analysis using real-time RT-PCR. 

Relative gene expression of model genes PPL_09347 & PPL_05833 was determined in 

glorin-treated and untreated cells (Figure 61). Fold changes were calculated compared 

to expression in growing cells. As a control, expression of house keeping gene gpdA 

was examined. 

 

Kinetics of induction of PPL_09347
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Kinetics of induction of PPL_05833
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Figure 61: Time-course of PPL_09347 and PPL_05833 mRNA accumulation in untreated 
and glorin-treated cells. P. pallidum PN500 amoebae were pre-starved for 1 hour followed by 
treatment with 1 μM glorin at 10-min intervals for an additional 1 hour. Cell samples were collected 
after 5, 10, 30 & 60 minutes of glorin treatment. Samples harvested after 5 & 10 minutes of glorin 
treatment received only one pulse of glorin, whereas those collected at 30 & 60 minutes received 
3 & 6 pulses of glorin, respectively. Cell samples were harvested from untreated cells at the same 
time points. Relative expression of PPL_09347 and PPL_05833 was analyzed using real-time RT-
PCR. Fold changes are shown. All data were compared to growing P. pallidum PN500 cells where 
fold change was set to 1 and values > 1 represent higher expression of the gene in starving cells 
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in 
growing cells. Mean values of triplicate measurements of the same cDNA ± SD were plotted. 

It was noticed that the molecular response to glorin stimulation was very fast; within 5 

minutes after addition of glorin, mRNAs of both model genes started to accumulate, 
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however, maximal levels of mRNA accumulation were found at different time points for 

PPL_09347 and PPL_05833 (Figure 61). Within 5 minute of glorin treatment, 

PPL_05833 and PPL_09347 were induced to 38- and 5.44-fold, respectively, compared 

to growing cells. PPL_09347 exhibited maximal mRNA level after 1 hour of glorin 

treatment, whereas mRNA of PPL_05833 accumulated to highest levels after 10 

minutes of glorin treatment (Figure 61).

As shown in Figure 61, transcripts of PPL_05833 exhibited a gradual decline at 30- and 

60-minutes of glorin treatment indicating that mRNA of PPL_05833 is relatively unstable. 

The non-conformity of the kinetics of PPL_09347 and PPL_05833 gene responses 

suggests the possibility that variations may exist in the mechanisms of regulation of 

different glorin-induced genes.  

3.10.1 Pre-starvation period is not necessary to observe glorin-induced 
gene expression  

In all experiments aimed to investigate glorin-regulated gene expression, P. pallidum 

PN500 cells were pre-starved for 1 hour prior to exposure to glorin. However, rapidity of 

response to glorin treatment (Figure 61) suggested that de novo protein synthesis may 

not be required to observe glorin mediated changes in gene expression in P. pallidum 

PN500 amoebae. This hypothesis prompted us to investigate responses to exogenous 

glorin in cells that were freshly washed free of bacteria, without any pre-starvation period, 

to understand whether or not starvation is necessary to observe glorin effects. 

 

P. pallidum PN500 cells were harvested from bacterial growth plates at late vegetative 

stage, washed free of bacteria and resuspeneded in phosphate buffer at concentration of 

2x107cells/ml. This suspension was equally divided into 3 flasks. Culture in one flask was 

immediately pulsed with 1 μM glorin at 10-minute intervals for 1 hour without any pre-

starvation period. Cells in flask 2 were pre-starved for 1 hour prior to receiving glorin 

pulses every 10-minute for an additional hour. Culture in flask 3 did not receive any 

external treatment and served as ‘untreated control’ for the time period. Cell samples 

(each containing 2x107cells) were harvested from both un-prestarved and prestarved 

cultures after 10-, 30-, and 60-minute of glorin treatment for total RNA preparation. 

Samples were harvested from ‘untreated’ control culture at the same time points. 

Quantitative real-time PCR was employed to compare induction kinetics of PPL_09347 

and PPL_05833 in un-prestarved and pre-starved cells (Figure 62).  
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Expression data of PPL_09347
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Figure 62: Comparison of induction kinetics of PPL_09347 and PPL_05833 in un-prestarved 
and prestarved cultures of P. pallidum PN500 cells following stimulation with exogenous 
glorin. Growing P. pallidum PN500 were harvested, washed to remove bacteria and resuspended 
in phosphate buffer at a density of 2X 107 cells/ml. Amoebae were then developed in shaking 
cultures in the presence or absence of glorin. Cells in ‘no prestarvation culture’ were immediately 
treated with 1 μM glorin at 10-minute intervals for 1 hour without any pre-starvation period. Culture 
labelled as ‘with pre-starvation’ was first starved for one hour before receiving glorin (1 μM) 
treatment every 10 minute for an additional hour. A control culture was maintained in the absence 
of glorin treatment. Cell samples were collected after 10-, 30- and 60-minutes of glorin treatment 
for total RNA extraction to analyse gene expression. Samples were collected from untreated cells 
at the same time points. As a control, expression of house keeping gene gpdA was examined. 
Relative expression of model genes PPL_09347 and PPL_05833 was determined by real-time 
RT-PCR. Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells 
where fold change was set to 1 and values > 1 represented higher expression of the gene in glorin 
treated cells than in untreatedcells. Mean values of triplicate measurements of the same cDNA ± 
SD were plotted. 

As shown in Figure 62, induction of PPL_09347 in response to exogenous glorin was 

comparable in both un-prestarved and 1 hr pre-starved cultures. PPL_05833 was also 

induced equally well in both cultures; however, an observed difference was 

comparatively higher induction of PPL_05833 after 10 minutes of glorin treatment in cells 
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that were pre-starved (Figure 62), indicating that starvation may increase sensitivity of 

cells towards initial exposure to glorin. Nevertheless, responses observed for PPL_05833 

after 30- & 60-minutes of glorin treatment were consistent in both un-prestarved and pre-

starved cells (Figure 62). Collectively, these data show that starvation is not required to 

observe glorin-regulated gene expression and supported the idea that prior protein 

sysnthesis may not required to see glorin responses. These results suggest that all 

components of an intracellular glorin signalling cascade are letently present in growing P. 

pallidum PN500 amoebae. 

3.10.2 Glorin-regulated gene expression is not dependent on de novo
protein synthesis 

To verify the possibility that protein expression is not required for detection of gene 

regulatory effects of glorin, vegetative-stage P. pallidum PN500 cells were developed in 

shaking cultures in the presence or absence of cycloheximide that inhibits the elongation 

step of protein synthesis, followed by treatment with glorin. This approach was designed 

to assess the sensitivity of ‘glorin-induced differential changes in gene expression’ to the 

cycloheximide that is known to inhibit the synthesis of proteins in related species D. 

discoideum (Clotworthy & Traynor 2006). In order to examine the sensitivity of P. 

pallidum PN500 cells to cycloheximide, a suspension culture of these cells 

(2x107cells/ml) was treated with 2 mM cycloheximide for 2 hours. A second culture was 

run under similar conditions in the absence of any external treatment (no cycloheximide 

added) for the time period and served as ‘control’. Cycloheximide treated and untreated 

cells were then plated for development on non-nutrient agar plates at a density of 

8x105cells/cm2 at 21oC. It was observed that cycloheximide-treated cells exhibited 12 

hours delay in development compared to untreated cells (data not shown), indicating that 

P. pallidum PN500 cells are sensitive to cycloheximide in the same manner as are the D. 

discoideum amoebae.

 

Growing P. pallidum PN500 cells were harvested, washed and suspended in 

phoshphate buffer at cell density of 2x107cells/ml. A pellet of 2x107cells was stored at -

80oC and served as ‘growing cells control’ for consecutive gene expression analysis. 

Cell suspension was equally splitted to 4 flasks. Culture in flask 1 did not receive any 

external treatment (- cycloheximide - glorin) and acted as control for the time period. 

Cells in flask 2 were incubated with 2 mM cycloheximide immediately at the onset of 

starvation for 30 minutes and then maintained in the absence of glorin treatment for an 
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additional 60 minutes (+ cycloheximide - glorin); this culture was prepared to detect 

effects of only cycloheximide treatment. Culture 3 was pre-starved for 30-minutes in the 

absence of cycloheximide treatment followed by exposure to 1 μM glorin at 10-minute 

intervals for 60 minutes (- cycloheximide + glorin); this culture was prepared to observe 

the effects of only glorin treatment. Flask 4 culture was incubated with 2 mM 

cycloheximide instantly at the onset of starvation for 30 minutes prior to the addition of 1 

μM glorin every 10 minute for an additional 60 minutes (+ cycloheximide + glorin); this 

culture was prepared to examine gene regulatory effects of glorin in cells treated with 

cycloheximide. All cultures were developed under slow shaking conditions (i.e. 100 

rpm). Cell samples were collected from glorin treated cultures (flask 3 & 4) after 10-, 30-, 

and 60-minutes of exposure to glorin. Samples were harvested from culture 1 & 2 (not 

treated with glorin) at the same time points. Total RNA was extracted and quantitative 

RT-PCR was employed to study induction kinetics of two model genes PPL_09347 and 

PPL_05833 in untreated cells (i.e. control) and cells treated either with glorin or 

cycloheximide or both glorin and cycloheximide. All data were compared to gene 

expression in growing cells (Figure 63). 
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Effect of cycloheximide treatment on induction kinetics of 
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Figure 63: Glorin-induced gene expression is insensitive to cycloheximide. P. pallidum 
PN500 cells were harvested from bacterial growth plates, washed and resuspended in phosphate 
buffer. The cell suspension was splitted into 4 flasks, each of which received one of the following 
treatments: (i) no additions (ii) 2 mM cycloheximide for 30 minutes immediately at the onset of 
starvation (iii) pre-starved for 30 minutes followed by addition of 1 μM pulses of glorin delivered at 
10-min intervals for an additional 60 minutes (iv) pre-treatment with 2 mM cycloheximide for 30 
minutes prior to addition of 1 μM glorin every 10- minutes for an additional 60 minutes. From 
glorin treated cultures, cells were sampled after 10, 30 & 60 minutes of exposure to glorin. From 
untreated or only cycloheximide treated cultures, cell samples were collected at the same time 
points. Total RNA was extracted ans relative expression of model genes PPL_09347 and 
PPL_05833 was determined by real-time RT-PCR. As a control, expression of house keeping 
gene gpdA was examined. Fold changes are shown. All data were compared to growing P. 
pallidum PN500 cells with fold change set to 1 where values > 1 represented higher expression 
of the gene in glorin treated cells than in growing cells. Values < 1 represented lower expression 
of the gene in glorin treated cells than in growing cells. Mean values of triplicate measurements 
of the same cDNA ± SD were plotted.  
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It was found that in control cells (shaken in the absence of added glorin and 

cycloheximide), PPL_09347 was expressed to low levels, whereas PPL_05833 exhibited 

only basal level expression (Figure 63). A short incubation of cells in cycloheximide (in 

the absence of glorin treatment) led to down-regulation of both genes, indicating that 

even slight induction of model genes in response to starvation was inhibited by 

cycloheximide (demonstrating that starvation-induced expression of PPL_09347 and 

PPL_05833 may require de novo protein synthesis). However, cells treated only with 

glorin showed precocious induction of both PPL_09347 and PPL_05833 (Figure 63). 

Interestingly, it was observed that amoebae pre-treated with cycloheximide retained their 

ability to respond to externally added glorin. Cultures shaken in the presence of 

cycloheximide showed no detectable changes in glorin-induced gene expression, instead 

expression of PPL_09347 and PPL_05833 was somewhat enhanced in cells treated with 

both cycloheximide and glorin. This phenomenon may reflect that cycloheximide 

stabilizes mRNA signal that would otherwise be degraded at this time in development. 

These data indicate that glorin-induced changes in gene expression do not require de 

novo protein synthesis. 

3.11 Glorin induces aggregation sensitivity in starving P. pallidum cells 

Aggregation is the first step in the transition from growth to development of Dictyostelids. 

Polysphondylium amoebae aggregate towards collecting centres that would develop 

spontaneously (Shaffer 1957b). Upon starvation, a few of the randomly moving amoebae 

come to rest and start acting as centres on which the others converge. Such centres are 

known to secrete acrasin (Bonner 1949). Sensitivity to acrasin begins to develop slowly 

throughout the population as centres appear.  

 

In the present work, it is shown that exposure of P. pallidum PN500 cells to glorin 

prepared starving cells for aggregation precociously, compared with control cells that 

were not treated with glorin. To examine stimulatory effects of glorin on aggregation 

capacity of amoebae, vegetatively growing P. pallidum PN500 cells were harvested, 

resuspended in phosphate buffer at a cell density of 2x107cells/ml, and pre-starved for 1 

hour. Suspension of amoebae was then divided into three parts. One culture was pulsed 

with 100 nM glorin (final concentration) at 10 minute intervals for 2 hours. A second 

culture was treated with 1 μM glorin (final concentration) added every 10-minutes for 2 

hours. A control culture was run under similar conditions where cells did not receive any 
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exogenous treatment. Cells were then harvested by centrifugation and plated for 

development as monolayers on non-nutrient agar plates at a density of 8x105cells/cm2. 

 

Figure 64: Developmental phenotypes of glorin treated and untreated cells. P. pallidum 
PN500 cells were first pre-starved for 1 hour in shaken suspensions and then stimulated with 
0nM, 1 μM and 100 nM glorin at 10-min intervals for 2 hours in three separate cultures. Amoebae 
were then harvested from shaking cultures and plated on non-nutrient agar plates and 
photographed when first signs of aggregation were seen in glorin-treated cells (middle and right 
pictures). Photographs were captured for untreated cells at the same time points, shown in the left 
picture. Cells were equally sensitive to both concentrations of glorin i.e. 1 μM and 100 nM applied 
as pulses. At 2.5 hours (t2.5) after plating, the centres have grown considerably in glorin stimulated 
cells, though still almost devoid of streams indicating that glorin stimulates rate of aggregation in 
starving cells. At the same time there was no sign of centre formation in untreated cells (t2.5; left 
picture). 

It was observed that glorin treatment sensitized cells and they gained ability to initiate 

centres precociously as compared to untreated cells. Appearance of some primary 

centres was noticed in glorin treated cells at approximately 2.5 hours (t2.5) after plating, 

whereas at the same time point untreated cells showed no signs of centre formation 

(Figure 64). Amoebae stimulated with glorin exhibited streams of cells converging on the 

aggregation centres at 4.5 hour (Figure 64; t4.5). In comparison, centres just started to 

appear in untreated cells at that time (t4.5 hour), implying that initial formation of 

aggregation centers was delayed by 2 hours (Figure 64). By 5.5 hours (Figure 64; t5.5), 
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some more aggregation centers were visible in untreated cells. The glorin-treated cells 

congregated more efficiently into aggregates, indicating that sensitizing cells with glorin 

switched aggregation competence to earlier time points. No pronounced difference in 

responsiveness of cells was observed with two different concentrations of glorin 

employed for pulsing (i.e. 100 nM and 1 μM final concentration of glorin). At 5.5 hours 

(t5.5) centres began to grow in untreated cells. These data suggest that glorin accelerates 

cell aggregation; most probably by precociously inducing expression of several 

aggregation specific genes. 

 
 
 
 




























































































































































































































