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1 Introduction 

 

1.1  Immune system 

All living organisms need a protection mechanism to protect themselves 

from foreign invaders. In higher organisms, such as vertebrates these protective 

functions are governed by innate and acquired immune systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1:  Effector cells and effector molecules of innate and acquired immune system are represented. 
Innate immune system includes macrophages, dendritic cells, mast cells, granulocytes, and natural 
killer cells and their corresponding effector molecules comprise soluble factors such a complement 
proteins, antimicrobial peptides etc. Adaptive immune system constitutes T cells that activate 
phagocytes and natural killer cells and B cells, which produce antigen specific antibodies. The natural 
killer T cells and T cells remain as a part of both innate and acquired immunity (Dranoff, 2004). 
 

In lower organisms, such as invertebrates the immune functions are 

fulfilled by the innate immune system, whereas vertebrates benefit from both, innate 

and acquired immunity (Fig. 1 ). The innate and acquired immune systems have their 

own advantages and disadvantages (Tab. 1). In every organism, innate immune 
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system serves as a primary defense mechanism against the foreign invaders or its 

pathogenic materials. 

 

Tab 1:  
Properties Innate immunity Acquired immunity 
Time line Ancient, evolved before the split of 

plant and animal kingdoms 
Recent, present only in 
vertebrates.  

Receptors Limited and germline encoded Gene encoded and clonal 
Pthogen 
recognition 

Non-specific, involves recognition of 
molecular structures and metabolic 
products for self, non-self 
discrimination (e.g. LPS, mannans, 
glycans etc.) 

Recognise specific structures (e.g. 
peptides, proteins and 
carbohydrates). Is responsible for 
allergy, autoimmunity and graft 
rejections 

Accomplishment Very rapid in action, but retains no 
memory of the past infections 

Slow, but retains the memory of 
the pathogen and the adaptor 
proteins used to remove pathogen 

Effector cells Non-clonal, includes macrophages, 
dendritic cells, mast cells, 
neutrophils, basophils, eosinophils 
and Natural killer cells 

Clonal, T and B lymphocytes 

Effector molecules Respond by producing 
costimulatory molecules, such as 
cytokines, chemokines and 
antimicrobial peptides 

Interleukins, antibodies and 
effector cytokines 

  

 

 

The innate immune system is mediated by a limited number of germline 

encoded receptors, called the pattern recognition receptors (PRRs). The PRRs 

recognise highly conserved structures, e.g., Lipopolysaccharides (LPS) of the 

bacterial cell wall or the biological materials released as a consequence of infection, 

e.g., uric acid, calcium efflux etc. (Janeway and Medzhitov 2002); (Thompson and 

Locarnini 2007); (Turvey and Broide 2010). The principle function of PRRs constitute 

opsonisation, induction of complements and coagulation cascades, phagocytosis, 

activation of proinflammatory signaling pathways, and activation of apoptosis 

pathway (Janeway and Medzhitov 2002). In general, the structures and the biological 

materials recognised by PRRs are called as pathogen associated molecular patterns 

(PAMPs ). The PRRs are classified into three groups, which include the cell surface 

receptors, e.g. Toll-like receptors (TLRs), the intracellular receptors, e.g. NOD-like 

receptors (NLRs), and the secretory receptors, which are present in the blood stream 

and body fluids, e.g., TLR5, Mannan-binding proteins (MBPs) (Medzhitov and 

Janeway 1997). 
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1.1.1 Cell surface PRRs  

1.1.1.1 Plants and invertebrates 

At first, Drosophila Toll was reported to be crucial for the dorso-ventral axis 

formation during embryogenesis (Belvin 1996; Hashimoto et al. 1988). Drosophila 

genome harbours eight Toll homologs. Later it was found that Toll is necessary for 

the flies to protect themselves from fungal infections (Lemaitre et al. 1996). The Toll 

receptor has an extracellular LRR-containing domain, a transmembrane region, and 

a cytosolic domain, which is homologous to human interleukin-1-receptor and 

therefore, called as Toll/interleukin-1-receptor (TIR) domain. Subsequently, any 

receptors with this TIR domain are called Toll-like receptors (TLRs). Additionally, 

both receptors induce the downstream effector genes through the transcription factor 

nuclear factor-kappa B (NF-k B).  

The analyses of promoter sequence of the genes encoding for 

antimicrobial peptides showed sequence specific for NF-k B binding (Engström 

et al.,1993.). The loss of function Drosophila mutant for the Toll receptor was highly 

susceptible to fungal infections, but not infected by Gram-negative bacteria. Toll 

pathway mediated stimulation of immune response in Drosophila melanogaster leads 

to production of antimicrobial peptides, mainly in the fat body. These antimicrobial 

peptides are pore-forming in function. In Drosophila, these antimicrobial peptides are 

classified into three types depending on the microbial targets. Drosomycin is 

antifungal peptide, diptericin is antibacterial towards Gram-negative bacteria and 

defensin is specific for Gram-positive bacteria (Hoffmann et al., 1999). The mosquito 

Anopheles gambiae genome consists of ten Toll homologues. In plants, for example, 

the nucleotide-binding site (NBS)-LRR proteins, some of which posses the N-terminal 

TIR domain are involved in disease resistance functions towards viruses, bacteria, 

fungi, nematodes and insects (Nürnberger et al. 2004). In rice, Oryza sativa and 

Arabidopsis thaliana genome ~1% of the genome comprises these NBS-LRR genes. 

 

1.1.1.2 Vertebrates 

In vertebrates, TLRs can be classified into six major groups and each 

member recognises distinct PAMPs. The TLR2 family members recognise 

lipopeptides, TLR3 recognises double stranded RNA, TLR4 binds LPS, TLR5 binds 

flagellin, members of subfamilies TLR7, 8 and 9 bind nucleic acids and heme motifs, 

and the TLR1 family members form heterodimers with TLR2 (Thompson and 
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Locarnini 2007). In Danio rerio, there are at least 17 predicted TLRs. In humans, it 

has been proven that single nucleotide polymorphisms (SNPs) in the Toll gene affect 

cellular signaling, cytokine production and resistance to microbial infections (Hawn et 

al. 2003). For instance, SNP in the ligand binding domain of TLR5 affects flagellin 

signaling resulting in high susceptibility of the patient towards flagellated bacterium, 

Legionella pneumophila, which causes the Legionnaires disease.  

 

1.1.2 Intracellular PRRs 

1.1.2.1  Plants and invertebrates  

A group of proteins involved in intracellular or cytoplasmic PAMPs 

recognition, called as nucleotide-binding oligomerisation (NOD) domain proteins 

(Inohara et al. 2001). The NOD proteins posses a N-terminal caspase activation and 

recruitment domains (CARD), a nucleotide binding domain, and a C-terminal LRR 

region (Bertin et al. 1999) (Inohara et al. 1999). The domain architecture of NOD 

proteins is comparable to that of the plant resistance (R) genes. In plants, the R 

genes play a vital role in detecting microbial infection, consequently induce 

hypersensitivity response. This helps the plant to inhibit intracellular replication of 

pathogens and the spread of infection (Hammond-Kosack and Jones 1997). The 

NOD-like receptors (NLRs) are distributed throughout the plant and animal kingdom. 

The invertebrate, sea urchin genome comprises about 203 putative NLRs (Sodergren 

et al., 2006).  

 

1.1.2.2  Vertebrates 

In mice there are at least 33 reported NLR genes and in human there are 

about 22 NLR family proteins. The NLRs are initially expressed in lymphocytes and 

antigen-presenting cells (e.g., Macrophages and dendritic cells), but also some non-

immune cells do express NLRs (e.g. epithelial cells). The NLR proteins consist of N-

terminal CARD, pyrin domain (PYD), baculovirus inhibitor repeat (BIR), central NOD 

domain and C-terminal LRR that are crucial for recognising PAMPs (Inohara et al., 

2000) (Barth, Fraser, and Fisher 1998). 
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1.1.3 Other PRRs 

Secretory pattern recognition molecules include e.g., Mannan-binding 

lectins and C-reactive protein (Fraser 1998); (Gewurz H et al., 1982), Macrophage 

scavenger receptor (MSR), a phagocytic PRR expressed on the macrophages. MSR 

has a broad range of pattern recognition, which includes polyanionic ligands, double-

stranded RNA (dsRNA), LPS etc. The peptidoglycan recognition receptors (PGRPs) 

are involved in identification of peptidogycan PAMPs. PGRP1 is highly expressed in 

polymorphonucelar leukocytes and is stored in tertiary (secretory) granules (Tydell et 

al. 2006). 

 

1.2 Antimicrobial peptides (AMPs)  

AMPs are one among the effector molecules of innate immune system. 

The characteristics, such as size, sequence, charge, conformation and structure, 

hydrophobicity, and amphipathicity influence the antimicrobial properties of the AMPs 

(K. A. Brogden 2005). Based on amino acid composition and structure AMPs are 

categorised into 4 groups, this includes anionic AMPs, cationic AMPs, cationic 

peptides that are enriched for specific amino acid residues, and anionic-and-cationic 

peptides (Boman 1995) (Hancock and Chapple 1997) (Gennaro and Zanetti 2000) 

(Vizioli and Salzet 2002). The anionic AMPs are small (700-900 Da) peptides present 

in many body secretions (Brogden, et al., 1998). Many of them need zinc as cofactor 

for their antimicrobial function towards Gram-positive and Gram-negative bacteria, 

e.g., maximin H5 from amphibians and dermcidin from human.  

The cationic peptides are short AMPs that consist of < 40 amino acid 

residues. Cationic peptides lack cysteine residues, but may posses some random 

structures. These peptides remain disordered in aqueous solution, but in the 

presence of trifluoroethanol, sodium dodecyl sulfate (SDS) micelles, phospholipids 

vesicles, liposomes or lipid A, most of the peptides adapt α-helical conformation. The 

extent of α-helix formation is directly proportional to the nature of antimicrobial 

activity, e.g., cecropin P1 from Ascaris, magainin from amphibians, Melittin from 

insects, and LL-37 from human (Gennaro and Zanetti 2000). Cationic peptides 

enriched in specific amino acids, these peptides are cationic in nature, but enriched 

in certain amino acid residues (Otvos 2002). For instance, abaecins from honeybees 

are rich in proline, Prophenins from pigs are rich in proline and phenylalanine, 
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Histatins from some higher primates and humans are rich in histidines. These 

cationic peptides are mostly linear, lack cysteine residues, but some may have 

extended coils.  

Anionic and cationic peptides are peptides which consist of cysteine 

residues involved in intramolecular disulfide bonds. The anionic and cationic peptides 

group constitutes peptides with α-helices connected by intramolecular disulfide 

bonds, e.g., esculentin isolated from frog skin, which is a 46 amino acid, 

hydrophobic, and cationic peptide that forms an amphipathic α-helix (Wang et al. 

1998) and amoebapores isolated from E. histolytica (M. Leippe 1997) (Hecht et al. 

2004). Also, the peptides with β-strands, e.g., the β-defensins isolated from human 

and several other organisms are categorised under this anionic and cationic peptides 

group (Ganz 2003). In addition, this group includes peptides with both, α-helix and β- 

strands, e.g., drosomysin of D. melanogaster, an antifungal protein, which consists of 

44 amino acid residues with α-helix and β- strands, whose structure is stabilised by 

intramolecular disulfide bonds (Fehlbaum et al. 1994). These anionic and cationic 

peptides also remain as a part of larger proteins, but their functions in such 

multiprotein complex is unknown, e.g., casocidin I from human casein, antimicrobial 

domains from bovine α-lactalbumin.  

 

1.2.1 Mode of actions 

1.2.1.1 Transmembrane-pore formation 

Most of the natural AMPs are known to achieve antimicrobial activity by 

permeabilising the cytoplasmic membrane of bacteria. In general, AMPs have 

preference for negatively charged phospholipids of bacteria (Lehrer and Ganz 1990) 

(Zasloff 2002). Among several models postulated for transmembrane-pore formation 

and membrane permeabilisation by AMPs, three models remain persuasive, as 

exemplified with suitable examples (K. A. Brogden 2005) (Jenssen, Hamill, and 

Hancock 2006). These models include the barrel-stave model: A mechanism by 

which the peptides first become inserted in the cytoplasmic membrane, soon orient 

perpendicular to the plane of the target membrane, and upon oligomerisation form 

stable, water-filled and channel-like pores (Fig. 2 ), e.g., alamethicin (Boheim, 1974).  
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Fig. 2:  Mode of actions of AMPs. Bacterial membrane is shown as yellow lipid bilayers on which the 
AMPs are adhering. Hydrophilic regions of AMPs are coloured red and the hydrophobic regions are 
coloured blue. Models describing membrane permeabilisation are shown (A to D). In the “aggregate” 
model (A) the peptides span the membrane by forming a micelle-like complex of peptides and lipids, 
but without adopting any specific orientation. In the “toroidal pore” model (B) the peptides adopt a 
perpendicular orientation and insert the bilayer, during which the hydrophilic regions of AMPs interact 
with the phospholipid head groups, whereas the hydrophobic regions of the AMPs associate with the 
lipid core. Because of this, the membrane curves inward and the bilayer lines the pores. Also, in the 
“barrel stave” model (C) the peptides insert the membrane in a perpendicular fashion, but here the 
hydrophilic regions of the peptides face the lumen of the pore, whereas the hydrophobic regions 
interact with the lipid bilayer. In “carpet” model (D) the AMPs cover the surface of the target surface in 
a parallel fashion, after reaching a threshold concentration causes destabilisation of the membrane. 
Mechanisms other than membrane destabilisation are illustrated in panels E to I. This includes AMPs 
that inhibit DNA and RNA synthesis (E) (e.g., buforin II), AMPs that hinder protein synthesis 
(F) (e.g., indolicidin), while several AMPs affect enzymatic activity of the target bacterial cell (G). For 
instance, pyrrhocidin affect the ATPase activity of DnaK, which is an enzyme implicated in chaperone-
assisted protein folding. There are also AMPs that inhibit bacterial cell wall synthesis (I) (e.g., nisin). 
(modified, Jenssen et al., 2006)  
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Carpet model: The peptides continuous binding to the target membrane, 

which resembles a carpet, upon reaching a threshold concentration the peptides start 

destabilising the target membrane (Fig. 2 ), e.g., cecropin P1 (Gazit et al. 1995) 

The toroidal model: This mechanism is comparable to carpet model, the peptides 

remain attached to the membrane surface in parallel fashion, and soon this results in 

positive curvature of the membrane. The pores created by this mechanism appear 

like a torus, with the interior of the pores being lined by the polar peptides residues 

and the phospholipid head groups (Fig. 2 ), e.g., magainins (Ludtke et al. 1996) 

(Matsuzaki 1998) 

 

1.2.1.2  Intracellular killing 

Apart from the membrane disruption and bacterial killing, the AMPs are 

known to have many intracellular targets. In brief, the intracellular targets and the 

consequences include flocculation of cell cytoplasm upon entry of AMPs (K. A. 

Brogden et al. 1996), reduced cytoplasmic septum formation (Shi et al. 1996), and 

inhibition of cell wall synthesis (Sahl, Jack, and Bierbaum 1995); (Brötz et al. 1998). 

AMPs binding to nucleic acids inhibit nuclei acid synthesis (Park, Kim, and Kim 

1998), thereby affecting protein synthesis, and enzymatic activity of the target cells 

(Andreu and Rivas 1998), (Patrzykat et al. 2002). AMPs also induce the induction of 

autolysins production in the target cells, which causes target cell lysis (Bierbaum and 

Sahl 1987) 

 

1.2.2 AMPs, the future antibiotics 

The natural effector molecules of innate immune system or its synthetic 

forms could become a plausible therapeutic tool in future, to deal with growing 

infectious diseases (Zasloff 2002); (Gutsmann et al. 2003); (K. A. Brogden 2005). As 

the AMPs mainly target the bacterial cell membrane and cause rapid cell disruption, 

there are very less chances for the target host cells to evolve resistance towards 

AMPs. On earth, the most dominant life forms are plants and invertebrates, whose 

successful survival all these years of evolution could exemplify the power of innate 

immune effector molecules. However, there are less convincing reports available 

about the AMPs function in vertebrates (Ganz 2003); (Cho et al. 2005) and 

invertebrate models (Janeway and Medzhitov 2002). As the vertebrate immune 

system is build by the interplay between innate and acquired immunity, the studies 
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concerning AMPs remain complicated. Moreover, gene manipulation techniques are 

less amenable with vertebrate models, such as macrophage. Nevertheless, there are 

several reports being documented about the mutations in PRRs leading to defect in 

the downstream partners involved of innate immune system (Thompson and 

Locarnini 2007). Remarkably, studies on immune effector molecules remain well 

established in the lower eukaryotes like amoebae.  

 

1.3 E. histolytica : a model to study functions of AMPs 

The production of AMPs to combat microbial infections is an evolutionarily 

conserved phenomenon, as exemplified by their presence in all the living organisms 

(Zasloff 2002). For instance, the lower organisms, such as E. histolytica produce 

AMPs, which are stored in the cytoplasmic granules and employed to kill the 

phagocytosed intracellular bacterial pathogens. Even though, E. histolytica is a 

causative agent of fatal amoebiasis in human, it has served as a successful model to 

examine the immune functions of amoebapores, its own immune effector molecules. 

Strikingly, the antimicrobial mechanism observed with E. histolytica remains 

comparable to the effector molecules of vertebrates, e.g., NK-lysin (porcine Natural 

Killer cells) and granulysin (human cytotoxic T cells). All these AMPs are stored in 

the intracellular cytoplasmic granules and may probably function in an oxygen-

independent mechanism (M. Leippe 1999) (J. Andrä, Herbst, and Leippe 2003).  

 

 

 

 

 

 

 

 

 
 
Fig. 3:  Effector molecules of innate immune system in E. histolytica and cytotoxic T lymphocytes 
(CTLs). A) E. histolytica amoeba fed with E. coli and subjected to immunocytochemical analyses to 
detect amoebapore A positive cellular compartments. Cytoplasmic granules containing amoebapore A 
(green), E. coli (red) are shown and the colocalisation (yellow) of amoebapore A and E. coli is shown 
in the blow-up (Andrä et al., 2003). B) CTL incubated with M. tuberculosis was stainded for perforin, a 
cytolytic protein (red), and for granulysin (green), colocalisation (yellow) (Stenger et al., 1998). Both, A 
and B represent overlay images of indicated cells showing effector molecules stored in intracellular 
cytoplasmic granules.  
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Confocal microscope images of an E. histolytica amoeba showing 

cytoplasmic granules filled with amoebapore A, which are in contact with E. coli 

(Fig. 3A ) (Jörg Andrä, Herbst, and Leippe 2003) and the cytoplasmic granules of a 

cytotoxic T cell containing granulysin and perforin (Stenger 1998) after exposure to 

M. tuberculosis are represented (Fig. 3B ).  

 

1.3.1 Amoebapores, the antimicrobial armament of E. histolytica 

E. histolytica, the causative organism of amoebiasis in human is 

notoriously known for its antimicrobial activity and also for its cytolytic activity against 

eukaryotic cells. The cytoplasmic granular vesicles of E. histolytica constitutes three 

isoforms of amoebapore (A, B, and C), which are pore-forming peptides. All three 

isoforms are coded by different genes, which are randomly distributed in the genome, 

and they share an overall identity of 35 to 57% (J. Andrä and Leippe 1994) (M. 

Leippe 1999). 

 

1.3.2 Structure of amoebapores 

The mature polypeptide of all three isoforms of amoebapore (A, B, and C) 

consists of 77 amino acid residues. The structural stability of amoebapores is 

achieved by six cysteine residues, which are involved in three disulfide bonds (M. 

Leippe 1999). The disulfide bonds are crucial for structure stability and for resistance 

to heat and protease activity. The primary translation products of all three isoforms 

posses N-terminal signal peptides (19-24 amino acid residues), which are crucial for 

targeting the peptides to the destined cellular compartments. Analysis of the 3-

dimensional structure of amoebapores (Fig. 4A ) and its structural and functional 

counterparts, NK-lysin (Fig. 4B ) and granulysin (not shown) revealed that all three 

members are globular proteins with five amphipathic α-helices involved in three 

disulfide bonds without any random regions or β-sheets  (M. Leippe et al. 1992); (H. 

Bruhn and Leippe 2001a); (M. Leippe et al. 2005). 
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Fig. 4:  Ribbon structure representation of SAPLIPs. A) amoebapore A, B) NK-lysin, and C) saposin A. 
α-helices are represented by numbers I to V, C and N represents C- and N- termini. Disulfide bonds 
are shown in yellow. (modified, Mysliwy et al., 2010) 
 

Any protein with this characteristic is categorised under saposin-like 

proteins (SAPLIPs) family and the domain is called as SAPLIP domain. There are 

several SAPLIP members with less than five amphipathic α-helix, e.g., saposin A 

(human) has four α-helices and six cysteine residues, implicated in three disulfide 

bonds (Fig. 4C ) (Mysliwy et al. 2010). However, the SAPLIP fold is highly conserved 

through evolution (H. Bruhn 2005). 

 

1.3.3 Functions of SAPLIPs 

SAPLIPs are known for their antimicrobial and cytolytic function towards 

microbes and eukaryotic cells. For instance, amoebapores are preferentially 

antimicrobial against Gram-positive bacteria and are active at acidic pH, and bind to 

phospholipids with negatively charged head groups. NK-lysin has a broad 

antimicrobial spectrum and is antimicrobial towards both Gram-positive and Gram-

negative bacteria. Unlike amoebapores, the antimicrobial activity of NK-lysin is not 

pH dependent and is also cytolytic towards eukaryotic cells, but relatively less than 

amoebapores (Andersson et al. 1996); (H. Bruhn et al. 2003). When all three 

amoebapores and NK-lysin were tested on planar lipid bilayers for their pore-forming 

abilities, the amoebapores were very rapid compared to NK-lysin (Gutsmann et al. 

2003).  

Unlike amoebapores, very high concentration of NK-lysin was required to 

create pores on various lipid membranes (Gutsmann et al. 2003). Granulysin is 
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known for its broad spectrum of antimicrobial activity, whereas its cytolytic function is 

achieved in synergy with perforin (Stenger et al 1998). All three effector molecules 

(Amoebapores, NK-lysin and Granulysin) are known to be stored in the intracellular 

cytoplasmic granules (J. Andrä, Herbst, and Leippe 2003); (Andersson et al. 1996); 

(Stenger et al 1998). In addition to antimicrobial and cytolytic activities, SAPLIPs are 

known for their diverse cellular functions. For instance, human saposins A-D 

functions as co-factor of lipid metabolism in the lysosomes. Notably, saposins are 

also involved in antigen presentation functions (Zhou et al. 2004); (Winau et al. 

2004); (Kang and Cresswell 2004); (Kolter et al. 2005). Moreover, SAPLIPs function 

as a part of multi-protein complex. For example, a protein complex in 

Dictyostelium discoideum, named as cell-counting factor constitutes a component 

called countin, which has a SAPLIP domain. Countin plays a crucial role in 

determining the aggregate size. Loss of countin results in larger cell aggregates, 

whereas overproduction of countin causes small aggregates (D. A. Brock et al. 

1996); (D. A. Brock and Gomer 1999); (Brown and Firtel 2000). Another protein 

called acyloxyacyl hydrolase (AOAH) of D. discoideum has a SAPLIP domain and a 

hydrolase domain but its function in D. discoideum is unknown at present (Munford, 

Sheppard, and O’Hara 1995). 

 

1.3.4 Mode of actions of SAPLIPs 

Three general mechanisms by which SAPLIPs interact with membrane bilayer 

include: (i) binding of an autonomous SAPLIP domain to the membrane bilayer (H. 

Bruhn 2005). Usually the multidomain enzymes are assumed to carry out such 

functions, e.g., sphingomyelinase (Fig. 5A ) (Ponting 1994) and acyloxy acylase 

(Munford and Hunter 1992). (ii) membrane perturbation by autonomous SAPLIP 

domain, thereby the SAPLIP domain carry out functions such as membrane 

extraction and lipid presentation for the enzymes in the surrounding milieu (Fig. 5B ) 

(H. Bruhn 2005). There are several models predicted and proved concerning the 

pore formation mechanisms adapted by different antimicrobial peptides. 
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Fig. 5:  Mode of actions of SAPLIPs on target membranes. A) SAPLIP domain (red triangle) targeting 
the membrane; green circle represents enzymatic domain. B) Individual SAPLIP domain involved in 
membrane disruption and thereby presenting lipids as substrate for an enzyme (blue circle), and 
C) Autonomous SAPLIP domains involved in membrane permeabilisation and oligomerised SAPLIP 
domains implicated in pore formation (Bruhn, 2005)  
 

However, the pores created by amoebapores on membrane bilayers were 

postulated and proved persuasively to be similar to that of barrel-stave model 

(Fig. 5C ) (J. Andrä and Leippe 1994); (J. Andrä, Herbst, and Leippe 2003). The 

planar lipid bilayer experiments also showed similar results (Gutsmann et al. 2003). 

Moreover, unlike other AMPs, as the amoebapores are amphipathic molecules with 

neutral net charge, contact with hydrophobic residues allows direct insertion of 

amoebapores into the membrane bilayer (J. Andrä, Herbst, and Leippe 2003). 

1.4 Need for a versatile host model 

As already mentioned, the AMPs could become a possible future 

therapeutic tool to replace the conventional antibiotics. However, there are several 

reports describing the evolution of microbial resistance against natural peptides. For 

instance, it is reported that several Salmonella species and Staphylococcus aureus 

produce proteases and peptidases that degrade the AMPs (Guina et al. 2000); 

(Sieprawska-lupa et al. 2004). As a counter measure, the host cells stabilise their 

AMPs by increasing the intramolecular disulfide bonds, introducing proline residues, 

and also modify the C-terminal regions that can resist protease and peptidase activity 

(Tjabringa, Rabe, and Hiemstra 2005). Thus the host-pathogen resistance strategies 

are continuously evolving. Nevertheless, need for new antibiotics could be possibly 

achieved by designing synthetic AMPs with some modifications in the natural 

peptides, such as changing non-essential amino acids without affecting those which 

are essential for conferring antimicrobial activity.  
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Therefore, bacterial recognition of conserved AMP motifs could be 

abolished (Peschel and Sahl 2006). In addition to the already existing antimicrobial 

peptides, here, in my present study, I have attempted to explore the functions of 

antimicrobial peptides of Dictyostelium discoideum. The professional phagocyte, 

D. discoideum is a soil dwelling solitary amoeba, which feeds on microbes in the soil. 

Upon onset of starvation the amoebae collect together to lead a social life. For these 

reasons they are called the social amoebae. Promising advantages with this model 

system include well established gene manipulation techniques, easy to grow under 

laboratory conditions (at 22 °C) and its sequenced haploid genome (Eichinger et al. 

2005); (Fey et al. 2007).  

 

1.4.1 Life cycle of D. discoideum  

In D. discoideum, starvation is the key event that causes the unicellular 

amoebae to enter the social life. The starving cells emit cAMP signals and the cells in 

the surrounding vicinity both, sense and secrete cAMP to relay the signal (Fig. 6A ) 

(Clarke and Gomer 1995); (Deery and Gomer 1999); (Schaap 2011). The cAMP 

gradient in the surrounding vicinity is controlled by phosphodiesterase produced by 

the amoebae, which degrade the cAMP (Faure et al. 1988); (Bader, Kortholt, and 

Van Haastert 2007). As a result of continuous cAMP signalling, a mass of 1 x 103 to 

1 x 105 cells stream towards a centre, referred to as cell streaming stage of 

development (Fig. 6B ). At the end of streaming, the cells form an aggregate, called 

mound. Soon the mound forms a tip, which acts as a signaling centre for rest of the 

cells in mound. The mound stage is also where the cells begin to undergo 

differentiation process (Fig. 6C ) (Schaap 2011). Continuous cAMP signals induced 

by the mound tip causes forward movement of rest of the cells in the mound, 

resulting in the formation of erect structures called first finger, the standing slug 

(Fig. 6D ) (Siegert and Weijer 1995). At favourable ambience, the first finger 

undergoes culmination to form a terminal differentiated structure, called fruiting body. 

If the conditions are unfavourable, the standing slug falls on the substratum and 

migrates in search of a suitable ambience.  
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Fig. 6: D. discoideum life cycle. A) Starving D. discoideum amoebae (blue) produce cyclic adenosine 
monophosphate waves (cAMP, represented as grey circles), B) Cells streaming towards a centre in 
response to cAMP signals, resulting in aggregate formation (mound), C) Cells in the mound tip emit 
cAMP signals to other cells in the mound causing them to migrate in upward direction; pre-stalk and 
pre-spore differentiation begins in the mound, D) Continuous upward cell movement results in first 
finger formation (erect slugs), E) At unfavourable conditions, first finger collapse on substratum and 
migrate in search of favourable environment. In the slug stage spatial distribution and further cell 
differentiation occurs. Pre-stalk (A, B, and O region) cells occupy one fifth of slug front and pre-spore 
(red) cells occupy four fifth of slug rear. F) Upon reaching favourable ambience, the slug undergoes 
culmination or fruiting body formation, G) Cells on top (pre-stalk) move inward, towards the ground 
and form stalk, and basal disc. The differentiated pre-spore cells form the spore mass. The resulting 
structure is called fruiting body, a globular spore mass held atop a dead stalk. H) The dehiscent 
fruiting body releases spores on soil, at suitable conditions spores germinate I) Germinated amoebae 
feed on bacteria and divide by binary fission (Schaap 2011) 
 

This migrating structure is called slug. In the slug, the spatio-temporal 

regulation of cells results in two major populations of cells. The pre-stalk 

(presumptive stalk) cells, which occupy one- fifth of the slug front and the pre-spore 

(presumptive spore) cells form four-fifth of the slug rear (Fig. 6E ) (Maeda et al. 

2003); (Williams 2010). This morphogenetic cell differentiation in D. discoideum is 

comparable to those of metazoans.  
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The phototactic and thermotactic abilities of the slug direct it to find a 

suitable environment for culmination (Bonner 2003). Upon reaching a favourable 

environment, the slug undergoes culmination, which includes inward movement of 

cells in the slug front (pre-stalk) towards the substratum. During this invagination 

process the pre-stalk cells become vacuolated and synthesise cellulose wall, before 

reaching the ground. Concurrently, the pre-spore cells move up the stalk during 

which they synthesise spore coat and differentiate into spores (Fig. 6F ). This result in 

the formation of a fruiting body, where the globular spore mass is held atop the dead 

stalk. The upper and lower cup cells at the top and bottom of the spore mass avoid 

the spore mass from sliding down the stalk, whereas the basal disc supports the stalk 

to firmly attach to the substratum (Fig. 6G ) (Sternfeld 1998); (Yamada et al. 2010); 

(Schaap 2011). The dehiscent fruiting body liberates the spores in the surrounding 

environment or the spores may be transferred to a new environment through some 

bugs. As a result, the dispersed spores germinate and feed on the bacteria available 

in the new environment, undergo binary fission, and increase their population size 

(Fig. 6H and I) (Schaap 2011). It has been reported recently about a typical 

characteristic observed in the D. discoideum amoebae. In wild, the amoebae stop 

feeding and conserve some bacteria in their body before the onset of starvation. 

Persumably, the prestarvation factor (PSF), which is a glycoprotein and cell density 

sensor, may play an important role here. The amoebae monitor their cell densities 

and the relative threshold of PSF. If the PSF level exceeds the density of bacteria, 

they stop feeding (Clarke and Gomer 1995). The conserved bacteria are carried in 

their body all through the development process and are passed to the spore mass in 

the terminally differentiated structures. Finally, the release of spores from the fruiting 

body also liberates the bacteria to the ground, which are seeded in the soil and 

becomes a new source of food for the germinated amoebae (D. A. Brock et al. 2011). 

Again, at the onset of starvation, they will undergo the same series of development 

process. 

 

1.4.2 Evolution of D. discoideum  

The phylogenetic tree described below was constructed using the 

proteome data from 17 eukaryotic organisms (Fig. 7 ). The data analysed describe 
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that similar to other living organisms, D. discoideum genome has also undergone 

horizontal gene transfer (HGT) from the bacterial species, and chromosomal 

deletions and duplications (Eichinger et al. 2005). Analyses for HGT identified 18 

potential protein domains transferred from bacteria to D. discoideum. Both, the 

incidence of HGT genes replaced with new functions and those which have retained 

the same functions were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7:  Evolution of D. discoideum. Phylogenetic tree constructed based on a database containing 
5,279 orthologous protein clusters, which was derived from 17 eukaryotes shown in the figure. 
Phylogenetic tree denotes the origin of D. discoideum immediately after the divergence of the plant 
and animal kingdom. Branch length is represented as Darwins (1 Darwin = 1/2,000 of divergence 
between S. cerevisiae and human). Species represented includes Plasmodium falciparum (malaria 
parasite), Chlamydomonas reinhardtii (green alga), Oryza sativa (rice), Zea mays (maize), Takifugu 
rubripes (fish) and Anopheles gambiae (mosquito) (Eichinger et al, 2005). 
 

The study performed at the molecular level, which included more than 100 

proteins has classified D. discoideum under amoebozoa, which had diverged 

immediately after plant-animal split. The phylogenetic tree also indicates that 

D. discoideum divergence had occurred before the divergence of fungi. 

Nevertheless, D. discoideum, fungi and Metazoans belong to true sister groups, 

which is supporting the evolutionary notion described above. Despite the early 

divergence of D. discoideum, human and D. discoideum share relatively more protein 

orthologous than shared by Saccharomyces cerevisiae with human.  

This observation was very interesting because, this data has evoked an 

idea that D. discoideum can be used as a model organism to study these human 

diseases. Eventhough, human orthologous are present in other species such as 

D. melanogaster, the genetically amenable and experimentally tractable nature of 
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D. discoideum has made it a relatively more attractive model system. A search for 

genes related to human disease in D. discoideum has identified 64 orthologous and 

33 among these are similar in length to human proteins and showed > 70% similarity. 

However, the number of human disease orthologous in D. discoideum is less than 

those found in D. melanogaster and Caenorhabditis elegans, but higher than those 

found in fungi (Saccharomyces cerevisiae and S. pombe). Among the 33 putative 

human disease orthologues identified in D. discoideum, five are absent in 

S. cerevisiae or S. pombe, four are missing in S. cerevisiae, and two are not found in 

S. pombe (Eichinger et al. 2005); (Williams 2010).  

1.4.3 Immune effector proteins of D. discoideum 

1.4.3.1 Amoebapore-like peptides (Apls) of D. discoideum  

As the D. discoideum amoebae feed on bacteria their genome may 

harbour antimicrobial genes and the products of these genes may be implicated in 

killing and degrading the bacteria. As D. discoideum and E. histolytica belong to 

amoebazoa group, presumably D. discoideum genome may also posses the SAPLIP 

members. Supporting this notion, earlier work in our laboratory has identified 17 

genes that code for 33 putative SAPLIPs (unpublished data) (Fig. 8 ). As the 

SAPLIPs in D. discoideum were initially identified using protein sequence of 

amoebapores, the D. discoideum SAPLIPs were termed as amoebapore-like peptide 

coding genes (apls ). Apls are designated by alphabets starting from A up to R, 

excluding I (Fig. 8 ). The apl genes are found randomly distributed all over the 

D. discoideum genome without any restricted cluster regions. D. discoideum genome 

also possesses a protein complex (> 450 kDa), which has a SAPLIP domain. For 

instance, countin, the group size sensor is a component of counting factor complex. 

In addition, D. discoideum genome also constitutes a multidomain protein, including a 

SAPLIP domain. Acyloxyacyl hydrolase (AOAH) in D. discoideum possesses a 

SAPLIP domains and a hydrolase domain. The functions of both, counting factor and 

AOAH in D. discoideum are unknown at present. 
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Fig. 8:  Apls of D. discoideum. Genome of D. discoideum analysed for putative SAPLIP members 
revealed 17 genes, called as amoebapore-like peptide coding genes (apls) that potentially code for 33 
putative Apls. Each apl is designated by alphabets starting from A up to R, excluding I. Signal peptides 
(grey), SAPLIP domains (red), putative linker and end regions (blue), and potential N-glycosylation 
sites (Y). (R. Herbst and Leippe, unpublished data) 
 

1.4.3.2 Lysozymes 

D. discoideum genome harbours four classes of lysozymes, which include 

amoeba lysozymes (alys) that is a unique class of lysozymes found in D. discoideum. 

The aly family constitutes aly A, B, C, D, and L. Among all five alys, alyA is 

characterised both, at gene and protein level (Müller et al. 2005). Intracellular 

localization studies revealed that AlyA localises to unique cytoplasmic granules, 

which are dispersed all over the cell (Müller et al. 2005). The chicken type or C-type 

lysozymes of D. discoideum constitute three lysozyme gene members called lyC1, 

lyC2 and lyC3. The T4-phage type lysozymes of D. discoideum include two genes, 

and the Entamoeba-type lysozymes (lyEh) include six lysozyme genes (Eh1-Eh6). In 

general, many organisms investigated for lysozyme genes usually show a specific 

type of lysozyme. Presence of different classes of lysozyme in D. discoideum brings 

a notion that apart from bacterial killing, lysozymes are also implicated in digestive 

functions (Fig. 9 ) (Prager 1996); (M. Leippe 1999).  
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Fig. 9:  Phylogenetic tree drawn for lysozymes from different species. Lysozymes of D. discoideum are 
shown in unblocked area and the blocked area represents lysozymes from invertebrates. Different 
classes of lysozymes in D. discoideum include amoeba lysozymes (ALYs, bold), E. histolytica type 
lysozymes (DdLysEh), C-type lysozymes (DdLysC), and T4-phage type lysozymes (DdLysT4). 
Neighbour joining tree is presented, numbers indicate bootstrap proportions on 1000 replicates and 
values greater than 70% are shown (Müller et al. 2005). Recent additions, lysozymes (AlyL, 
DdLysEh3-6) are not shown. 
 

1.4.4 D. discoideum  as a model organism 

Since 1940s, for evolutionary biologists, D. discoideum was a tempting 

model to research on the evolution of multicellular life from unicellular amoebae. This 

gave rise to theories such as kin preference, trade off (Mehdiabadi et al. 2006) and 

the cheater phenomenon in D. discoideum (Strassmann, Gilbert, and Queller 2011). 

Also D. discoideum is serving as a fascinating model for developmental biologists. 

cAMP was the first chemoattractant used to discover the chemotactic nature of the 

amoebae. Following this, several other chemoattractants were successfully tested 

(Meima and Schaap 1999). The translucent multicellular structures allows studies on 

cell differentiation, cell movement using vital dyes, fluorescent protein tags, and in 

situ hybridisation (G. Gerisch et al. 2004); (Maeda et al. 2003).  
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Thorough studies on developmental and evolutionary grounds have gained 

the interest of cell biologist to use D. discoideum to understand the aspects of 

growth, pinocytosis and phagocytosis (Cardelli 2001); (Neuhaus, Almers, and Soldati 

2002), cell cytoskeleton (Sultana et al. 2009); (Krüger et al. 2012). D. discoideum has 

also been proven as an expression system for the production of eukaryotic genes 

(Arya, Bhattacharya, and Saini 2008). Easy mass culturing of D. discoideum, gene 

manipulation tools such as gene knock-out (J. Faix et al. 2004), RNAi (Hinas et al. 

2007), and the availability of cell-type specific markers, e.g., for pre-stalk cells; ecmA, 

O, and B and for pre-spore cells; pspA, all these were added advantages concerning 

the experimental perspectives. D. discoideum feed on bacteria for food in a 

mechanism comparable to that of macrophages. Therefore, D. discoideum has 

become a convenient model system to study host-pathogen interactions (Bozzaro 

and Eichinger 2011).  

D. discoideum has been proven as an convenient host model to determine the 

degree of bacterial virulence and the bacterial genes implicated in virulence 

mechanisms (Froquet et al. 2009); (Benghezal et al. 2006). The mechanism of cell to 

cell dissemination of Mycobacterium tuberculosis, which causes tuberculosis 

disease, was studied using D. discoideum as a host (Hagedorn et al. 2009). 

Similarly, D. discoideum has served as an elegant model to gain knowledge on 

Legionella pneumophila infections (Hägele et al. 2000); (Solomon et al. 2000); (J. 

Chen et al. 2004); (Lu and Clarke 2005). Notably, D. discoideum has also been used 

as model for drug screening (Bozzaro and Eichinger 2011). Surprisingly, until now, 

not much is revealed about the antimicrobial arsenal of D. discoideum. A remarkable 

finding concerning D. discoideum immune system was the presence of a special type 

of cells called sentinel or S cells, isolated from the migrating D. discoideum slugs. 

These S cells are involved in sequestering toxins and removing foreign invaders from 

the slugs, thereby protecting the developing structures (G. Chen, Zhuchenko, and 

Kuspa 2007). However, there is a lot more to be uncovered in this area of research, 

which may possibly shed some new light on ancient immune armaments.  
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1.5 Objectives 

 

Due to the emergence of antibiotic resistant bacteria, we are in need for 

new antibiotics. In vertebrates, protection against microbes is accomplished by innate 

and acquired immune systems, whereas plants and invertebrates rely on innate 

immunity to fulfill their immune functions. Even before the evolution of these immune 

systems, the antimicrobial peptides (AMPs) were implicated in microbial killing. For 

instance, in the unicellular and pathogenic amoeba E. histolytica, which feeds on 

bacteria, the antimicrobial functions are carried out by amoebapores and lysozymes. 

The amoebapores are peptides made of 77 amino acid residues that are involved in 

bacterial killing. Also, it had been reported that shorter, synthetic forms of 

amoebapores showed antimicrobial activity, which could be a promising antibiotic in 

future. Likewise, in D. discoideum, a non-pathogenic, professional phagocyte, the 

genome constitutes 17 amoebapore-like peptide coding genes (apls ), that may 

produce 33 putative Apls. Additionally, D. discoideum genome also comprises 

different classes of lysozymes, in total at least 15 lysozyme genes. So far, not much 

is reported about the Apls and lysozymes of D. discoideum. The only lysozyme 

characterised at gene and protein level is AlyA (alyA). Aim of my doctoral thesis was 

to explore the functions of apls and lysozyme genes in D. discoideum. My interest 

was to understand whether any of these putative antimicrobial gene products are 

specifically required for killing a particular bacterial strain or whether they play a 

synergistic role to achieve antimicrobial functions. 
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2 MATERIALS 

2.1 Chemicals 

Acrylamide solution     AppliChem 

Agar-Agar      ROTH 

Agarose Ultrapure     Invitrogen 

Ammonium persulphate (APS)   AppliChem 

Ampicillin sodium salt    ROTH 

Bacto yeast Extract     Becton Dickinson and Company 

Bacteriological peptone (LP0037)  Oxoid 

Blasticidin S      Sigma 

β-Mercaptoethanol     AppliChem 

Bovine serum albumin    Sigma 

Calcium chloride     Merck 

CHAPS      Calbiochem 

Chloroform      Merck 

DMSO      ROTH 

Di-potassium hydrogen phosphate  ROTH 

  (K2HPO4) 

Di-sodium hydrogen phosphate   ROTH 

  (Na2HPO4) 

dNTPs      Fermentas 

EDTA, di-sodium salt    ROTH 

Ethanol (≥ 99.8% p.a.)    ROTH 

Ethidium bromide     ROTH 

Gelatin (from Porcine skin)   Sigma 

Geneticin (G418 disulfate salt)   Sigma 

Glucose      ROTH 

Glycerine (≥ 86% p.a.)    ROTH 

Glycerol      SERVA 

Glycin       Merck 

HEPES      ROTH 

Hydrogen peroxide (H2O2)    ROTH 

Hydrochloric acid (HCl) 37% (w/v)  ROTH 
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Isopropanol      ROTH 

IPTG       AppliChem 

LB Broth Base     ROTH 

Methanol      ROTH 

Magnesium chloride (MgCl2)   Sigma 

Magnesium sulfate (MgSO4)   Merck 

Manganese (II) chloride     AppliChem 

  tetrahydrate (Cl2Mn.4H2O) 

Mops       AppliChem 

Nonidet P-40      Sigma 

Penicillin       Sigma 

Paraformaldehyde     AppliChem 

Potassium acetate (C2H3KO2)   AppliChem 

Potassium dihydrogen phosphate  AppliChem 

  (KH2PO4) 

Potassium chloride (KCl)    AppliChem 

Protease Inhibitor Cocktail Tablets  Roche 

Complete EDTA-free 

Proteinase K      Fermentas 

Proteose-Peptone     Oxoid 

RNase Inhibitor     Invitrogen 

Saponin      Sigma 

Sodium acetate (CH3COONa)   AppliChem 

Sodium bicarbonate (NaHCO3)   ROTH 

Sodium chloride (NaCl)    ROTH 

Sodium dihydrogen phosphate   ROTH 

  (NaH2PO4) 

Sodium dodecyl sulfate    MP Biomedicals, LLC 

Sodium hydroxide (NaOH)    ROTH 

Streptomycin      Sigma 

Sucrose      ROTH 

TEMED      AppliChem 

Tris       ROTH 

Triton X-100      AppliChem 
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Tricine      ROTH 

Tween 20      AppliChem 

Urea       ROTH 

2.2 Protein marker  

SeeBlue plus2, Pre-stained Standard   Invitrogen 

2.3 DNA ladder 

GeneRulerTM DNA Ladder Mix 100-1000 bp  Fermentas 

GeneRulerTM 100 bp DNA Ladder plus   Fermentas 

2.4 Dyes and substrates 

BCIP        Promega, Mannheim 

Bromophenolblue (BPB)     Merck 

Hoechst 33258      Sigma 

NBT        Sigma 

Neutral red       Merck 

X-Gal        AppliChem 

Xylencyanol       AppliChem 

2.5 Antibodies  

2.5.1 Primary antibodies: 

Mouse Anti-comitin, marker for Golgi  90-340-8 (++++ 0208 III)  

  and Mouse Anti-Vat A, marker for  21-35-2, (Prof. Dr. A. A. Noegel’s  

  contractile vacuole and endosomes  laboratory, University of Colonge) 

Mouse Anti-FLAG® M2 Monoclonal,  Sigma Life science 

  (F3165/ 080M6034) 

Mouse Anti-PDI     Abcam (ab2792)  

  (protein disulfide isomerase)  

  marker for ER (endoplasmic reticulum), 

  Monoclonal [RL90]  

Mouse Anti-vacuolin,    263-79-2 (Prof. Dr. M. Maniak’s  

  a postlysosomes marker  laboratory, University of Kassel) 

Rabbit Anti-PDI, Polyclonal,   Abcam (ab31811)    

ER marker 
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2.5.2 Secondary antibodies: 

Goat Anti-mouse-IgM (heavy chain)  Molecular Probes  

AP (Alkaline Phosphatase) conjugated 

Goat Anti-mouse-IgG (H+L) Jackson ImmunoResearch  

AP conjugated   laboratories 

Horse Anti-mouse-IgG, Dylight 488  Vector laboratories 

(green) conjugated 

Horse Anti-mouse-IgG, Dylight 549  Vector laboratories 

(red) conjugated 

Rabbit Anti-mouse- IgG (H+L)  P 0161, DAKO A/S, Denmark 

Horseradish peroxidase (HRP)  

conjugated 

2.6 Enzymes 

Pfu DNA Polymerase     Fermentas 

Proteinase K      Fermentas 

Restriction enzymes    FastDigest, Thermo scientific 

SuperScript® III Reverse Transcriptase  Invitrogen 

Taq DNA Polymerase    Fermentas 

T4 DNA ligase     Fermentas 

2.7 Media 

Maltose-HL5  14.3 g Bacteriological Peptone, 7.15 g Bacto 

(dictybase) Yeast Extract, 18 g Maltose 

monohydrate, 0.64 g Na2HPO4.2H2O, and 

0.49 g KH2PO4. pH 6.6, volume raised to 1L 

with dH2O and autoclaved (Cornillon et al. 

1994) 

LB-Medium  1% (w/v) NaCl, 1% (w/v) Tryptone, and 0.5% 

(w/v) Yeast Extract dissolved in dH2O. 

LB-Amp-Medium  LB-Medium, 50 µg/ml Ampicillin (added after 

autoclave) 

LB-Agar     LB-Medium, 1.5% (w/v) Agar-Agar 
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2% SM-Agar (G+)  10 g Agar-Agar, 5 g Bacteriological peptone, 

0.5 g Bacto yeast extract, 1.1 g KH2PO4, 

0.5 g K2HPO4, 0.5 g MgSO4.7H2O, and 1% 

(w/v) Glucose (25 ml from 20% glucose [filter 

sterilised] was added after autoclave in 

475 ml of G+ medium) was dissolved in 

dH2O (Sussmann et al., 1966) 

2% SM-Agar (G-)  10 g Agar-Agar, 5 g, Bacteriological peptone, 

0.5 g Bacto yeast extract, 1.1 g KH2PO4, 

0.5 g K2HPO4, 0.5 g MgSO4.7H2O, volume 

was raised to 500 ml with dH2O and 

autoclaved. (Pierre Cosson’s lab) 

2% SM-Agar plates (G+/ G-)  35 ml SM -Agar (G+/ G-) poured per Petri 

dish (8 cm diameter) 

SOC-Medium  2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 

10 mM NaCl, 25 mM KCl, 10 mM MgCl2, 

10 mM MgSO4, and 20 mM Glucose (100 µl 

from 2 M Glucose [filter sterilised] was added 

after autoclave) dissolved in dH2O 

2.8 Microscope 

Inverted, Phase contrast ULWCD 0.30     Olympus 

  microscope 

Fluorescence microscope: Imager. Z1,     Zeiss 

  with ApoTome; Axio Cam MRc and MRm camera  

Stereo light optical microscope      Leica WILD MZ8 

Stereo microscope        Leica M80 

SZX12 Fluorescence stereozoom     Olympus 

  microscope with DP71, U-TV1X-2, U-CMAD3 camera 

Software for the Imager. Z1:      Zeiss 

  AxioVision Rel 4.7.1 (08-2008) 

Software for the SZX12        Olympus 

  fluorescence microscope: cellA,  

  Olympus soft imaging solutions 
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2.9 Oligonucleotides  

2.9.1 PCR primers for the gene targeting vector  

sapA1-5' FP    5'-CGCGGATCCGGGAGTACTTTGAAACCACC-3' 

sapA1-5' RP    5'-CGCCTGCAGGAAGCTAATATTATTGTG-3' 

sapA1-3' FP 5'-GCAAGCTTGCAAACAATTTGTTGATTCAAATT 

TCC-3' 

sapA1-3' RP 5'-CGCGTCGACCATTAAACAGATTTAGA 

TATCC-3' 

*DalI-5' FP    5'-CTCGGATCCAAATCCATTTCAGGGGAT-3' 

*DalI-5' RP 5'-CTCCTGCAGTTTCACAAATTTCGCAACC 

CAC-3' 

*DalI-3' FP 5'-CTCGTCGACCATCAGATCTCCCATCAGT 

AGG-3' 

*DalI-3' RP 5'-CTCGGTACCCAATGGTGATGGACAGACA 

CAC-3' 

*DalP-5' FP 5'-CGCGGATCCATCCTAAAACATAACCG 

AATC-3' 

*DalP-5' RP TCCTGCAGCAGCAAATTCACATAAATCACA 

GCC-3' 

*DalP-3' FP CGCAAGCTTATGATATTAGCAGCTCCAATT 

GC-3' 

*DalP-3' RP CTCGTCGACGATATGAAATCTTTGCCAC 

CTC-3' 

C2-5' FP    5'-CTCGGATCCGAATCAAAATCTTCTTCC-3' 

C2-5' RP    5'-CGCCTGCAGTAGTGGTTAGAGTTGGACC-3' 

C2-3' FP CGCAAGCTTTTCTCCCAGAACATTGTGG 

TG-3' 

C2-3' RP    5'-CGCGTCGACGTAGTAAATTAATTTGTTCAC-3' 

C3-5' FP CGCGGATCCCAAACTGCTATAAATATC 

TGC-3' 

C3-5' RP CTGCAGGAGCAATACAAATCATATCAGTTT 

GG-3' 

C3-3' FP    5'-CTCAAGCTTAAGGATGGAACACATGTATGG-3' 
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C3-3'RP 5'-GCGTCGACCCAAGTTTGTTTAATATACTACT 

CG-3' 

 

2.9.2 PCR primers for screening the knock-out clone s  

*DalD (sapA1) 

U1-FP     5'-AGTGAAGAAATTGTGGGTGTGTG-3' 

U1-RP    5'-CATTTCGGCAGTACATATTGAAGCG-3' 

D1-FP     5'-GTGGAGTATGTGGCTCTTCTGATG-3' 

D1-RP    5'-CGAGTTTTAAACAATTCATTAC-3' 

*Dal I 

SET-1-FP 5'-CGCGGATCCGAACTATCATAACTACCATG 

TGG-3' 

SET-1-FP    5'-CTTGATAGTATTGATGGTACACC-3' 

SET-1-RP 5'-CTGCAGGGTAAAGTGTTTAAAGCGTTGGG 

TG-3' 

SET-2-FP    5'-CTCGGATCCAAATCCATTTCAGGGGAT-3' 

SET-2-RP    5'-CGCTTCAATATGTACTGCCGAAATG-3' 

SET-2-Dup.RP 5'-GAAGATTGTGAACATAATCCAAGTTGATC 

GC-3' 

SET-3-FP    5'-CTCATGCACACTAATTATTTGAAATCTCG-3' 

SET-3-RP    5'-CTGGTGATCCTGTTGGTGTATTATTGC-3' 

*Dal P 

SET-1-FP 5'-GCATAACTAAGAAATTTAACAAG 

ATTCGAACCC-3' 

SET-1-RP 5'-CTCCTGCAGCAGCAAATTCACA 

TAAATCACAGCC-3' 

SET-2-FP 5'-CGCGGATCCATCCTAAAACATAACCGA 

ATC-3' 

SET-2-RP    5'-CGCTTCAATATGTACTGCCGAAATG-3' 

SET-2-Dup.RP   5'-ATACCTCCATTGTAATATTTGATGG-3' 

SET-3-FP 5'-CGCAAGCTTATGATATTAGCAG 

CTCCAATTATTGC-3' 

SET-3-RP    5'-GAAAATGCATGTTGTTAATGGGTC-3' 
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lyC2 

SET-1-FP    5'-CAGAATGTTCGTTAACTGGTAAGTA-3' 

SET-1-RP 5'-CGTAAACTGATGTACACATTCATAGT 

GG-3' 

SET-2-FP 5'-AAGGTGATACTTACACATGTAGTCAAAT 

GC-3' 

SET-2-RP    5'- CGCTTCAATATGTACTGCCGAAATG-3' 

SET-2-Dup.RP   5'-GATGTTGGGTTAATGGCTTGAGT-3' 

SET-3-FP    5'-ATCAACTCATGGCTCAACAACTC-3' 

SET-3-RP    5'-AGAACAAACATTCATATTACTTCAGGG-3' 

SET-1-FP (A)   5'-TTTTTGTGTGGCGTAGCAAAT-3' 

SET-1-FP (B)   5'-GGGTGTTATTGTTGATAAACATGTG-3' 

SET-1-FP (C)   5'-AAAAACACACCGCATCGTTTAG-3' 

lyC3 

SET-1-FP 5'-CTCGGATCCATTGCAGGTCACAATGAA 

CC-3' 

SET-1-RP 5'-CGCCTGCAGGAGCAATACAAAT 

CATATCAGTTTGG-3' 

SET-2-FP 5'-CGCGGATCCCCAAACTGCTATAAATATC 

TG-3' 

SET-2-RP    5'-CGCTTCAATATGTACTGCCGAAATG-3' 

SET-2-Dup.RP   5'-GATTTGTAGCTGTTGGATTCC-3' 

SET-3-FP    5'-CTCAAGCTTAAGGATGGAACACATGTATGG-3' 

SET-3-RP    5'-GTGAATAAGATCTTGTCATAAACTAGTTG-3' 

 

2.9.3 Quantitative real-time PCR (qRT-PCR) primers  

aplD 5' FP    5'-TCACAATAATATTAGCTTCATTATTTGC-3' 

aplD 5' RP    5'-AATCCATGTTCAATTACTTCAACTG-3' 

GAPDH FP    5'-TGTCCCAATTGGTATTAATGG-3' 

GAPDH RP    5'-GTGGGTTGAATCATATTTGAAC-3' 

rnlA FP    5'-AGTCGATCAGAGACGCAAG-3' 

rnlA RP    5'-GGTGCCGAACCACATAAC-3' 
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2.9.4 PCR primers for the  AplD-FLAG intracellular localisation 

pDNeoDP 5'-CCGCTGCAGAAAATGTATAAAATTA 

ATATTTATTTATTAATATTCAC-3' 

pDNeoDP 5'-CCAGGATCCATTTTTAATACTATTTT 

GTTTTTTCAAATGTC-3' 

 

2.9.5 PCR primers for the  aplD  expression under aplD  promoter 

FP2     5'-CAGCTCGAGCAAAAACTGATCTTAAGT-3' 

RP1 AGACTAGTATTTTTAATACTATTTTGTTT 

TTCAAATGTC-3' 

 

2.9.6 PCR primers  for the aplD  expression under act15 promoter 

FP3 5'-CCGACTAGTATGTATAAAATTAATATTT 

ATTTATTAATATTCAC-3' 

RP1 5'-CAGACTAGTATTTTTAATACTATTTTGT 

TTTTTCAAATGTC-3' 

RH1     5'-TATATGCATTAGATGTAAAACAGCCA-3' 

pDM1     5'-TCCATGTTCAATTACTTCAACTG-3' 

pDM2     5'-GTCAACTTCATTAACTTGTACCT-3' 

pDM3     5'-TCACTTCTTTAACACCCACACAC-3' 

 

2.9.7 pDrive and TOPO vector primers for PCR and DN A sequencing 

M13rev -29    5'-AACAGCTATGACCATG-3' 

T7 Promoter    5'-TAATACGACTCACTATAGGG-3' 

Oligo-dT17    5'-GACTCGAGTCGACATCGAT17-3' 

 

Note: Dal renamed as apl, DalI renamed as aplJ 
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2.10 Instruments 

Biometra TI3  Biometra biomedizinische analytic 

GmbH 

Digital Graphic Printer UP-D897   Sony 

Water filtration unit     TKA-GenPure 

DNA electroporation unit  BTX ECM 830 electroporator holder, 

BTX ECM 630 electroporator 

DNA electroporation unit  Gene Pulser® II, Bio-Rad Laboratories 

GmbH 

Electronic Delta Range balance   Mettlar PM4600 

Electroporation cuvettes (1 mm)   Cell projects 

Electroporation cuvettes (2 mm)   BTX Harvard Apparatus 

Electrophoresis unit     Peqlab biotechnology GmbH 

IKA-COMBIMAG RET    Janke & Kunkel GmbH 

Ionmeter      WTW 

KERN ABJ electronic balance   KERN &Sohn GmbH  

Mastercycler ep gradient    Eppendorf 

Nucleic acid/ Protein quantification  NanoDrop®, ND-1000 

Spectrophotometer, ND-1000 V3.7.1 

Photometer Ultraspec 1100 pro   Amersham Bioscience 

qRT-PCR  LightCycler Run 5.10-LC DO.Exp, 

Roche; equipped with lightcycler 

software version 3.5, Roche molecular 

biochemicals 

Thermomixer comfort    Eppendorf 

UV- Transilluminator    PHASE (http://www.phase-hl.com) 

UV transilluminator     Bio-Rad Laboratories GmbH 

Vortex       Heidolph 

Western blotting unit    PHASE 

 

2.10.1  Incubators/ Shakers 

Incubator      Heraeus 
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Innova® 40 incubator shaker series  New Brunswick Scientific 

Shaker/ Incubator     Infors HT Multitron 

Shaker/ Incubator  Innova® 4230, refrigerated incubator 

shaker, Edison, NJ-USA, New 

Brunswick Scientific. 

 

2.10.2  Centrifuges 

Centrikon H-401 refrigerated centrifuge  Kontron, München 

Mini Tabletop centrifuge    ROTH 

Mini Spin      Eppendorf 

Refrigerated centrifuge Rotanta 460R  Hettich 

Refrigerated centrifuge 5402   Eppendorf 

 

2.10.3  Sterile air flow units 

LaminAir HB 2448 K    Heraeus Instruments 

KOJAIR®      Kojair Tech, Finland 

 

2.11 Accessories 

Blotting paper (Whatman 3MM Chr;    A. Hartenstein 

GB33, western blotting) 

Cover slips (Ø 18 mm, #1)      Thermo scientific 

Cryo container Nalgene, Nalge Nunc 

International 

Cryo tubes        Sarstedt 

Membrane filters (0.2 µm)      STERILE R, Sarstedt 

Needle (slug infection) (Ø 0.60 x 30 mm, 23G x 

11/4), Sterican 

Needle (slug cutting) (Ø 0.30 x 12 mm, 30G x 
1/2) Sterican 
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PVDF membrane Immuno-BlotTM     ROTH 

Syringe (slug infection and slug cutting) (0.01 – 1 ml/ Luer Solo), 

STERILE|EO, 

           B|BRAUN Injekt F 

Petri dishes (8 cm dia, tissue culture)    Sarstedt 

Petri dishes (3.2 cm, 5 cm,      STERILE R, Sarstedt 

  8.5 cm and 14 cm)  

24-well tissue culture plates     Sarstedt 
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3 METHODS 

3.1 D. discoideum  cultures 

All experiments were performed using D. discoideum Ax2-214, referred to 

as Ax2 wild type strain and all five single gene knock-out (KO) mutants were 

generated in the Ax2 background. Frozen amoebae stocks (stored in liquid nitrogen) 

or spore stocks (-80 °C) were used to start the pre-cultures. D. discoideum cells were 

grown in Petri dishes (8.5 cm diameter) with 10 ml Maltose-HL5 medium per Petri 

dish. To avoid bacterial and fungal contaminations, 10 µg/ml Penicillin-Streptomycin 

mix (Sigma) was added to pre-cultures. All experiments were performed with cells 

grown in Petri dishes, with Maltose-HL5 medium for no longer than four weeks. 

 

 

3.2 D. discoideum cell stock and culture preparation 

The Petri dishes with monolayer of adhering cells were used to prepare the 

amoebae stocks. The existing Maltose-HL5 medium was removed to get rid of the 

floating cells and the plates were gently tapped at the rim to detach the adhering 

cells. The cells were harvested in Maltose HL5 medium and centrifuged at 510 x g for 

7 min at 18 °C. The cell pellet was resuspended in 2 ml cold Maltose-HL5 medium 

containing 10% DMSO. This cell suspension was transferred into the pre-chilled cryo 

tubes and placed in the pre-chilled cryo box (Nalgene, Nalge Nunc International) 

overnight at -80 °C, before transferring to liquid nitrogen. To start a pre-culture, the 

frozen amoebae stock was removed from liquid nitrogen and quickly thawed in the 

running tap water. The cryo tube was opened under the laminar air flow chamber and 

the cell suspension was emptied into a Petri dish with 10 ml Maltose-HL5 medium. 

When reviving transgenic strains, the appropriate antibiotic selection was added after 

24 h. Exponential cell growth was observed after a week. 
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3.3 D. discoideum  spore stock preparation and reviving spore 

stocks 

Axenically grown D. discoideum amoebae were harvested from the Petri 

dishes and centrifuged at 510 x g for 7 min at 18 °C. The cell pellet was resuspended 

in SB, washed once and finally resuspended in 100 µl-SB, before plating on 1%-SB 

agar plate. The plate was incubated in a dark, moist chamber at 22 °C and the 

mature fruiting bodies were collected after 48 h. The spore heads were touched with 

a micropipette tip and resuspended in 25% glycerol prepared in SB. The spore 

suspension was incubated on ice for 10 min before transferring to -80 °C. To start a 

pre-culture, the frozen spore stock was opened under the laminar air flow chamber 

and a pinch of frozen stock was transferred to a Petri dish with Maltose-HL5medium. 

To avoid fungal contamination 10 µg/ml Penicillin-Streptomycin mix was added to the 

culture plate. A confluent monolayer of amoebae was observed within a week. 

 

 

3.4 Bacterial stocks preparation and reviving froze n stocks 

A volume of 750 µl of overnight bacterial culture was mixed with 250 µl of 

glycerol and transferred to a cryo tube. The cryo tube was incubated on ice for 

10 min and then stored at -80 °C. To prepare overnight bacterial cultures, the frozen 

stock was streaked on the LB agar plates and incubated overnight at 37 °C. At 

required conditions the appropriate antibiotic selections were added. The next day, a 

single colony was used to start the overnight culture. 

 

 

3.5 D. discoideum  genomic DNA isolation  

Nuclear lysis buffer 50 mM HEPES (pH 7.5, 1 M stock), 40 mM 

MgCl2 (1 M stock), 20 mM KCl (1 M stock), 

5% (v/v) Sucrose (10% (w/v) stock, filter 

sterilised), and 1% (v/v) Nonidet P-40 

dissolved in dH2O 

The nuclear lysis buffer was freshly prepared from the stock solutions before starting 

the genomic DNA isolation. 
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SDS lysis buffer     0.7% (w/v) SDS dissolved in TE buffer 

TE buffer  10 mM Tris-Cl (pH 7.5, 1 M stock), 

500 mM EDTA (pH 8.0, 1 M stock) 

Proteinase K       140 µl (2.6 mg/ml, Fermentas) 

CH3COONa      3 M 

 

This protocol was adopted from dictybase.org (Hughes, Ashtorab, and 

Welker 1988) with some minor modifications. The axenically grown Ax2 cells were 

harvested from the Petri dishes and a total number of 1 x 108 cells were centrifuged 

at 300 x g at 20 °C for 6 min. The cell pellet was washed with ice-cold KK2 buffer and 

resuspended in 45 ml of the nuclear lysis buffer, before adding the non-ionic 

detergent, Nonidet P-40 (NP40) until the solution becomes clear, maximum 5 ml. 

This resulted in cell lysis, but the nucleus remained intact. The cell lysate was 

sedimented at 3,500 x g at RT for 15 min to pellet the nucleus, which was 

resuspended in 5 ml of SDS lysis buffer containing 200 µg/ml Proteinase K. The cell 

suspension was mixed gently by inverting the tube and was incubated at 60 °C for 

2 h. Subsequently, the nuclear suspension was divided into 1 ml aliquots in 

microcentrifuge tubes, followed by addition of an equal volume of phenol:chloroform. 

The samples were mixed by inverting the tubes for 10 times before centrifugation at 

18,000 x g at RT for 12 min. The resulting aqueous phase was extracted with an 

equal volume of chloroform. Chloroform extraction step was repeated until the 

aqueous phase becomes clear. The genomic DNA was precipitated by adding 1/10 

volume of 3 M sodium acetate and twice the volume of absolute Ethanol (EtOH) to 

the aqueous phase and centrifuged at 15,294 x g for 12 min. After washing the DNA 

pellets with 70% EtOH (15,294 x g, 10 min at RT), the DNA pellets were air dried at 

37 °C for 20 min, resuspended in 100 µl of ice-cold dH2O, and stored at 4 °C. 
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3.6 DNA manipulation reactions 

3.6.1 Amplification of DNA fragments by P olymerase c hain r eaction (PCR) 

To amplify the DNA fragments of interest by PCR, the standard PCR mix 

was prepared as described below (Tab. 2). All the PCR analyses were carried out 

usnig the Thermal Cycler (eppendorf). The DNA fragments of interest were amplified 

by subjecting the PCR mix in the PCR programme detailed below (Fig. 10 ). Although 

the optimal temperature for the Taq DNA polymerase to carry out DNA amplification 

is at 72 °C, the AT rich genome of D. discoideum allows DNA amplification best at 

62 °C (Su et al. 1996). For this reason both, the primer extension (Fig. 10D ) and the 

final extension (Fig. 10E ) steps were carried out at 62 °C. The resulting DNA 

samples were used for downstream processes such as agarose gel electrophoresis, 

restriction digestion and DNA ligation.  

 

Tab. 2: Standard PCR mix 
*At required conditions 1:20 ratio of the Pfu DNA polymerase (2.5 U/µl, recombinant) and the Taq 
DNA polymerase were used in the standard PCR mix. 
Constituents Test Water control 
10X Advantage 2 PCR buffer 2 µl 2 µl 
dNTPs mix (10 mM each) 1 µl 1 µl 
Forward primer (10 µM) 1 µl 1 µl 
Reverse primer (10 µM) 1 µl 1 µl 
DNA sample 1µl (< 10 ng) ----- 
*Taq DNA polymerase   (5 U/µl) 0.4 µl 0.4 µl 
dH2O     13.6 µl 14.6 µl 
Total 20 µl 20 µl 

 

 

 

 

 

 
 
 
 
Fig 10:  Standard PCR programme. PCR samples were incubated in thermal cycler at A= 95 °C 3min; 
initial denaturation, B= 95 °C 15 s; denaturation, C= 58 °C 30 s; primer annealing, D= 62 °C 1 min; 
primer extension, (*) duration varies with amplicon size, E= 62 °C 10 min; final extension and F= 4 °C; 
product storage. 
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3.6.2 PCR product purification  

The PCR product was purified according to the manufacturer’s instructions 

(PCR clean-up, MACHEREY NAGEL). DNA samples were mixed with twice the 

volume of binding buffer (NT), before loading onto a NucleoSpin Extract II column 

and centrifugation at 11,000 x g at RT for 2 min. Columns were washed with 700 µl of 

wash buffer (NT3) and empty columns were spun at 11,000 x g at RT for 3 min or 

incubated at 70 °C for 2 min to remove residual wash buffer. DNA was eluted from 

the columns by adding 20 µl of elution buffer (NE) and centrifugation at 11,000 x g at 

RT for 2 min. The DNA samples were stored at 4 °C for short term or -20 °C for long 

term. 

 

 

3.6.3 Small scale plasmid DNA isolation  

Plasmid DNA isolations were carried out with the NucleoSpin plasmid 

quickpure kit (MACHEREY NAGEL), with some minor modifications to increase the 

plasmid yield. The bacterial cultures were grown with appropriate antibiotic, overnight 

at 37 °C. The cultures were harvested at 9,700 x g at RT for 2 min and the bacterial 

pellets were resuspended in 100 µl of ice-cold resuspension buffer (A1). The 

bacterial suspensions were sedimented again and the pellets were resuspended in 

250 µl of ice-cold A1 buffer. Lysis of bacteria was achieved by adding 250 µl of lysis 

buffer (A2) and incubation at RT for 5 min. Following this, 300 µl of neutralisation 

buffer (A3) was added and mixed by inverting the tubes. Cell lysates were 

centrifuged at 9,700 x g at RT for 7 min and the supernatants were loaded onto the 

columns. Columns were centrifuged at 9,700 x g at RT for 2 min and the flow through 

was discarded. After washing with 450 µl of wash buffer (AQ), the columns were 

placed in fresh microcentrifuge tubes and incubated with 15 µl-elution buffer (AE) at 

RT for 5 min. Finally, the columns were centrifuged at 9,700 x g at RT for 3 min to 

elute the DNA and stored at 4 °C or -20 °C. 
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3.6.4 Large scale plasmid DNA isolation  

Frozen bacterial stock was revived as described in section  3.4 and 1 ml 

overnight bacterial culture was removed to inoculate a 100 ml LB broth containing 

antibiotic selection. The culture flask was incubated overnight at 37 °C, 220 rpm. 

Before starting the plasmid isolation, the culture was stored at 4 °C for 30 min to stop 

cell doubling. The overnight culture was centrifuged at 4,430 x g at 4 °C for 12 min 

and the plasmid DNA was isolated following the manufacturer’s guidelines (Qiagen 

Maxi prep kit). The DNA pellet was dissolved in ice-cold dH2O, incubated on ice for 

10 min and stored at -20 °C.  

 

 

3.6.5 Restriction endonuclease digestions 

Restriction digestion reactions were performed following the 

manufacturer’s directions (Fast digest, Thermo scientific). Restriction endonuclease 

digestion DNA samples were prepared as described in the standard reaction mix 

(Tab. 3) and the desired DNA nicks were achieved by incubating the samples in the 

standard reaction programme described below (Fig. 11 ). The restriction digested 

DNA samples were analysed on an agarose gel. Successful DNA samples were 

column purified (NucleoSpin Extract II columns, MACHEREY NAGEL) and the DNA 

concentration was measured with NanoDrop. 

  

Fig. 11:  Standard reaction set-up. Restriction digestion 
reactions were carried out by incubating samples at A= 37 °C 
for 10 min; restriction digestion, B= 65 °C for 10 min; enzyme 
inactivation, and C= 4 °C; product storage.  

 

 

Tab. 3:  Standard reaction mix 
The volume of the DNA sample was scaled up to 10 µl or down to 0.5 µl depending on the DNA 
concentration and the volume of water was corrected to keep the indicated total reaction volume. The 
same reaction standards were followed for double digestions. 
Constituents Plasmid DNA PCR product 
Water (nuclease free) 15.5 µl 17.5 µl 
10X buffer 2 µl 2 µl 
DNA samples 2 µl (up to 1 µg )* 10 µl (0.2 µg)* 
Enzyme 0.5 µl 0.5 µl 
Total 20 µl 30 µl 
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3.6.6 Agarose gel electrophoresis 

DNA loading dye 50% (v/v) Glycerin (87%), 10 mM EDTA, 0.1% (w/v) SDS, 

0.025% (w/v) Bromophenol blue (BPB), and 0.025% (w/v) 

Xylene cyanol, pH 8.0 

50X TAE buffer 242 g Tris-base, 57.1 ml Glacial acetic acid, and 18.6 g 

EDTA dissolved in 1L dH2O 

UltraPure Agarose  1.5% (w/v) 

 

 1.5% agarose gel in 1X TAE buffer was prepared according to routine lab 

practise. In general, 1.5 µl ethidium bromide (EtBr) was added to a 20 ml-agarose 

preparation. Finally, DNA samples were mixed with the DNA loading dye before 

separation on the agarose gel. For the mini-gels (5 cm x 5 cm), initial voltage was set 

as 30 V for 20 min, then increased to 80 V. For large gels (10 cm x 10 cm), the initial 

voltage was set as 60 V for 20 min and later increased to 100 V. DNA was visualised 

using a UV transilluminator. 

 

 

3.6.7 DNA extraction from agarose gel  

DNA samples were excised from gels under UV-light. Gel pieces were 

placed on the columns (Ambion) and centrifuged at 14,000 x g at RT for 5 min. 

During centrifugation the DNA was forced through the columns and was collected in 

the collection tubes. The concentration of DNA samples were measured with the 

NanoDrop. 

 

 

3.7 DNA ligation  

Linearised plasmid DNA and the desired insert (PCR product) were ligated 

as described in the standard reaction mix (Tab. 4). As a control, linearised vector 

alone was used to determine self-ligation rate. In general, the vector and the insert 

were mixed at a molar ratio of 1:5. The quantity of insert required was calculated 
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using the formula described below. Ligation reactions were incubated at 4 °C 

overnight, followed by bacterial transformation.  

 

 

 

 

 

ng= nano grams 

bps= base pairs 

V= Vector, I= Insert 

 

Tab. 4: Standard reaction mix 
Constituents Test Vector control 
10X T4 DNA Ligase buffer 1 µl 1 µl 
Vector (plasmid DNA) 2 µl (up to 25 ng) 2 µl (up to 25 ng) 
Insert (PCR product) 2 µl ----- 
Polyethylene glycol (PEG) 1 µl 1 µl 
T4 DNA Ligase (5 U/µl) 0.5 µl 0.5 µl 
dH2O 3.5 µl 5.5 µl 
Total 10 µl 10 µl 

 

 

3.8 Bacterial transformation 

3.8.1 Chemical competent cells preparation with E. coli  DH5α  

 

TfB-I 30 mM C2H3KO2, 50 mM Cl2Mn.4H2O, 100 mM KCl, 

10 mM CaCl2, and 15% (v/v) Glycerin. 

TfB-II 10 mM Mops, 75 mM CaCl2, 10 mM KCl, and 15% 

(v/v) Glycerin dissolved in dH2O, pH 7.0 (adjusted 

with NaOH) 

TfB-I and TfB-II buffers were filter sterilised (0.2 µm filter) and stored at 4 °C no 

longer than a month. 

 

The frozen bacterial stock was revived as described before (see 

section 3.4 ). LB broth was inoculated with 1%-overnight culture and incubated at 

37 °C, 220 rpm until OD600 reached 0.48 to 0.50. Cells were incubated on ice for 

Insert quantity = 

(ng) Vector length (bps) 

Vector quantity (ng) x insert length (bps) x (V:I) molar ratio 
x 100 
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15 min before centrifugation at 1,970 x g at 4 °C for 5 min. Bacterial pellet was 

resuspended in 15 ml of ice-cold TfB-I buffer and incubated on ice for 15 min. Cells 

were harvested at 1,970 x g at 4 °C for 5 min, resuspended in 4 ml ice-cold TfB-II 

buffer and incubated on ice for 15 min. Aliquots of 200 µl were prepared in the ice-

cold microcentrifuge tubes and stored at -80 °C. 

 

3.8.2 Transformation 

Frozen chemical competent cells were thawed on ice. After addition of 

DNA ligation mix, the cell suspensions were incubated on ice for 30 min, then heat 

shocked at 42 °C for 90 s and incubated on ice for 90 s. To proceed with recovery 

phase, 1 ml LB broth was added to the cell suspensions and incubated at 37 °C for 

45 min, before selection on LB agar plates with appropriate antibiotics.  

 

 

3.9 Colony PCR 

Bacterial clones obtained after transformations were analysed by PCR to 

identify the positive clones. Colony PCR was performed as described earlier (see 

Tab. 2). Instead of using DNA templates, individual bacterial clones were mixed in 

the standard reaction mix, then subjected to regular PCR programme (Fig. 10 ). 

Standard primers used for colony PCR include M13 forward and reverse primers or 

gene specific primers. 

 

 

3.10 DNA sequencing 

DNA fragments or plasmids were sequenced by Eurofins MWG Operon 

(http://www.eurofinsdna.com). The standard primers used for DNA sequencing 

includes, M13 forward (-20), M13 reverse (-29), and T7 promoter or gene specific 

primers.  
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3.11 Bioinformatics 

In general, all DNA and protein information concerning D. discoideum was 

retrieved from dictyBase (http://dictybase.org). D. discoideum genes were subjected 

to BLAST analysis using the tool available at dictyBase 

(http://dictybase.org/tools/blast). Additionally, D. discoideum gene homologues and 

paralogues were examined using the BLAST analysis tool available at the 

pubmed/NCBI (http://blast.ncbi.nlm.nih.gov/). D. discoideum cDNA information was 

obtained from D. discoideum cDNA Distribution Centre Japan and National Bio 

Resource Project Japan (http://nenkin.lab.nig.ac.jp, NBRP). DNA sequencing results 

were analysed using ClustalW2 available at EMBL-EBI Institute 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/).  

 

 

3.12 Analytical tools 

Various analytical tools were used to investigate the experimental data. 

Phagocytosis and killing assay graphs were created using SigmaPlot 10 

(www.systat.com) and also tested using R, the computer programming tool for 

statistical analyses (version 2.15.0) to derive the statistical significances. The aplD 

fold expression (during Ax2 development) graph was generated using Microsoft 

Office Excel 2003. The charts for spore viability spore formation efficiency and the 

graph for aplD fold expression in xenic Ax2 cultures were created with using the 

software analytical tool GraphPad Prism, version 3.02 (www.graphpad.com). 

 

 

3.13 D. discoideum  transfection  

H50 electroporation buffer  20 mM HEPES, 50 mM KCl, 10 mM NaCl, 

1 mM MgSO4, 5 mM NaHCO3, and 1 mM 

NaH2PO4 dissolved in dH2O and autoclaved, 

stored at -20 °C 

 

D. discoideum transfections were achieved using electroporation technique 

(Schlatterer, Knoll, and Malchow 1992); (Pang, Lynes, and Knecht 1999). Axenic 
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D. discoideum cells were harvested at 510 x g at 18 °C for 7 min and washed with 

5 ml ice-cold H50 buffer. Pellet was resuspended in 100 µl ice-cold H50 buffer and 

10 µg plasmid DNA, then transferred to pre-chilled electroporation cuvette (1 mm 

gap) and incubated on ice for 5 min. Transfection was performed with gene pulser II 

(Bio-Rad). Electroporations were performed at 0.65 kV and 25 µF with two sequential 

pulses including a 5 s pause in between the pulses. After electroporation, cuvettes 

were incubated on ice for 10 min before transferring cell suspensions to Petri dishes 

with 10 ml Maltose-HL5 medium. The culture was incubated at 22 °C for 24 h prior to 

antibiotic selection. Clones became visible after a week.  

 

 

3.14 Gene targeting vector or KO vector constructio n 

Gene targeting vectors were generated using the pLPBLP vector (Jan Faix 

et al. 2004). The DNA fragments of 500 to 700 bps at the 5' and 3' regions of the 

gene of interest were amplified by PCR. After DNA sequencing, these fragments 

were ligated into the corresponding 5' and 3' sites of the Blasticidin resistance 

cassette in the pLPBLP vector. Before electroporation, the gene targeting vector was 

double digested with the restriction enzymes to linearise the vector. 

 

3.15 KO vector transfection  

Electroporation buffer (EP)  10 mM K2HPO4, 10 mM KH2PO4, 50 mM 

Sucrose, 1 mM MgSO4, 1 mM NaHCO3, 

1 µM CaCl2, and 1 mM ATP (100 mM stock).  

pH 6.2 was adjusted and stored at 4 °C  

 

Axenic Ax2 cells were harvested and 2 x 107 cells were sedimented at 

560 x g at RT for 5 min. Pellets were resuspended in 1 ml ice-cold EP buffer, washed 

at 10,000 x g at RT for 2 min and were stored on ice. Linearised KO vector was 

mixed with 100 µl of the ice-cold EP buffer and added to Ax2 cell pellets before 

transferring to electroporation cuvettes. Electroporations were performed at 300 V 

and 2 ms time constant with five square pulses including 5 s intervals in between the 

pulses (BTX electroporator, Harvard apparatus).  
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After electroporation, cuvettes were incubated on ice for 10 min and cell 

suspensions were transferred to Petri dishes with 10 ml Maltose-HL5 medium. The 

culture was incubated at 22 °C and 24 h later 8 µg/ml Blasticidin selection was 

added. Clones appeared after a week. Blasticidin resistant clones were aspirated 

from the Petri dishes and seeded in multi-well plates for later PCR analyses. 

 

 

3.16 D. discoideum  genomic DNA isolation 

The exponentially growing individual clones were harvested from multi-well 

plates and sedimented at 1,700 x g at RT for 2 min. The genomic DNA was isolated 

as described in the following sections. 

3.16.1 Method-I 

Ax2 genomic DNA was isolated using the High pure PCR template 

purification kit (Roche). A total number of 1 x 107 cells were used for each 

preparation and the isolated genomic DNA was stored at 4 °C. 

 

3.16.2 Method-II 

Lysis buffer 50 mM KCl, 10 mM Tris (pH 8.3), 2.5 mM MgCl2, 0.45% 

(v/v) Nonidet P-40, and 0.45% (v/v) Tween 20 dissolved in 

dH2O. 

 

Genomic DNA was isolated from the D. discoideum KO clones to carry out 

PCR analyses (Charette and Cosson 2004). KO clones were harvested at 500 x g at 

RT for 7 min. Cell pellets were resuspended in 5 µl of Maltose-HL5 medium and 20 µl 

of lysis buffer, including 1 µl of 2.6 mg/ml Proteinase K (Fermentas) and mixed 

thoroughly by pipetting. For a 20 µl-PCR reaction, 1 µl cell lysate was added and 

remaining cell lysate was stored at -20 °C  
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3.17 RNA isolation  

Axenically grown D. discoideum cells were harvested and cell density was 

determined. A total number of 5 x 106 cells were collected at 500 x g at 18 °C for 

7 min and RNA was isolated using the RNA magic kit (Bio-Budget Technologies 

GmbH). RNA pellet was resuspended in 15 µl-dH2O, incubated on ice for 15 min and 

stored at -80 °C. 

 

 

3.18 First strand cDNA synthesis  

cDNA synthesis was carried out according to manufacturer’s instructions 

(Fermentas). cDNA reaction mix was prepared as described below (Tab. 5) and 

cDNA synthesis was carried out by incubating the samples in the standard cDNA 

synthesis programme (Fig. 12 ). cDNA samples were purified (NucleoSpin Extract II, 

MACHEREY NAGEL) and stored at -20 °C no longer than 3 days, before proceeding 

to quantitative RT-PCR experiments (qRT-PCR).  

 

Tab. 5: : Standard cDNA reaction mix 
Mix-I 2 µg RNA, 5 µM Oligo dTT or 3'- RACE primers from 50 µM stock, 1 mM 

dNTPs from 10 mM stock, volume increased to 10 µl with dH2O 
Mix-II 
 

4 µl 5X First strand buffer, 1 µl RNase inhibitor (RNaseOUT, Invitrogen) 
and 4 µl dH2O 

Reverse transcriptase 
 

1 µl SuperScript III (Invitrogen) 

 

 

 

 

 

 

 

 

 
 
Fig. 12:  Standard cDNA synthesis programme. cDNA was synthesised by incubating the standard 
cDNA reaction mix in the following programme. A= 65 °C for 10 min; denaturation, B= 5 min pause to 
add Mix-I, C= 37 °C for 5 min; primer annealing, D= 5 min pause to add Mix-II, E= 37 °C for 60 min; 
cDNA synthesis, F= 70 °C for 10 min; enzyme inactivation, and G= 4 °C; product storage 
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3.19 Cell lysate preparation for western blotting 

Extraction buffer  3 M Urea, 2% (w/v) SDS, 1% (w/v) Chaps, 

and 10% (v/v) Glycerol dissolved in dH2O, 

pH 6.8 

Protease Inhibitor Complete (PIC) 1 tablet dissolved in 1 ml dH2O (50X)  

Before use, the PIC (Roche) solution and the 

extraction buffer were mixed at a ratio of 1:20 

 

Cell lysates were prepared from aplD¯ cells transfected with the pDneo2a-

3xFLAG[act6/aplD] plasmid to confirm the AplD-FLAG fusion protein expression. 

Non-transfected aplD¯ cells were used as negative control for western blot analysis. 

To prepare the cell lysate, 1 x 106 cells were mixed with 100 µl of extraction buffer. 

Cell suspensions were mixed vigorously to dissolve the cell pellets. This was 

followed by centrifugation at 20,000 x g at 4 °C for 20 min. The supernatants were 

collected and stored at -20 °C. 

 

 

3.20 SDS-polyacrylamide gel electrophoresis (SDS-PA GE) 

30% Acrylamide (32:1 ratio) 

30% Acrylamide (49:1 ratio) 

Ammonium persulfate (APS) 40% (w/v)   400 mg in 1 ml dH2O 

Gel buffer (3X)  36.3 g Tris and 0.3 g SDS was 

dissolved in 80 ml dH2O, pH 6.8 

(adjusted with 12.5 N HCl) and the 

final volume was increased to 100 ml 

with dH2O. 

DTT sample buffer (6X)  0.35 M Tris-HCl (pH 6.8), 10.28% 

(w/v) SDS, 36% (v/v) Glycerol, and 

BPB dissolved in dH2O. 

N,N,N’,N’- Tetramethylethylenediamine (TEMED) 

Separating gel (13%)  6.5 ml of 30% (v/v) Acrylamide (49:1), 

3 ml of 86% (v/v) Glycerine, 4.5 ml Gel 
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buffer (3X), 1 ml dH2O, 7.5 µl TEMED, 

and 16 µl of 40% (w/v) APS 

Stacking gel (4%)  1.3 ml of 30% (v/v) Acrylamide (32:1), 

2.25 ml Gel buffer (3X), 6.45 ml dH2O, 

10 µl TEMED, and 18 µl of 40% (w/v) 

APS. 

Anode buffer  200 mM Tris, pH 8.9 (adjusted with 

HCl) 

Cathode buffer  100 mM Tris, 100 mM Tricine, and 

0.1% (w/v) SDS, pH 8.4 

10X Lämmli buffer  144 g Glycin, 30 g Tris, and 10 g SDS 

dissolved in 1L dH2O 

 

Protein separation was carried out by SDS-PAGE. Tricine buffer system 

was used to facilitate separation of low molecular weight proteins, ranging between 1 

to 100 kDa (Schägger and von Jagow 1987). SDS-PAGE gel used for the protein 

separation constitutes 13% separating gel and 4% stacking gel (section 3.20 ). 

Concentration of the protein samples were determined using NanoDrop and 20 µg 

protein was mixed with the 6X DTT sample buffer to achieve 3X final concentration. 

Before SDS-PAGE analysis, protein samples were boiled at 70 °C for 15 min and 

centrifuged at 20,000 x g at RT for 2 min. Protein separation was initially carried out 

at 25 mA for 30 min and then increased to 30 mA until the BPB migrated to the 

bottom of the gel (~3 h). Finally, the gel was removed from the electrophoresis unit 

and transferred to the Lämmli buffer until being used for western blotting. 

 

 

3.21 Western blotting 

Transfer buffer 20% (v/v) Methanol (MeOH) in 1X SDS-

electrophoresis buffer 

10X SDS-electrophoresis buffer  30.3 g Tris-HCl, 144.1 g Glycin, and 10 g SDS 

dissolved in 1L dH2O, pH 8.3 

10X TBS 200 mM Tris, 1.5 M NaCl, pH 7.5 (adjusted with 

HCl) 
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TBST buffer 0.1% (v/v) Tween 20 in 1X TBS buffer 

Blocking solution 3% (w/v) BSA in 1X TBS buffer 

AP buffer 100 mM Tris, 100 mM NaCl, and 5 mM MgCl2 

dissolved in dH2O, pH 9.5 (adjusted with 1 N 

HCl) 

Primary antibody Mouse anti-FLAG M2, diluted 1:1000 in 10 ml 

TBST buffer 

Secondary antibody Goat anti-mouse IgG (H+L), Alkaline 

Phosphatase (AP) conjugated, diluted 1:10,000 

in 10 ml TBST buffer 

Substrate 150 mM Nitro blue tetrazolium chloride (NBT) 

and 150 mM 5-Bromo-4-chloro-3-indolyl-

phosphate (BCIP) in AP buffer 

 

PVDF membrane was activated in 100% MeOH for 3 min and Whatman 

papers were soaked in the transfer buffer for 2 min. Protein transfer process was 

carried out using the protein blotting unit (PHASE). The gel and the PVDF membrane 

were sandwiched in between stacks of Whatman papers. Protein transfer was carried 

out at 63 volts at RT for 30 min. After protein transfer, membrane was incubated in 

blocking solution for 1 h, rocking at RT, and washed with excess of 1X TBST buffer 

by rocking at RT for 10 min. After washing, the membrane was incubated in the 

primary antibody (Mouse anti-FLAG) for 2 days at 8 °C, rocking and washed 5 times 

with 1X TBST buffer. This was followed by incubation with the secondary antibody 

(Goat anti-mouse, AP conjugated) for 1 h, rocking at RT, and the membrane was 

washed 5 times with 1X TBST buffer. Subsequently, the membrane was incubated in 

the AP buffer for 5 min, rocking at RT. Finally, the substrate for alkaline phosphatase 

(BCIP and NBT) was added on the membrane. Upon colour development, the 

reaction was stopped by replacing substrate with dH2O.  

 

 

3.22 Growth assays using 24-well plates 

2% SM-Agar (G+) 10 g Agar-Agar, 5 g Bacteriological peptone, 0.5 g 

Bacto yeast extract, 1.1 g KH2PO4, 0.5 g K2HPO4, 
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and 0.5 g MgSO4.7H2O was dissolved in 475 ml 

dH2O and autoclaved. 1% (w/v) glucose (25 ml from 

20% (w/v) glucose [filter sterilised]) was added after 

autoclaving. 

2% SM-Agar (G-) 10 g Agar-Agar, 5 g Bacteriological peptone, 0.5 g 

Bacto yeast extract, 1.1 g KH2PO4, 0.5 g K2HPO4, 

and 0.5 g MgSO4.7H2O was dissolved in dH2O. The 

final volume was increased to 500 ml with dH2O and 

autoclaved. 

Both G+ and G- growth assay plates were poured the same way. In a sterile 24-well 

plate, a volume of 2 ml agar was poured per well and kept undisturbed overnight at 

RT and stored at 8 °C not more than two weeks.  

 

 

 

 

 

 

 
Fig. 13:  Diagrammatic representation of a section of the 24-well growth assay plate. The (G+/G-) agar 
surface was layered with overnight bacterial culture (filled circles) and the D. discoideum amoebae 
were spotted at the centre of the bacterial lawn. Continuous feeding of D. discoideum cells result in 
the phagocytic growth plaques (open circles). In the first row varying numbers of Ax2 cells were 
deposited and in the second row varying numbers of aplD¯ cells were deposited as indicated above 
the figure.  
 

The ability of the D. discoideum cells, Ax2 and aplD¯ to grow on different 

bacterial strains was investigated. Bacterial strains tested in this study are listed 

below (Tab. 6). Fifty microlitre of overnight bacterial culture was seeded in each well 

of the 24-well assay (G+ and G-) plates. Axenically grown D. discoideum cells were 

harvested from the Petri dishes and their densities were determined. The 

D. discoideum cultures were serially diluted to obtain 2 x 106 cells/ml, 2 x 105 cells/ml, 

2 x 104 cells/ml, and 2 x 103 cells/ml. A volume of 5 µl from each dilution was 

dispensed in individual wells of the 24-well plate, resulting in 10,000, 1,000, 100 and 

10 cells per well (Fig. 13 ). The plates were incubated in the dark at 22 °C for a week. 



Methods 

 

51 

The bacterial virulence grades were determined based on the number of 

D. discoideum cells required to create plaques (Fig. 14 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14:  Bacterial growth assay and virulence grades. Based on the permissiveness for growth plaque 
formation by D. discoideum amoebae, the degree of bacterial virulence was graded (Froquet et al. 
2009). The virulence grades start with 4, where even 10 D. discoideum cells were sufficient to create 
growth plaques on the bacterial lawn and the virulence grade ends at 0, where even 10,000 
D. discoideum cells remain non-permissive for phagocytic plaque formation on the bacterial lawn.The 
closed circles represent bacterial lawn and open circles in the centre symbolises D. discoideum 
growth plaques. 
 

 

Tab. 6:  List of bacterial strains used for the growth assays 
Bacterial strains  Phenotypes  
B. subtilis A non-pathogenic laboratory strain, ATCC# 6051 
E. coli B/r A non-pathogenic food bacteria for D. discoideum (Dicty stock centre) 
K. pneumoniae A non-pathogenic laboratory strain, ATCC# 13883 
K. pneumoniae Kp52145 A virulent, encapsulated bacteria with plasmid mediated virulence 

(Nassif et al. 1989)and (Benghezal et al. 2006). 
K. pneumoniae (K¯) A mutant derivative of Kp52145, defective for capsule synthesis 

(Nassif et al. 1989). 
K. pneumoniae KpLM21 A clinical isolate which produces huge polysaccharide capsule, 

belongs to serotype K35, typed at the World Health Organisation 
International Escherichia and Klebsiella Centre, Copenhagen, 
Denmark ((Favre-Bonté et al. 1999)and (Balestrino et al. 2005)). 

K. pneumoniae (waaC¯) A mutant defective for the synthesis of core lipo-polysaccharide of the 
bacterial outer membrane (Regué et al. 2001). 

P. aeruginosa (DP5) A trpD (in trpGDC operon) mutant defective for tryptophan synthesis 
(Alibaud et al. 2008) 

P. aeruginosa (DP28) A pchH gene mutant. pyochelin is a siderophore involved in iron 
uptake in P. aeruginosa (Alibaud et al. 2008) 

P. aeruginosa (PT531) A quorum sensing mutant defective for rhlR and lasR genes (Cosson 
et al. 2002) 
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3.23 Phagocytosis and killing of B. subtilis (ATCC# 6051) and 

KpLM21 

Sucrose 40% (w/v) prepared in filter sterilised SB 

Saponin 5% (w/v) prepared in filter sterilised SB 

Triton X 100 0.1% (v/v) prepared in filter sterilised SB 

SB 8.0 g KH2PO4 and 1.16 g Na2HPO4 (or 2.2 g 

Na2HPO4.7H2O) pH 6.0 + 0.1, volume was raised to 

4L with dH2O and autoclaved. (G Gerisch, Lüderitz, 

and Ruschmann 1967) 

 

Frozen B. subtilis was revived as described before (section 3.4 ). 

Overnight culture of OD600 2.0 was sedimented at 3,824 x g at RT for 5 min and 

diluted to OD600 of 0.2 in SB. The bacterial suspension was subsequently diluted 1:10 

and 1:100 and incubated at RT for 1 h until the D. discoideum cultures were 

prepared. D. discoideum cultures at densities 0.5 to 1 x 106 cells/ml were harvested 

from the petri dishes. A total number of 2 x 106 cells from Ax2 and aplD¯ were 

harvested at 1,700 x g at RT for 2 min. The cell pellets were resuspended in SB and 

washed once. The pellets were resuspended in 250 µl SB, before incubating the 

D. discoideum cultures at 22 °C and 200 rpm, 250 µl bacterial culture was added. An 

aliquot of 10 µl cell mixture was removed at each time point, samples were collected 

after 0, 15, 30, 45, 60, 90, and 120 min. Samples were mixed with 40 µl of ice-cold 

sucrose and incubated on ice for 5 min. Before plating the samples on LB agar 

plates, 150 µl of ice-cold saponin solution was added to lyse the D. discoideum cells. 

The LB agar plates were incubated at 37 °C overnight. The rate of B. subtilis killing 

by the D. discoideum amoebae was quantified by counting the number of colony 

forming units (CFU) obtained at respective time points. For killing assays with 

KpLM21, 5 h-old bacterial culture was prepared and 1 µl inoculum was used to obtain 

an (12 h) overnight culture. KpLM21 culture at OD600 0.3 was serially diluted 1:100 

and 1:100. Bacterial suspensions were incubated at RT for 1 h, during which the 

D discoideum cultures were prepared. D. discoideum cells (Ax2 and aplD¯) were 

mixed with KpLM21 at a ratio of 10:1 and incubated at 22 °C and 200 rpm. Ten 

microlitre aliquots were removed at 0, 0.5, 1, 2, 4, and 6 h, and amoebae were lysed 

using Triton solution.  
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The rate of KpLM21 killing by the D. discoideum amoebae was quantified 

by counting the number of CFU obtained at each time point. To measure intracellular 

killing of KpLM21 by D. discoideum cells, 100 µl of the cell mixture was removed at 

each time point and washed three times with ice-cold Maltose-HL5 medium to 

remove extracellular bacteria. Amoebae pellets were resuspended in 40 µl sucrose 

solution and lysed with 150 µl saponin solution before plating on LB agar plates. The 

rate of KpLM21 killing by D. discoideum was quantified by counting the number of 

CFU obtained at different time points (Benghezal et al. 2006). 

 

 

3.24 Analyses of aplD¯  development  

10X KK2 22 g KH2PO4 and 7.0 g K2HPO4 dissolved in dH2O, 

volume was raised to 1L with dH2O and autoclaved. 

(dicty stock centre recipe) 

 

Axenic D. discoideum cultures, Ax2 and aplD¯ were harvested and cell 

densities were determined. The cultures were sedimented at 510 x g at 18 °C for 

7 min and washed with SB. The cell pellets were resuspended in 100 µl-SB and 

applied on 1%-SB agar plates at a density of 5 x 105 cells/cm2 and transferred to a 

dark, moist chamber at 22 °C. The developmental structures were imaged under the 

microscope at different time points, which includes 8 h late cell streaming, 12 h 

mounds, 20 h slugs, 24 h fruiting bodies and mature spores at 48 h. Development 

structures between 8 to 24h were imaged under SZX12 Olympus microscope and the 

spores (> 48 h) were imaged under Imager. Z1, Zeiss. 

 

 

3.25 Spore formation efficiency (sfe) 

Axenically grown D. discoideum cells, Ax2 and aplD¯ were harvested from 

the Petri dishes and washed with SB. The cell pellets were resuspended in SB and 

incubated at 22 °C, 150 rpm for 3 h. During this incubation cell division may occur 

therefore cell densities were determined after 3 h and the required number of cells 

was collected at 510 x g at 18 °C for 7 min.  
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The cell pellets were resuspended in SB and applied on 1% SB agar plates 

at a density of 5 x 105 cells/cm2. The plates were incubated in a dark, moist chamber 

at 22 °C. After 2 days, the mature fruiting bodies were harvested and resuspended in 

SB. The spore densities were determined by counting the spores using a 

haemocytometer (Neubauer, Assistent) and the sfe was calculated using the formula 

described below (Y. Hashimoto, Cohen, and Biology 1975).  

 

 

 

3.26 Spore viability assay 

The entire assay, except the heat shock at 45 °C for 30 min was carried 

out at RT. Ax2 and aplD¯ spores used for the spore viability assays were obtained 

from axenically grown amoebae. The cells were harvested from Petri dishes, washed 

with SB and applied on 1%-SB agar plates at a density of 5 x 105 cells/cm2. The 

plates were incubated in a dark, moist chamber at 22 °C and the mature spores were 

collected after 48 h. The spores were resuspended in SB and washed at 9,700 x g at 

RT for 2 min. The washing step was repeated once to remove the spore germination 

inhibitors. The spore densities were determined and spore suspensions of same 

densities were prepared for Ax2 and aplD¯ spores. The spore suspensions were 

added with 0.1% of the Nonidet P-40, incubated at 45 °C (Thermomixer Compact, 

eppendorf) for 30 min and then diluted in SB (B. Y. D. A. Cotter and Raper 1966) 

(Germination, Cotter, and Raper 1968). The volume of spore suspensions containing 

100 spores were mixed with 500 µl of E. coli /r suspension and applied on 1%-SB 

agar plates. The plates were incubated at 22 °C and the spore viability was scored by 

counting the number of phagocytic plaques observed after a week. 

 

 

3.27 Pre-stalk and pre-spore patterns in aplD¯  slugs 

The reporter (GFP/ RFP) fusions of ecm and pspA genes are routinely 

used to study the pre-stalk and pre-spore patterns in the morphogenetic mutants of 

Total number of cells plated 

Total number of spores counted 
x 100 Sfe = 
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D. discoideum (Williams 2006). The misexpression of pre-stalk and pre-spore cells 

can be observed when the cells transfected with the reporter constructs were mixed 

with the untransfected cells and analysed for their developmental patterns (Fig. 15 ) 

(Parkinson et al. 2009). Similar mixing experiments were performed to analyse the 

pre-stalk and pre-spore patterning in the aplD¯ slugs. The axenic cultures of aplD¯ 

cells transfected with ecmAO-RFP plasmids and the untransfected aplD¯ cells were 

harvested and their cell densities were determined. The transfected and 

untransfected cells were mixed at a ratio of 20%:80% and applied on the 1%-SB agar 

plates for development. The cells were plated at a density of 5 x 105 cells/cm2. In 

parallel, the control experiment was performed with Ax2 cells. The plates were 

incubated in a dark, moist chamber at 22 °C. After 20 h, the slugs were imaged under 

the fluorescence microscope (SZX12 Olympus). To analyse the pspA expression 

patterns (pre-spore), 80% of D. discoideum cells transfected with pspA-RFP plasmid 

were mixed with 20% of untransfected D. discoideum cells and subjected to 

development. After 20 h, the slugs were imaged under the fluorescence microscope 

(SZX12 Olympus). 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 15:  Pre-stalk and pre-spore patterning in D. discoideum slugs. A) D. discoideum amoebae 
transfected with ecmAO-RFP plasmid (20%, red) were mixed with untransfected amoebae (80%, 
black) and subjected to development. ecmAO-RFP expression can be detected in the slug front (red). 
B) D. discoideum amoebae transfected with pspA-RFP plasmid (80%, red) were mixed with 
untransfected amoebae (20%, black) and subjected to development. pspA-RFP expression can be 
detected in the slug rear (red). 
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3.28 AplD  expression analysis by qRT-PCR 

aplD transcript levels in the axenic Ax2 culture, during Ax2 development on 

non-nutrient agar plates, in the Ax2 cells challenged with bacteria (xenic) and the 

relative expression of aplD in the pre-stalk and pre-spore regions of the Ax2 slugs 

were analysed by qRT-PCR as described in the following sections.  

 

3.28.1 AplD  expression analysis in axenic D. discoideum  cells 

RNA was isolated (Bio-Budget technologies GmbH) from 5 x 106 axenic 

Ax2 and aplD¯ cells. The cDNA was synthesised with 2 µg RNA template. After 

column purification (NucleoSpin Extract II, MACHEREY NAGEL), 1.5 µl cDNA 

samples were used for the qRT-PCR analyses. The standard qRT-PCR experiment 

set-up is described below (Tab. 7 and Fig. 16 ). 

 

 

Tab. 7:  Standard reaction mix 
Constituents Reaction volume 
SYBR mix (TAKARA) 5 µl 
Forward primer (10 µM) 1 µl 
Reverse primer (10 µM) 1 µl 
dH2O 1.5 µl 
cDNA 1.5 µl 
Total 10 µl 

 

 

 

  

 
 
 

 

 

 

Fig. 16:  Standard qRT-PCR programme (Light cycler, Roche). The cDNA samples were quantified by 
incubating the samples at A= 95 °C for 10 s; pre-denaturation, B= 95 °C for 5 s; denaturation, 
C= 58 °C for 15 s; primer annealing, D= 72 °C for 15 s; primer extension and E= 40 °C; reaction end. 
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3.28.2 AplD  expression during Ax2 development  

The axenically grown Ax2 cells were harvested from the Petri dishes and 

the cell density was determined. The cells were sedimented at 510 x g at 18 °C for 

7 min. The cell pellet was resuspended in 1X KK2 buffer and washed once. The Ax2 

cells were applied on the 1%-KK2 agar plates at a density of 5 x 105 cells/cm2. The 

plates were dried under the laminar air flow chamber for 10 min and transferred to a 

dark, moist chamber at 22°C. RNA was isolated using RNAmagic (Bio-Budget 

technologies GmbH) at different stages of development, which includes 0 h 

amoebae, 8 h late cell streaming, 12 h mounds, 16 h slugs, and 24 h fruiting bodies. 

RNA samples were quantified using NanoDrop and 2 µg RNA was used for cDNA 

synthesis. cDNA samples were purified (NucleoSpin Extract II, MACHEREY NAGEL) 

and 1.5 µl of cDNA template was used for qRT-PCR analysis as described earlier 

(see Tab. 7 and Fig. 16 ). For both, the house keeping genes and aplD gene the 

expected amplicon sizes were about 300 bps. 

 

 

3.28.3 AplD  expression in xenic Ax2 cells  

The axenic Ax2 cells were harvested from the Petri dishes and the culture 

density was determined. The culture volume containing 5.4 x 106 cells was filled in 

two centrifuge tubes and spun down at 510 x g at 18 °C for 7 min. The cell pellet in 

each tube was resuspended in 5 ml fresh Maltose-HL5 medium and transferred to 

the culture flasks (25 ml, Scott Duran). Before incubating at 22 °C; 140 rpm, the 

flasks were labelled axenic and xenic. Frozen bacterial stock was streaked out and 

overnight bacterial cultures were prepared as described below (Tab. 8). Ten fold 

excess bacteria (5.4 x 107) were introduced into the xenic falsk and 8 h later both, 

axenic and xenic Ax2 cells were harvested for the downstream processes. RNA 

isolation, cDNA synthesis and qRT-PCR analysis were performed as described 

before (section 3.17, 3.18 and Tab. 7, Fig. 16 ) 
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Tab 8:  Bacterial cultures used for xenic qRT-PCR 
Bacterial culture preparations OD600 = 0.1 
B. subtilis  (ATCC# 6051) was incubated overnight at 37 °C up 
to an OD600 of 2.0. 

2.3 x 106 CFU/ml 

K. pneumoniae  (KpLM21) was incubated at 37 °C shaker for 
5 h. A volume of 1 µl inoculum from this 5 h culture was used to 
inoculate a fresh 3 ml LB broth. This fresh culture was 
incubated for 12 h at 37 °C. 

3.3 x 107 CFU/ml 

P. aeruginosa  (PT531) was incubated for 12 h at 37 °C 6.3 x 107 CFU/ml 
 

 

3.28.4 AplD  expression in pre-stalk and pre-spore regions of A x2 slugs  

The axenic Ax2 cells were washed with 1X KK2 buffer and applied on the 

1%-KK2 agar plates at a density of 5 x 105 cells/cm2. The plates were incubated in 

dark at 22 °C for 20 h. After 20 h, under stereo microscope, the pre-stalk and pre-

spore regions of the Ax2 slugs were dissected and isolated using the sterile needles 

(30G x 1/2). RNA isolation, cDNA synthesis and qRT-PCR analysis were performed 

as described earlier (section 3.17 , 3.18, and Tab. 7, Fig. 16 ). AplD fold expression 

in the pre-spore region was determined by assuming aplD fold expression in the pre-

stalk region as reference (G. Chen, Zhuchenko, and Kuspa 2007) 

 

3.29 Examination of sentinel (S) cells in aplD¯  slugs 

D. discoideum cells, Ax2 and aplD¯ were harvested from the axenic culture 

plates and their densities were determined. A total number of 2.5 x 107 cells from 

each culture was centrifuged at 500 x g at RT for 9 min and washed once with SB. 

The cell pellets were resuspended in 50 µl of the SB. 1%-SB agar plates were freshly 

prepared and a volume of 12 ml agar was poured per Petri dish (6 cm diameter). 

3 µg/ml EtBr was added to the agar just before pouring the plates (G. Chen, 

Zhuchenko, and Kuspa 2007). A straight line of 4 cm was drawn at the bottom of the 

agar plates. 50 µl-cell suspension containing 2.5 x 107 D. discoideum cells (Ax2 or 

aplD¯) was placed on the EtBr agar plate by following the line drawn at the bottom of 

the agar plate. The plates were dried under the fume hood for 3 min and incubated in 

a dark, moist chamber with a unidirectional light source for 20 h. During this time, the 

D. discoideum cells form the slug structures and migrate on the EtBr agar. After 20 h, 

the plates were observed under the fluorescence microscope (SZX12 Olympus) to 

investigate the S cells. 
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3.30 D. discoideum slugs infection with bacteria  

The axenically grown D. discoideum cells, Ax2 and aplD¯ were harvested 

from the Petri dishes and 5 x 108 cells/ml was centrifuged at 500 x g at RT for 9 min. 

Pellets were washed once with SB and resuspended in 1ml-SB. 50 µl of the cell 

suspension was placed on 1%-SB agar plate and slugs were obtained as described 

before (section 3.29 ). Frozen bacterial stocks were revived as described earlier 

(section 3.4 ) and 16 ml-overnight cultures were prepared with appropriate 

antibiotics. The GFP-expressing strain of K. pneumoniae (KpGFP) (Benghezal et al. 

2006) was grown with 1 mg/ml ampicillin for 12 h at 37 °C and 220 rpm. The 

E. coli DsRed (laboratory strain) cultures were grown with 100 mM IPTG and 

150 µg/ml Kanamycin, incubated at 37 °C and 220 rpm for 48 h. From 16 ml-

overnight cultures, 1 ml was removed to measure the OD600 of cultures and 

remaining 15 ml-cultures were sedimented at 2,151 x g at RT for 12 min and washed 

once with 20 ml-SB. Finally, bacterial pellets were resuspended in 200 µl-SB, and 

50 µl of the bacterial suspension were used to infect slugs (obtained from 

2.5 x 107 cells) in each plate. At the stereo microscope (Leica M80), slugs were 

gently punctured with a sterile needle (23G x 11/4) and 50 µl of the bacterial 

suspension were layered on the injured slugs. This allows bacteria to gain entry into 

injured slugs. Plates were incubated in a dark, moist chamber with a unidirectional 

light source. Injured slugs reconstruct themselves and migrate towards the 

unidirectional light source (G. Chen, Zhuchenko, and Kuspa 2007). Migrating slugs 

were imaged under the microscope (SZX12 Olympus) 20 h post infection for KpGFP 

and 8 h post infection for E. coli DsRed. 

 

 

3.31 Immunofluorescence microscopy 

Blocking solution 0.1% (w/v) Porcine gelatine and 0.1% (v/v) Triton X-

100 dissolved in 1X PBS  

Washing solution 0.1% (v/v) Triton X-100 dissolved in 1X PBS  

10X PBS 80 g NaCl, 2 g KCl, 26.8 g Na2HPO4.7H2O (or 17.8 g 

Na2HPO4.2H2O), and 2.4 g KH2PO4 dissolved in 

800 ml dH2O. The pH 7.4 was adjusted with HCl, the 

volume was raised to 1L with dH2O and autoclaved. 
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Paraformaldehyde Paraformaldehyde was dissolved in SB at 37 °C to 

obtain a final concentration of 4% (w/v) and stored at 

-20 °C 

Primary antibodies Mouse anti-FLAG M2 and Mouse anti-PDI (Protein- 

disulfide isomerase, an endoplasmic reticulum [ER] 

marker), diluted 1:2,000 in blocking solution. 

Secondary antibodies Goat anti-mouse IgM, Alexa Fluor 488 conjugated 

and Goat anti-mouse IgG, Dylight 549 conjugated, 

diluted 1:5,000 in blocking solution. 

Saturating antibody Goat anti-mouse IgG, Horseradish peroxidase (HRP) 

conjugated, diluted 1:500 in blocking solution 

Mounting solution 60% (v/v) Glycerol (87% stock) in 1X PBS and 

1:1000 dilution Hoechst 33258 dye (10 mg/ml stock, 

in MeOH), stored at 4 °C  

 

Immunostaining experiments were performed with the aplD¯ cells 

transfected with pDneo2a-3xFLAG[act6/aplD] plasmid (Appendix 8.2 ) and aplD¯ 

cells were used as controls. The intra-cellular markers of interest include PDI (ER), 

comitin (Golgi complex), vatA (contractile vacuoles and endosomes) and vacuolin 

(post-lysosomes). As the secondary antibodies used to stain AplD-FLAG and PDI, 

both were from mouse, the sequential staining was performed. Three hundred 

microlitre of the cell suspension were dispensed on cover slips (#1, Thermo 

scientific), allowed to adhere on the cover slips at RT for 2 h. After 2 h, Maltose-HL5 

medium on the cover slip was removed and the cells were fixed with 400 µl of 4% 

paraformaldehyde at 4 °C for 30 min. Cover slips were washed three times with 

excess for 1X PBS at RT, followed by blocking at RT for 15 min. Cells seeded side of 

the cover slip was filled with 85 µl-primary antibody (Mouse anti-FLAG) and 

incubated at RT for 1 h. Cover slips were washed five times with 1X PBS (Hagedorn, 

Neuhaus, and Soldati 2006) and incubated in blocking at RT for 15 min. Cover slips 

were incubated with 85 µl-secondary antibody (Goat anti-mouse, Alexa Fluor 488 

conjugated) at RT for 1 h and subsequently washed five times with 1X PBS. After 

washing, the cover slips were incubated with 85 µl-saturation antibody (Goat anti-

mouse, HRP conjugated) for 30 min at RT, followed by four sequential washes using 

washing solution. To remove unbound antibodies efficiently, sequential washing was 
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repeated five times and cover slips were incubated overnight in washing solution at 

4 C. This was followed by staining the cells for PDI marker, which was same as 

described above using appropriate antibodies. Finally, the cover slips were mounted 

on a glass slide with 7 µl of mounting solution. Sides of the cover slips were sealed 

with the sealant and stored in the dark at 4 °C until observed under the microscope. 
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4 RESULTS 

4.1 Genes of interest 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17:  A) Antimicrobial arsenal of D. discoideum. Amoebapore-like peptide coding genes (apls) and 
genes coding for lysozymes form the two major groups of antimicrobial genes of D. discoideum. 
Amoeba lysozymes, E. histolytica-type lysozymes, chicken-type lysozymes and T4-phage type 
lysozymes are categorised under lysozymes class. KO clones were generated for aplD, aplJ, and aplP 
from apls class and lyC2 and lyC3 from chicken-type lysozymes. Among all five KO clones functional 
and phenotypic characterisation was carried out for aplD. B) Sequence similarity between the 
Amoebapore (Ap) A, B, and C and the Apl D, J, and P. One-letter code for amino acid residues is 
shown. Conserved cysteine residues are marked (red). 
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The genome of D. discoideum comprises two major groups of genes 

potentially involved in antimicrobial functions. The antimicrobial genes include 

amoebapore-like peptide coding genes or apls and lysozymes (Fig. 17 ). The 

lysozymes group constitutes four different classes of lysozymes. The amoeba 

lysozymes (alys), E. histolytica type lysozymes (lyEh), chicken-type lysozymes (lyC), 

and T4-phage type lysozymes (lyT4). Earlier work in our laboratory had found that 

recombinantly expressed AplD is antimicrobial against Bacillus megaterium and E. 

coli (unpublished data). Also through information from our collaborator (S. Bozzaro, 

pers. com.) that the transcripts of aplD, aplJ, and aplP from apls family, and lyC2 and 

lyC3 from lysozymes family were up-regulated in D. discoideum cells upon 

confrontation with bacteria. For these reasons, the aplD, aplJ, aplP, lyC2, and lyC3 

were chosen for the present phenotypic characterisation studies. 

 

4.2 AplD gene ablation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18:  Strategy followed to achieve aplD ablation in Ax2 cells. A) D. discoideum genome: aplD locus 
of Ax2 genome is shown. Marked 5’ and 3’ regions (open boxes) represent DNA fragments that are 
identical in aplD gene and gene targeting vector that are crucial to achieve homologous 
recombination. B) Gene targeting vector: Linearised aplD gene targeting vector possess a Blasticidin 
resistance gene (Bsr) which confers resistance to Blasticidin in the recombinant clonal isolates, the 
Bsr cassette is flanked on either sides by loxP sites which can be used to excise the Bsr cassette. 
Translation stop codon next to loxP prevents generation of truncated aplD. C) KO genome: After 
homologous recombination, in the genome of KO clone, aplD locus is replaced by aplD gene targeting 
vector. 
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The aplD gene targeting vector or the KO vector was constructed as 

described in the methods chapter (see section 3.14 ). The aplD KO vector was 

transfected into the Ax2 cells by electroporation, which was followed by homologous 

recombination between the aplD gene targeting vector and the aplD gene 

(Chromosome 6) in the Ax2 genome (Fig. 18 ). The positive clones for homologous 

recombination were identified by antibiotic selection (Blasticidin). The clones that 

were resistant to 8 µg/ml Blasticidin were aspirated from the Petri dishes and the 

genomic DNA was isolated for the PCR analyses. Homologous recombination at the 

aplD locus in these clonal isolates was confirmed by three different PCR analyses (J. 

Faix et al. 2004). 

 

4.3 Identification of aplD¯  by PCR analyses 

The Blasticidin resistant clonal isolates were examined by PCR to verify the 

KO vector insertion at the aplD locus of their genome. Three different PCR analyses 

were performed to confirm the KO vector insertion in 5’ to 3’ orientation at the aplD 

locus (Fig. 19A ). Wild type (WT) Ax2 genomic DNA and the KO vector (VC) were 

used as controls for all the PCR analyses. The aplD KO vector insertion in the 

D. discoideum genome at the 5' region of the aplD gene was confirmed using the U1-

FP and U1-RP primers. The U1-FP forward primer binds at the intergenic region that 

is present outside the aplD gene and not included in the aplD KO vector, whereas the 

U1-RP reverse primer binds at the Bsr cassette of the aplD KO vector (Fig. 19A ). As 

a result, with this primer combination only the clonal isolates that are positive for the 

aplD KO vector insertion at the aplD locus generates 1.4 kb amplicon. This PCR 

analysis showed several clones which were positive for KO vector insertion at the 

aplD locus of their genome. (Fig. 19B ). These clones were subjected to the second 

PCR analysis which includes U1-FP and D1-RP primers. This PCR strategy gave an 

advantage to verify whether the recombinant clones are homogenous without any 

WT contamination. Both, U1-FP and D1-RP binds at the intergenic sequence 

available at the 5' and 3' regions of the aplD gene (Fig. 19C ). Hence, both the WT 

and the recombinant clones create amplicons with this primer pair, but differ in the 

size of the amplicons. The recombinant clones were expected to produce 1.4 kb 

larger amplicon compared to WT. For this PCR the WT was considered as the 

positive control and the VC as negative control. 
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Fig. 19:  PCR analysis of aplD KO clones. A) Scheme of PCR screening strategy followed to examine 
aplD¯  clones. Arrows represent primers used for PCR analyses. B) aplD¯  clones PCR analysis using 
U1-FP and U1-RP primers. Ax2 genomic DNA (WT) and aplD gene targeting vector (vector control; 
VC) was used as negative controls. Recombinants generated 1.4 kb amplicon, WT and VC produced 
no amplicon. C) aplD¯  clones PCR analysis with U1-FP and D1-RP primers. All clones produced 
positive signal for WT (1.1kb) except one clone (lane 10). D) aplD¯  clones PCR analysis using 5'-FP 
and D1-RP primers. Recombinant clone (lane 10) generated 1.3 kb larger amplicon than the WT. In B 
and C, WT was considered as positive control and VC as negative control. Asterisk symbols denote 
positive clones for aplD gene ablation.     
 

All the KO clones analysed by this PCR showed WT signal except one clone 

(Fig. 19C ). This clone neither showed positive signal for recombination nor showed 

positive signal for WT. For this reason, all the recombinant clones were screened by 
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the third PCR scheme, using 5'-FP and D1-RP primers (J. Faix et al. 2004). The 5'-

FP forward primer was designed in the aplD region available both in the KO vector 

and the WT, whereas the D1-RP, as mentioned earlier, binds at the intergenic 

sequence available only at the 3’ region of aplD in the WT genome that is not 

available in the KO vector (Fig. 19A ). For this primer pair, the recombinant clone 

generated an amplicon which was 1.3 kb larger than the WT positive control 

(Fig. 19D ). Finally, all the three PCR examinations resulted in one positive clone that 

was positive for aplD KO vector integration at the aplD locus of the Ax2 genome. By 

following similar PCR schemes aplJ¯, aplP¯, lyC2¯ and lyC3¯ clones were isolated 

(see Appendix 8.1 ) 

 

 

4.4 AplD¯  growth analyses on KpLM21 and K¯  

The growth ability of the aplD¯ was examined on several virulent and 

avirulent bacteria by performing the 24-well growth assays (Froquet et al. 2009). To 

understand the degree of bacterial virulence the growth assays were performed on 

two different growth media, the regular SM agar medium and the SM agar medium 

devoid of glucose (see Methods, section 3.27). The non-pathogenic bacterial strains 

used for the growth assays include Gram-positive bacteria B. subtilis (ATCC# 6051) 

and the Gram-negative, food bacterium for D. discoideum, E. coli B/r. Other Gram- 

negative bacterial strains tested include virulent and avirulent strains of 

K. pneumoniae and P. aeruginosa quorum sensing mutants. As the wild type 

P. aeruginosa strains do not permit D. discoideum growth (Pukatzki, Kessin, and 

Mekalanos 2002), (Benghezal et al. 2006) and (Alibaud et al. 2008) only the quorum 

sensing mutants were used for the growth assays. For detailed information about the 

bacterial strains refer Methods (Tab. 6). Growth ability of the aplD¯ is described in 

comparison with the Ax2 control. In general, all the bacterial strains grown on G+ 

medium were permissive for phagocytic growth plaque formation by aplD¯, but on 

the K. pneumoniae strains Kp13883, Kp52145, K¯ and KpLM21 the aplD¯ showed 

relatively slow growth. Unlike the Ax2 control, the aplD¯ was unable to form fruiting 

bodies on the K. pneumoniae strains (Fig. 20 ) deposited on G+ medium. In the case 

of G- medium, the aplD¯ was able to form plaques on Kp13883 and Kp52145 lawns, 
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but on K¯ and KpLM21 the aplD¯ created plaques only in the wells deposited with 

10,000 amoebae. (Fig. 20 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 20:  D. discoideum growth assessed on K. pneumoniae. Growth assays were performed on 
regular SM agar medium (G+, right panels) and on regular SM agar medium devoid of glucose (G-, left 
panels). D. discoideum growth ability on bacteria was tested by depositing indicated number of 
amoebae with bacteria seeded on G+ and G- media. For G+ medium, only the results obtained with 
100 and 10 amoebae are shown. D. discoideum amoebae fed with A) Non-pathogenic K. pneumoniae 
strain; Kp13883, B) Virulent K. pneumoniae strain; Kp52145, C) Mutant strain of Kp52145; K¯, and 
D) Wild isolate of K. pneumoniae; KpLM21. Arrowheads indicate absence of phagocytic growth 
plaques and arrows represent fruiting bodies. Scale bar, 1.5 cm 
 

 

As a common observation, the growth plaques created by D. discoideum 

(Ax2 and aplD¯) with K. pneumoniae strains grown on G+ medium were larger than 

those of G- medium. In Kp52145, K¯ and KpLM21 even the plaques created by 10 
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amoebae on G+ medium was larger than those plaques observed on G- medium 

spotted with 10,000 amoebae (Fig. 20B , C and D) 

 

 

4.5 Two-dimentional virulence array  

The bacterial growth assays were also performed for aplJ¯, aplP¯, lyC2¯ 

and lyC3¯. In general, all the KO mutants grown with bacteria plated on G+ medium 

showed no growth defects. Likewise, all four KO mutants tested with bacterial strains 

grown on G- medium showed no growth defects, except aplP¯ and lyC2¯ plated on 

the K. pneumoniae strain K¯. On K¯ placed on G- medium, both the aplP¯ and the 

lyC2¯ created phagocytic growth plaques only in the wells deposited with 10,000 

amoebae (data not shown). The virulence grades were designated to each bacterial 

strain tested based on the growth abilities of the KO mutants (Benghezal et al. 2006) 

and (Froquet et al. 2009) (see Methods; Fig. 13 ). The virulence grade was scored 0 

if the bacterial strain was stringently non-permissive for plaque formation by the 

amoebae. Such bacterial strains could be lethal for Dictyostelium. When the growth 

plaque was visible in the wells deposited with 10,000 amoebae, the bacterial strain 

was designated as virulence grade 1. Virulence grade 2 was given to a bacterial 

strain if the phagocytic growth plaques were visible in wells with 10,000 and 1,000 

amoebae. Accordingly, the virulence levels were graded up to 4 (Froquet et al. 2009). 

The aplD¯ grown with Kp13883, Kp52145, K¯ and KpLM21 seeded on G+ medium 

showed relatively slow growth compared to Ax2 cells. Nevertheless, the aplD¯ was 

able to form clearing plaques even in the wells loaded with 10 cells, but the plaque 

sizes were relatively small compared to Ax2 cells. Additionally, unlike Ax2 cells, the 

aplD¯ was unable to form fruiting bodies on these bacterial strains (Fig. 20 ). In the 

two-dimensional virulence array chart, these situations were categorised under 

virulence grade 4 and were represented by a different colour and marked with an 

asterisk to indicate this difference (Fig. 21 ). 
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Fig. 21:  D. discoideum KO mutants growth analyses on bacteria. Growth assays were performed on 
SM agar medium (G+; open circle) and SM agar medium devoid of glucose (G-; open triangle). 
D. discoideum mutants tested include aplD¯, aplJ¯, aplP¯, lyC2¯ and lyC3¯. Bacterial strains tested 
include B. subtilis (Bs), P. aeruginosa (Pa) quorum sensing mutant; PT531, an avirulent 
K. pneumoniae strain; Kp13883, a virulent encapsulated wild isolate of K. pneumoniae; KpLM21, a 
encapsulated K. pneumoniae strain with plasmid mediated virulence; Kp52145, a capsule defective 
mutant of Kp52145; K¯ and a non-pathogenic, food bacterium for D. discoideum; E. coli B/r (Ec B/r). 
Based on growth abilities of KO mutants on bacteria the virulence grades were derived.  
 

 

4.6 AplD¯  plaques on KpLM21 and K¯  

The aplD¯ amoebae plated with KpLM21 and K¯ on G+ agar plates formed 

relatively small plaques when compared with Ax2 cells. On KpLM21, the Ax2 cells 

formed phagocytic growth plaques of sizes 0.7 to 1.0 cm diameter, whereas the 

aplD¯ formed phagocytic growth plaques of sizes in between 0.4 to 0.7 cm diameter. 

In the case of K¯ seeded on G+ medium, the Ax2 cells formed plaques of sizes in 

between 0.6 to 1.3 cm diameter and the aplD¯ formed phagocytic growth plaques of 
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sizes 0.2 to 0.3 cm diameter (Fig. 22 ). The aplD¯ grown with KpLM21 and K¯ on G- 

medium were unable to form any phagocytic plaques (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 22:  AplD¯ formed smaller growth plaques on K. pneumoniae. D. discoideum cells were mixed 
with overnight bacterial cultures and plated on SM agar plates (G+). The phagocytic growth plaques 
were observed after a week. AplD¯ formed relatively smaller plaques on K. pneumoniae strains 
KpLM21 and K¯. Ax2 plaques (arrowheads); aplD¯ plaques (arrows) 
 

 

4.7 Colony morphologies of avirulent and virulent 

K. pneumoniae  strains  

The frozen (-80 °C) stocks of K. pneumoniae were streaked on fresh LB 

agar plates and incubated overnight at 37 °C. The next day, the CFU were imaged 

under the stereo microscope (Leica M50) using a digital camera (Olympus 7.1, 

CAMEDIA, C-7070). The avirulent K. pneumoniae strain, Kp13883 formed relatively 

large, globular and mucoid colonies of 4 mm diameter (Fig. 23A ). When compared 

with Kp13883, the virulent and encapsulated K. pneumoniae strain, Kp52145 formed 

relatively small, globular and mucoid colonies of 3 mm diameter (Fig. 23B ), whereas 

the capsule defective mutant of Kp52145, K¯ formed small, flat and non-mucoid 

colonies of about 2 mm diameter (Fig. 23C). The virulent and encapsulated wild 

isolate, KpLM21 formed 2 mm diameter colonies that were non-mucoid, small and 

globular (Fig. 23D ). 
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Fig. 23:  Differential colony morphologies of K. pneumoniae strains on LB agar plates. A) Avirulent 
strain; Kp13883, B) Encapsulated virulent strain; Kp52145, C) Isogenic capsule defective mutant of 
Kp52145; K¯ and D) Virulent wild isolate with huge capsule; KpLM21. Scale bars, 2 mm. 

 

 

4.8 Phagocytosis and killing assays 

Two different phagocytosis and killing assays, total and intracellular 

(Fig. 24A ) were performed to measure the rate of bacterial killing by the 

D. discoideum. The D. discoideum cells, Ax2 and aplD¯ were mixed with B. subtilis at 

a ratio of 100:1 and the rate of B. subtilis killing by the D. discoideum cells was 

measured at indicated time points (Fig. 24B ). The rate of bacterial killing was 

measured by counting the total number of viable B. subtilis at each time point. Both, 

in the case of Ax2 cells and the aplD¯, there was a gradual decrease in total number 

of viable B. subtilis observed over time. In particular, the aplD¯ was relatively faster in 

phagocytosis and killing of B. subtilis when compared with the Ax2 cells. The 

differences observed were statistically (p < 0.05) significant only at time point 15 min 

(p = 0.02448). Similar assays were performed with the K. pneumoniae strain KpLM21 

(Fig 24C ). In contrast to the phagocytosis and killing of B. subtilis, the aplD¯ was less 

efficient in killing KpLM21. However, there was a gradual decrease in total number of 

viable KpLM21 was observed at later time points. When compared with Ax2 cells, the 

total number of viable bacteria counted at each time point in the aplD¯ was relatively 

more than that of the Ax2 cells and the differences were statistically (p < 0.05) 

significant only at 2 h time point (p = 0.001084). 
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Fig. 24:  Phagocytosis and killing assays with B. subtilis (ATCC# 6051) and K. pneumoniae (KpLM21). 
D. discoideum and bacteria were mixed at a ratio of 100:1 and incubated at 22 °C, 140 rpm. A) Killing 
assay cartoons: For killing assays total, the total number of viable bacteria at each time point was 
measured, for killing assays intracellular only the bacteria associated with D. discoideum at each time 
point is measured (Benghezal et al., 2006). B) Killing assays with B. subtilis (total): At indicated times; 
aliquots were removed from the cell mixture, lysed, plated on LB agar plates and incubated overnight 
at 37 °C. Rate of bacterial killing was measured by counting the number of viable bacteria at each time 
point. C) Killing assays with K. pneumoniae (total): Performed and analysed the same way as the 
killing assays with B. subtilis. D) Phagocytosis and killing of KpLM21 (intracellular). At indicated times; 
aliquots were removed from the cell mixture, washed three times to remove extracellular bacteria, 
lysed and plated on LB agar plates. Rate of intracellular KpLM21 killing by D. discoideum cells was 
determined by counting the number of CFU on LB agar plates. Filled symbols represent Ax2 and open 
symbols represent apD¯. Statistical analyses were performed for each time point using Shapiro-Wilk 
normality test, Brown-Forsythe Levene-type test and two sample t-test. For killing assays with 
B. subtilis (total), the differences were statistically significant (p < 0.05) at time point 15 min 
(p = 0.02448), for killing assays with KpLM21 (total) the differences were statistically significant at time 
point 2 h (p = 0.001084) and killing assays with KpLM21 (intracellular) the differences were statistical 
significance at time point 0.5 h (p = 0.05247).  
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Following this, to investigate whether the aplD¯ was defective in 

intracellular killing of KpLM21, the number of viable KpLM21 associated with the 

aplD¯ at indicated time points was measured (Fig. 24D ). In comparison to killing 

assays (total) with KpLM21, the aplD¯ was less efficient in intracellular killing of 

KpLM21 and the differences were statistically (p < 0.05) significant at time point 0.5 h 

(p = 0.05247). All the killing assays explain that the aplD¯ is less efficient in killing 

KpLM21, but not B. subtilis. 

 

 

4.9 AplD  expression in axenic D. discoideum  cultures  

RNA was isolated from the axenic Ax2 and aplD¯ cells and the cDNA was 

synthesised. These cDNA samples were used for the qRT-PCR analysis to 

determine the aplD regulation in the axenic D. discoideum cultures. The aplD 

expression levels in the axenic cultures are defined based on the Ct (Cycle 

threshold) values obtained with three independent experiments. In a standard 

38 cycle qRT-PCR programme the Ax2 cells showed positive signal for aplD 

expression at the 26th cycle (Ct = 26), which implies that the aplD is moderately 

expressed in Ax2 cells. In the case of aplD¯, no detectable positive signal for was 

observed. At the end of qRT-PCR, the samples were analysed by agarose gel 

electrophoresis and visualised under the UV-transilluminator to confirm the sizes of 

the DNA fragments. For both the aplD and the housekeeping genes (rnlA and 

GAPDH) the expected amplicon sizes were about 170 bps, whereas upon genomic 

DNA contamination the GAPDH primers generate 250 bps amplicon. A typical 

example is shown below (Fig. 25 ).  

 

 

 
 
 
 
 
 
 
 
Fig. 25:  AplD transcription profile in axenic D. discoideum. AplD transcript levels in Ax2 and apD¯  
were analysed by qRT-PCR. From left to right: qRT-PCR products of aplD, of the house keeping 
genes rnlA and GAPDH on agarose gel. Ax2 cells were positive for aplD expression, whereas apD¯  
was negative for aplD expression. qRT-PCR reaction mixtures without any DNA template for aplD, 
rnlA, and GAPDH primers (no template controls). M: 10 kb DNA ladder 
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4.10 AplD  expression during Ax2 development 

The Ax2 cells were subjected to development on the non-nutrient 1%-KK2 

agar plates at a density of 5 x 105 cells/cm2. RNA was isolated at different time points 

of development, which include 0 h; amoebae, 8 h; cell streams, 12 h; mounds, 16 h; 

slugs, and 24 h; fruiting bodies.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26:  AplD transcription profile during development. Axenically grown Ax2 cells were subjected to 
development on KK2 agar plates. RNA was isolated at indicated time points, cDNA was synthesised, 
and aplD transcription at different stages of development was examined by qRT-PCR. AplD 
expression at time 0 was considered as reference to determine the aplD fold expression at 
subsequent development times.  
 

The cDNA samples were synthesised using the RNA templates and the 

qRT-PCR analyses were performed. The aplD expression at 0 h was considered as 

reference to measure the aplD fold expression at the later time points of Ax2 

development (Fig. 26 ). The house keeping genes used for the qRT-PCR 

quantification includes rnlA and GAPDH. The qRT-PCR analyses of aplD regulation 

during Ax2 development revealed that the aplD gene is sturdily upregulated from 8 h 

until 24 h.  
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4.11 AplD  regulation in xenic Ax2 cultures 

The Ax2 cells were mixed with overnight bacterial cultures at 1:10 ratio and 

incubated at 22 °C, 140 rpm for 8 h. At the end of 8 h incubation, RNA was isolated, 

cDNA was synthesised and the aplD expression was quantified by performing the 

qRT-PCR. The fold expression of aplD in the xenic Ax2 cultures was quantified by 

considering the aplD expression in the axenic Ax2 cultures as reference (Fig. 27 ).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27:  AplD transcription profile in xenic Ax2 cultures. Ax2 cells were mixed with bacteria at 
1:10 ratio and the cell suspensions were incubated at 22 °C, 140 rpm. After 8 h, Ax2 cells were 
collected and aplD transcript levels were determined by qRT-PCR. AplD transcript levels in the axenic 
Ax2 cultures were considered as reference to determine aplD fold expression in xenic Ax2 cultures. 
Bacterial strains tested include Kp; K. pneumoniae (KpLM21), Bs; B. subtilis (ATCC# 6051) and Pa; 
P. aeruginosa quorum sensing mutant (PT531). Each symbol denotes individual experiment and bar 
represents median. 
 

 

The Ax2 cells confronted with K. pneumoniae, KpLM21 (Kp) showed at 

least 3-fold up-regulation of aplD, whereas the Ax2 cells challenged with B. subtilis 

(Bs) showed no aplD regulation and in the Ax2 cells challenged with a quorum 

sensing mutant of P. aeruginosa (Pa), PT531, aplD was at least 6-fold down-

regulated. 
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4.12 AplD¯  development on non-nutrient agar plates 

The axenic D. discoideum cells were harvested, applied on 1%-KK2 agar 

plates at a density of 5 x 105 cells/cm2 and incubated in the dark at 22 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Fig. 28:  D. discoideum development on agar plates. D. discoideum cells were applied on non-nutrient 
KK2 agar plates at a density of 5 x 105 cells/cm2. Plates were incubated in the dark at 22 °C and 
images were taken at indicated time points. Differential interference contrast (DIC) images are shown; 
development from 8 to 24 h, scale bars 100 µm and spores (> 24 h), scale bars 5 µm. 

 

 

The development structures were imaged under the microscope (SZX12 

Olympus) at the time points indicated (Fig. 28 ). Unlike the Ax2 cells, the aplD¯ 

showed aberrant cell streaming at 8 h and late cell stream breaks at 12 h, which 
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subsequently resulted in relatively small and enormous number of slugs at ~20 h and 

fruiting bodies at 24 h of development. However, the spore morphology of the aplD¯ 

was comparable to that of the Ax2 spores (> 24 h) (Fig. 28 ).  

 

4.13 Pre-stalk and pre-spore slug patterns in aplD¯  

The pre-stalk and pre-spore specific promoter regulations in the aplD¯ 

slugs were analysed by performing the self-mixing experiments. The aplD¯ amoebae 

that were transfected with the ecmAO-RFP (pre-stalk reporter) plasmid were mixed 

with the untransfected aplD¯ amoebae at a ratio of 20:80 and subjected to 

development. When observed under the fluorescence microscope (SZX12 Olympus) 

the self-chimeric aplD¯  slugs showed red fluorescence at one-fifth of the slug front, 

the pre-stalk region (Fig. 29C ), incomparison to control Ax2 slugs (Fig. 29A ). Similar 

self mixing experiments were performed with the aplD¯ cells transfected with pspA-

RFP (pre-spore reporter) plasmid, for which the slugs showed red fluorescence at 

four-fifth of the slug rear, the pre-spore region (Fig. 29G ), similar to Ax2 control slugs 

(Fig. 29E ) 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 29:  Pre-stalk and pre-spore patterns of D. discoideum slugs. Left panels: D. discoideum cells 
carrying ecmAO-RFP plasmid (pre-stalk reporter) were mixed with D. discoideum cells. Cell mixture 
was plated on KK2 agar plates, incubated in dark at 22 °C and slugs were imaged 20 h after plating. 
Ax2 slug imaged under red filter and DIC (A, B ) and apD¯ slug imaged under red filter and DIC (C, D). 
Right panels: D. discoideum cells carrying pspA-RFP plasmid (pre-spore reporter) was mixed with 
D. discoideum cells, plated on KK2 agar plates and incubated in the dark at 22 °C. Slugs were imaged 
20 h after plating. Ax2 slug imaged under red filter and DIC (E, F) and apD¯ slug imaged under red 
filter and DIC (G,H). Scale bars, 100 µm 
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4.14 Spore viability and spore formation efficiency  (sfe) 

The axenic cultures of D. discoideum were mixed with the overnight 

cultures of E. coli B/r and plated on non-nutrient KK2 agar plates. The spore viability 

was determined by counting the number of phagocytic growth plaques created by the 

germinated spores on the bacterial lawn.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 30:  Spore viability and spore formation efficiency (sfe) analyses in aplD¯ . A) Spore 
viability: Mature fruiting bodies were harvested and spore densities were determined. A volume of 
spore suspension with 100 spores was mixed with E. coli B/r, plated on KK2 agar plates and 
incubated at 22 °C. Spore viability was scored by counting the number of phagocytic plaques (Cotter 
et al., 1966). Number of phagocytic growth plaques counted for Ax2 and aplD¯ is shown as median 
and range. Statistical significance (p < 0.05) was evaluated by performing the Mann Whitney test. 
Results obtained from two independent experiments carried out in triplicates are shown; p = 0.9372. 
B) Sfe: Mature fruiting bodies were harvested after 2 days, resuspended in KK2 buffer and spores 
were counted using a haemocytometer (Hashimoto et al., 1975). Sfe was measured in percentage and 
represented as median and range. Mann Whitney test was performed to examine the statistical 
significance (p < 0.05). Results are from three independent experiments performed in triplicates; 
p = 0.0650. 
 

Two independent experiments were performed in triplicates to determine 

the spore viability of aplD¯ spores and the Ax2 spores were used as control. The 

results obtained imply that the viability of aplD¯ spores was comparable to that of the 

Ax2 spores (Fig. 30A ) and the differences were statistically (p < 0.05) not significant 

(p = 0.9372). To measure the spore formation efficiency (sfe), the D. discoideum cells 

were subjected to development on non-nutrient agar plates and the number of spores 

obtained was counted. Three independent experiments were performed in triplicates 

and the statistical significance (p < 0.05) was analysed by Mann Whitney test. The 

results showed that the sfe of the aplD¯ was relatively reduced when compared with 

Ax2 cells (p = 0.0650) (Fig. 30B ) 
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4.15 Examination of sentinel (S) cells in aplD¯  

The aplD¯ slugs were allowed to migrate for 6 h on 1%-Sörensen’s agar 

plates containing 3 µg/ml EtBr and imaged under the fluorescence microscope 

(SZX12 Olympus) to examine the presence of S cells. Comparable to the Ax2 slugs 

(Fig. 31B ), the aplD¯ slugs showed EtBr filled S cell clumps in the slug interior and 

also in the slime sheath (Fig. 31E ). Similar results were obtained for the slugs 

migrating on 10 µg/ml EtBr agar plates (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 31:  Sentinel (S) cells examination in D. discoideum slugs. Axenic D. discoideum cells were 
applied on Sörensen’s agar plates containing EtBr (3 µg/ml). Plates were incubated in a dark, moist 
chamber with a unidirectional light source. After 20 h, slugs of Ax2 and aplD¯  were imaged under the 
microscope. (A and D) DIC images of D. discoideum slugs. (B and E) S cells in D. discoideum slugs 
are shown in red. S cells inside slugs (arrows) and in slime sheath (boxes in B and E were magnified: 
C and F). Scale bars, 100 µm. 
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4.16 D. discoideum  slugs infection with K. pneumoniae   

The D. discoideum slugs were infected with a K. pneumoniae strain 

expressing the GFP reporter (KpGFP) (Lee and Falkow 1998) and (Benghezal et al. 

2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 32:  AplD¯ slugs infected with KpGFP. D. discoideum cells were deposited on Sörensen’s agar 
plates and incubated in a dark, moist chamber with a unidirectional light source. After 20 h, under 
stereo microscope; slugs were gently punctured with a sterile needle. KpGFP bacteria of higher cell 
density were layered on injured slugs and plates were transferred to the incubation chamber. Slugs 
were imaged 24 h post infection. (A and C) DIC images of Ax2 and aplD¯ slugs. (B and D) KpGFP in 
D. discoideum slugs are shown in green. E) Magnification of aplD¯  slug (D) showing KpGFP 
accumulation inside the slug (arrow) and KpGFP deposits on slug surface (arrowheads). (F and G) 
Magnifications of the slime sheath of aplD¯  slug (D) showing sloughed off KpGFP in the slime sheath. 
Scale bars, 100 µm 
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the slugs were imaged under the fluorescence microscope (SZX12 Olympus) 20 h 

post infection with KpGFP. In the case of Ax2 slugs, the slug interior, the slug surface 

and the slime sheath showed no KpGFP bacteria (Fig. 32B ). In contrast, in the aplD¯ 

slug, both the slug surface and the slug interior were filled with KpGFP. Even after 

migrating for long distance as evidenced by a lengthy slime sheath, there was very 

less KpGFP visible in the slime sheath of the aplD¯ slug (Fig. 32D ). 

 

4.17 KpGFP bacterial clumps in D. discoideum  slugs 

The D. discoideum slugs were infected with KpGFP bacteria and observed 

under the fluorescence microscope (SZX12 Olympus) 24 h post infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 33:  K. pneumoniae (KpGFP) clumps visualised in aplD¯ slugs. KpGFP infected D. discoideum 
slugs were imaged 24 h post infection. (A and D) DIC images of Ax2 and aplD¯ slugs. 
(B and E) KpGFP clumps within D. discoideum slugs are shown in green. (C and F) Magnifications of 
the boxed areas in B and E. KpGFP clumps visible inside Ax2 and aplD¯ slugs (arrowheads). Scale 
bars, 100 µm 
 

The KpGFP bacterial clumps were visible both in the Ax2 slug and in the 

aplD¯ slug, but the number of KpGFP clumps observed within the aplD¯ slug was 

relatively more when compared with the KpGFP clump observed within the Ax2 slug 

(Fig. 33 ). 
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4.18 D. discoideum  slugs infection with E. coli  DsRed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 
Fig. 34:  AplD¯ slugs infected with E. coli DsRed. D. discoideum cells were deposited on Sörensen’s 
agar plates and incubated in a dark, moist chamber with a unidirectional light source. After 20 h, under 
stereo microscope slugs were punctured with a sterile needle. E. coli DsRed bacteria of higher cell 
density were layered on injured slugs and slugs were imaged under microscope 8 h post infection. (A 
and F) DIC images of Ax2 and aplD¯  slugs. E. coli DsRed clumps (arrowheads) in Ax2 (B and D) and 
aplD¯ (G and I) slime sheath are shown in red and white. (C and E) magnifications of boxed areas in 
B and D. (H and J) magnified images of marked areas in G and I. Scale bars, 100 µm 
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The D. discoideum slugs were infected with E. coli DsRed bacteria and 

observed under the fluorescence microscope (SZX12 Olympus) 8 h post infection. 

The Ax2 slug showed relatively less E. coli DsRed shedding in the slime sheath and 

the slug interior was totally free of any E. coli DsRed bacteria (Fig. 34B  and D). In 

contrast, the aplD¯ slug infected with E. coli DsRed showed relatively substantial 

amount of E. coli DsRed clumps and depositions in the slime sheath, whereas the 

slug interior and the slug surface was comparable to that of the Ax2 slug, showed 

very less bacteria in the slug rear and on the slug surface (Fig. 34G  and I).  

 

 

4.19 Western blot analysis of AplD-FLAG protein 

The aplD cDNA was ligated into pDneo2a-3xFLAG expression vector 

(Dubin et al., 2010) for the synthesis of AplD protein with a C-terminal FLAG tag 

fusion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 35:  Architecture and identification of AplD-FLAG tag protein produced in aplD¯ cells. A) AplD-
FLAG tag protein: FLAG tag was fused at 3' region of aplD cDNA to produce AplD protein with C-
terminal FLAG tag. B) Western blot analysis: Cell lysates were prepared from aplD¯  (control) and 
aplD¯/[act6]:aplD:FLAG [rescue strain: mentioned as aplD¯ (+)]. Two clones of the rescue strain were 
positive for AplD-FLAG fusion protein synthesis and no signal was observed in aplD¯. Molecular 
masses in kDa are shown at the right. 
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Cell lysates were prepared from the clonal isolates that overexpresses 

AplD-FLAG fusion protein in aplD¯ background and subjected to separation on a 

SDS gel, which was followed by western blot analysis. The cell lysate prepared from 

aplD¯ was used as negative control. Protein separation and western blot analysis 

was carried out as described in the Methods chapter (section 3.19  to 3.21). The 

expected size of the AplD-FLAG fusion protein was about 18.1 kDa (Fig. 35A ). The 

western blot analysis confirmed two clones that were positive for AplD-FLAG fusion 

protein expression, whereas the aplD¯ was negative for the expression of AplD-

FLAG fusion protein (Fig. 35B ). The aplD¯/[act6]:aplD:FLAG strain (clone 2) was 

used for the analysis of intra-cellular localisation of AplD protein and also for the 

phenotype rescue experiments (see Appendix 8.2)  

 

 

4.20 Development experiment with rescue strain [ aplD¯  (+) ] 

Axenic D. discoideum cultures were subjected to development on KK2 

agar plates at a density of 5 x 105 cells/cm2. The cell streams were imaged at 11 h of 

development and also the number of aggregation centres was determined (Fig.  36 

and 37).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 36:  Development experiment with rescue strain [aplD¯  (+)]. Axenically grown D. discoideum cells 
were applied on KK2 agar plates and imaged after 11 h. Right panels: aplD¯  (+); rescue strain 
expressing AplD-FLAG fusion protein under the control of actin 6 promoter, in aplD¯ background. 
Arrows represent aggregation centres and the arrowheads denote strem breaks 
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As described earlier, the aplD¯ showed stream breaks during late streaming stage 

(11 h), whereas the aplD¯ (+), which expresses aplD under act6 promoter, in aplD¯ 

background, showed no stream breaks during late streaming (Fig.  36).  

  

Fig.  37 : Replacement of aplD restores 
streaming defect. Indicated cell types 
were applied on KK2 agar plates and the 
number of aggregates was counted after 
12 h. aplD¯  (+); rescue strain expressing 
AplD-FLAG fusion protein under actin 6 
promoter, in aplD¯ background. Values 
represented are mean and bars denote 
range (n = 2, with triplicates). One-way-
ANOVA wasperformed to determine the 
statistical (p < 0.05) significance and the 
differences are statistically significant 
(p < 0.0001). The difference between 
Ax2 and aplD¯  (+) is not significant 
(Dunnett’s test) (Debra a Brock et al. 
2006) 

 

 

Unlike aplD¯, the pattern and the number of aggregates formed by 

aplD¯  (+) were comparable to that of Ax2 (Fig. 36  and 37). The difference in number 

of aggregates between aplD¯ (+) and aplD¯, including the technical control Ax2 was 

statistically significant (p = 0.0001). The statistical difference between aplD¯ (+) and 

Ax2 was not significant. 
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5 Discussion 

 

D. discoideum genome comprises 17 apls and at least 15 lysozyme genes 

(Fig.  8 and 9). D. discoideum Apls belong to SAPLIP family, which is well known for 

its antimicrobial and cytolytic functions. In D. discoideum there are also SAPLIP 

domain containing proteins that remain as a part of large protein complex, as well as 

SAPLIP domain is found in multidomain protein. For instance, countin protein that 

possesses a SAPLIP domain is a part of a protein complex called counting factor and 

countin acts as an aggregate size sensor during development (D. A. Brock et al. 

1996); (D. A. Brock and Gomer 1999); (D. A. Brock et al. 2006). Acyloxyacyl 

hydrolase possesses a SAPLIP domain and a hydrolase domain (Munford, 

Sheppard, and O’Hara 1995). The functions of both, counting factor complex and 

AOAH in D. discoideum are unknown at present. As D. discoideum is a professional 

phagocyte it is not a surprise to evidence several SAPLIP members in its genome. 

Incidentally, the genome of E. histolytica possesses 15 SAPLIP, including three well 

characterised SAPLIP, amoebapore A, B, and C (H. Bruhn and Leippe 2001b). The 

amoebapores are persuasively proved for their pore-forming and antimicrobial 

activity, and are reported to be stored in the intracellular cytoplasmic granules. Upon 

exposure to bacteria, amoebapores are implicated in intracellular killing of bacteria 

(Fig.  3) (Andrä, Herbst, and Leippe 2003). Additionally, E. histolytica genome also 

possesses two lysozymes, which are described to be antimicrobial (Jacobs and 

Leippe 1995); (Nickel, Jacobs, and Leippe 1998). Many organisms analysed for 

lysozymes comprise only a specific class of lysozyme, but the D. discoideum 

genome constitutes different classes of lysozymes. Perhaps, in D. discoideum, apart 

from bacterial killing, lysozymes are also implicated in bacterial degradation 

processes (Prager 1996); (M. Leippe 1999); (Müller et al. 2005). It is also possible 

that the Apls and lysozymes could play a synergistic role in bacterial killing and 

degradation. In the past, nothing was known about the functions of AMPs in 

D. discoideum, whereas concerning lysozymes, AlyA is the only lysozyme that had 

been characterised both, at gene and protein level. AlyA belongs to a unique class of 

lysozymes in D. discoideum and localise to cytoplasmic vesicles that are devoid of 

other lysozymes (Müller et al. 2005). My present study has focussed on three apls, 

aplD, aplJ, and aplP and two lysozyme genes, lyC2 and lyC3 (Fig.  17A). These 
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candidate genes are specifically chosen as they are suggested to be involved in 

bacterial killing and degradation processes (Bozzaro, pers. comm., 2008; (Sillo et al. 

2008). Additionally, earlier work in our laboratory had found that recombinantly 

expressed AplC and AplD were antimicrobial against Bacillus megaterium and E. coli 

(unpublished data). I generated single gene KO clones for aplD, aplJ, aplP, lyC2, and 

lyC3 using the gene targeting vector (J. Faix et al. 2004) and tested their growth 

abilities on bacteria. 

When plated on a lawn of non-pathogenic bacteria D. discoideum amoebae 

feed on bacteria, which result in the formation of phagocytic plaques, but the virulent 

bacteria remain non-permissive for phagocytic feeding by the amoebae. This 

phenomenon is widely used to examine the degree of bacterial virulence and their 

virulence factors, using D. discoideum as a model system (Cosson et al. 2002); 

(Pukatzki, Kessin, and Mekalanos 2002); (Benghezal et al. 2006). The degree of 

bacterial virulence mainly relies on the growth medium on which the bacteria are 

grown (Froquet et al. 2009). Likewise, the extent of pathogenicity varies depending 

on the number of host cells exposed to the bacterial pathogen and vice versa 

(Alibaud et al. 2008) (Froquet et al. 2009). For the precise understanding of virulence 

mechanism of a particular bacterial strain, it is crucial to consider both the above 

mentioned aspects. Therefore, I tested the growth abilities of the KO mutants with 

bacteria seeded on two different growth media (G+ and G-), by depositing varying 

number of D. discoideum amoebae on each bacterial strain (Fig.  13) (Froquet et al., 

2009). Among all five KO mutants tested on various bacterial strains, the aplD¯ 

showed growth defects on several strains of K. pneumoniae. The K. pneumoniae 

strains tested include a non-pathogenic laboratory strain (Kp13883), a clinical isolate 

with a plasmid mediated virulence that is characterised by a huge polysaccharide 

capsule (Kp52145) (Nassif et al. 1989); (Benghezal et al. 2006), an isogenic mutant 

of Kp52145, which is defective for capsule synthesis (K¯) (Nassif et al. 1989) and, a 

wild isolate of K. pneumoniae, which is also characterised by a huge polysaccharide 

capsule (KpLM21) (Favre-Bonté et al. 1999). K. pneumoniae is a Gram-negative, rod 

shaped, and ubiquitous bacteria that is often described to cause nosocomial 

infections, such as urinary tract infection, pneumonia, surgical-wound infections, 

bacteraemia, and septicaemia (Podschun and Ullmann 1998). In general, the 

D. discoideum cells grown with K. pneumoniae plated on G+ medium were able to 

form larger growth plaques when compared with those plaques on G- plates 
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(Fig. 20 ). Moreover, the Ax2 cells were able to form fruiting bodies on G+ medium 

layered with K. pneumoniae, but not with K. pneumoniae plated on G- medium. 

Therefore, it can be hypothesised that the K. pneumoniae strains seeded on G+ 

medium were readily permissive for D. discoideum growth, unlike the K. pneumoniae 

strains grown on G- medium. These observations emphasise the fact that glucose 

may plays a crucial role in determining the bacterial virulence. In other words, the 

K. pneumoniae virulence mechanism is suppressed in the presence of glucose. 

Notably, Prevotella intermedia and P. nigrescens, which are also Gram-negative 

rods, are known to produce cytotoxic end products only when grown in the absence 

of glucose, whereas in the growth medium containing glucose the production of 

cytotoxic end products is drastically reduced (Saito et al. 2001). Interestingly, the 

aplD¯, which was able to create plaques with KpLM21 and K¯ seeded on G+ 

medium, was unable to form plaques on the corresponding G- plates (Fig.  20). 

These observations were confirmed by three independent experiments performed 

with duplicates. Surprisingly, similar observations were reported for the laboratory 

mice infected with KpLM21 and observed for the bacterial colonisation in their 

intestine (Favre-Bonté et al. 1999). The intestinal tract of the mice showed wide 

spread distribution of KpLM21, but not the capsule defective mutant of KpLM21 

(Favre-Bonté et al. 1999). These observations imply that the capsular 

polysaccharides protect the bacteria from the detrimental serum complements and to 

evade the harsh lysosomal environment of the professional phagocytes (Nassif et al. 

1989); (Benghezal et al. 2006); (Alibaud et al. 2008). Additionally, the KpLM21 strain 

used in this study was reported to produce autoinducer-2 (AI-2) to regulate the 

expression of its quorum sensing genes and the expression of AI-2 varies with the 

growth medium in which KpLM21 was cultured (Balestrino et al. 2005). This finding 

corroborates with the growth defect phenotype of aplD¯ grown with KpLM21 on G- 

plates and not on G+ plates. Probably, the bacterial virulence genes are highly 

expressed in KpLM21 plated on G- medium than the KpLM21 plated on G+ medium. 

However, Ax2 cells created plaques with KpLM21 grown on both, G+ and G- media. 

 The aplD¯ also showed growth defect with the capsule defective mutant (K¯) 

layered on G- medium, but not with its parent strain Kp52145 (Fig.  20). Likewise, 

aplP¯ and lyC2¯ showed growth defects on K¯, but not on Kp52145 (data not 

shown). However, Ax2 was able to form phagocytic growth plaques on Kp52145 and 

its isogenic mutant (K¯). Apart from the capsular polysaccharides and 
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lipopolysaccharides, the virulence factors of Kp52145 include pili which are 

implicated in adherence of Kp52145 to the host cells and to other surfaces, and a 

180 kb plasmid mediated production of aerobactin and the other factors that are 

crucial for mucoid phenotype (Riottot 1981); (Nassif et al. 1989). Hence, it is possible 

that the defect in capsule synthesis could be replaced by the regulation of other 

virulence factors, resulting in enhanced virulence of K¯ when compared with the 

parent strain Kp52145. Supporting this notion, it had been shown that the human 

airway epithelial cells infected with a capsule defective mutant of Kp52145 induced 

the expression of human β-defensins (hBD2 and hBD3), unlike the parent strain 

Kp52145 (Moranta et al. 2010). This finding corroborates with the growth defect 

phenotype imposed by aplD¯, aplP¯ and lyC2¯ with K¯, but not with its parent strain 

Kp52145 (on G- medium). Presumably, AplD, AplP and LyC2 may play a synergistic 

role in intracellular killing of K¯.  

As an instant observation, the virulent Kp52145 and its isogenic capsule 

defective mutant showed different colony morphologies on LB agar plates. The 

colonies of Kp52145 were globular and mucoid with a viscid consistency (Fig.  23B). 

The mucoid phenotype serves as a confirmation for its plasmid mediated virulence. 

In contrast, the colonies of the isogenic capsule defective mutant of Kp52145 (K¯) 

were relatively small, flat, non-mucoid, and non-viscous (Fig.  23C). Similar 

observation had been reported earlier by Nassif et al. (1989) while comparing the 

parent strain Kp52145 and a plasmid cured variant of Kp52145. In comparison to K¯, 

the wild isolate, KpLM21 also formed non-mucoid, small, but globular colonies (Fig.  

23D). The colony sizes of K¯ and KpLM21 were comparable, whereas the colony 

morphologies of non-pathogenic Kp13883 were comparable to that of Kp52145. The 

colonies of Kp13883 were globular, mucoid and even larger than Kp52145 (Fig.  

23A). The colony morphologies of K. pneumoniae and their degree of 

permissiveness for D. discoideum growth explicitly demonstrate pathogenicity and 

virulence. The K. pneumoniae which formed large colonies were avirulent, whereas 

those which formed small colonies were virulent and non-permissive for the growth of 

aplD¯. Notably, the multi-well growth assays remain as a promising approach to 

understand and to improvise our knowledge about bacterial virulence mechanisms 

and the host resistance factors.  

Following the bacterial growth assays, I performed the bacterial phagocytosis and 

killing assays to analyse whether the aplD¯ is also defective for killing KpLM21. I 
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performed the bacterial killing assays with non-pathogenic B. subtilis (ATCC #6051) 

and the virulent K. pneumoniae strain (KpLM21). The rate of bacterial killing by 

D. discoideum is inversely proportional to the number of viable bacteria counted 

during the course of experiment.  When compared with Ax2, the aplD¯ was relatively 

more efficient in killing B. subtilis, whereas less efficient in killing KpLM21. On the 

other hand, the killing assays in which the number of viable KpLM21 associated 

(intracellular) with D. discoideum was measured, the aplD¯ showed massive 

intracellular accumulation of viable KpLM21 at time points in between 0.5 h to 1 h, 

but this was not the case with Ax2 (Fig.  38B). The mechanisms by which the 

bacterial pathogens evade the intracellular killing machinery of D. discoideum were 

well described. The bacterial pathogens entrapped within the phagosome may inhibit 

phagosome maturation and utilise the phagosomal niche for their replication, 

e.g., Legionella pneumophila (Bozzaro and Eichinger 2011), and 

Mycobacterium marinum and M. tuberculosis (Hagedorn et al. 2009). Soon, the 

phagosomes rupture releasing the bacteria into the cell cytosol. This was followed by 

necrotic cell lysis, delivering bacteria into the surrounding milieu. Another mechanism 

developed by the pathogenic bacteria is the spreading of bacterial pathogen from the 

infected amoebae to the neighbouring non-infected amoebae through the 

ejectosomes, without destroying the D. discoideum amoebae (Hagedorn et al. 2009). 

This mechanism is termed as non-lytic spreading. 

Additionally, D. discoideum is equipped with a sophisticated mechanism to 

liberate the undigested lysosomal cargo by efficient exocytosis (Müller et al. 2005). 

The former mechanism, intracellular replication of bacteria may not be the case 

observed in the killing assays of aplD¯ with KpLM21, because the number of viable 

bacteria counted at each time point was always less than the number of viable 

KpLM21 at initial time point (0 h). Therefore, it is possible that the bacteria 

accumulated in the intracellular environment are cleared by exocytosis. In the 

following, the result obtained with killings assays total (Fig.  38A) and intracellular 

(Fig.  38B) are described from the perspective of phagocytosis scheme in 

D. discoideum. Generally, endocytic uptake of particle in D. discoideum begins at 

around 3 min, after exposure to the particles, followed by acidification of the 

phagosome at ~20 min by phago-lysosome fusion. Subsequently, neutralisation of 

the compartment at 45 min and finally the undigested materials are exocytosed at 

around 60 min (Maniak 2001); (Rupper and Cardelli 2001); (Müller et al. 2005). This 
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general endocytic pathway may be affected if the intracellular environment is 

manipulated by some pathogenic bacteria, e.g. L. pneumophila (Isberg, O’Connor, 

and Heidtman 2009); (Bozzaro and Eichinger 2011) and Mycobacterium species 

(Hagedorn et al. 2009). Ultimately, the killing assay results of KpLM21 remain 

comparable with the general endocytic pathway of D. discoideum. In the case of 

killing assays where the total number of viable bacteria was counted, there was a 

gradual decrease in the number of viable KpLM21 observed over time (Fig. 38A ). 

However, in contrast with Ax2, the aplD¯ showed relatively high number of viable 

bacteria at later time points. The difference in number of viable KpLM21 between the 

Ax2 and aplD¯ was apparent starting from 1 h up to 4 h time points (Fig. 38A ), In the 

case of killing assays intracellular, there was a massive difference observed in the 

number of viable KpLM21 between Ax2 and aplD¯ at time points 0 h up to 1 h, 

followed by no difference at later time points (Fig. 38B ). The hypotheses derived 

from the killings assays with KpLM21 (total [A] and intracellular [B]) are the following. 

The aplD¯ begins with KpLM21 uptake (0 h) similar to the manner observed in Ax2, 

as the aplD¯ is defective for intracellular killing of KpLM21, it has gradually 

accumulated KpLM21 (0.5 h to 1 h) that are efficiently exocytosed into the 

surrounding milieu at the end (1 h to 4 h) (Fig. 38A  and B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 38: aplD¯  is defective for intracellular killing of KpLM21. D. discoideum and KpLM21 were 
mixed at a ratio of 100:1 and incubated at 22 °C, 140 rpm. At indicated time points, cell mixtures were 
removed and lysed to enumerate the total number of viable bacteria (A; see cartoon) and the number 
of viable bacteria associated with D. discoideum at each time point (B; see cartoon). The marked 
regions (red) represent the difference in number of viable bacteria between Ax2 (     ) and aplD¯  (      ). 
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 To test whether the aplD¯ has any developmental defects, the aplD¯ cells 

were applied on non-nutrient KK2 agar plates and the development scheme was 

followed considering Ax2 as control. The morphogenetic stages investigated include 

8 h cell streams, 12 h mounds, 16 h slugs, 24 h fruiting bodies, and the mature 

spores at 48 h (see Fig. 28 ). In comparison to Ax2, the aplD¯ cells were able to form 

early cell streams (8 h), but at 12 h of development the aplD¯ started showing stream 

breaks. As a consequence of stream breaks, the aplD¯ formed relatively smaller 

slugs and fruiting bodies, which were approximately half the size of Ax2 slugs and 

fruiting bodies. In addition, the morphogenetic time frame of aplD¯  was also affected 

because of the late stream breaks. Hence, the development stages proceeding after 

cell streaming, the mounds, slugs, and fruiting bodies showed at least 2 h delay. The 

aplD¯ formed mounds at about 15 h, slugs in between 18 h to 20 h and fruiting 

bodies at ~26 h (Tab. 9). Unlike the “Slugger” mutants (Sussman and Schindler 

1978); (Gee, Russell, and Gross 1994), which migrate for 10 to 12 h, the aplD¯ slugs 

migrated for a short time, before progressing to culmination or fruiting body 

construction. Moreover, the pre-stalk and pre-spore slug patterns of the aplD¯ were 

comparable to that of the Ax2 slugs (see Fig. 29 ). The spore morphology and the 

spore viability (D. A. Cotter and Raper 1966); (D. A. Cotter and Raper 1968) of the 

aplD¯ were comparable to that of the Ax2 spores, but the spore formation efficiency 

(Y. Hashimoto, Cohen, and Biology 1975) of the aplD¯ was relatively reduced when 

compared with Ax2.  Although the aplD¯ showed delayed development process, no 

signs of developmental arrest were evidenced. Usually, the stream break phenotype 

during D. discoideum development happens due to two reported reasons. 

 

 

Tab. 9:  Axenically grown D. discoideum cells were applied on non-nutrient KK2 agar plates and the 
development scheme was followed. (* delayed).  
Time points                            Ax2                         aplD¯  
0 h Starving amoebae Starving amoebae 
8 h  Early cell streaming Early cell streaming 
12 h Late streams approaching to mounds Stream breaks 
14 h Tipped mounds Progressing to mounds* 
16 h Slugs Tipped mounds* 
20 h Clumination Slugs (18 h) * 
24 h  Fruiting bodies Migrating slugs and culmination* 
26 h                     Fruiting bodies* 
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 The cell streams may break if the streaming cells are defective for the 

production of cell adhesion proteins, such as CsA (Contact site A) and LagC (Loose 

aggregate C). For instance, the triA¯, which was defective for the synthesis of CSA 

(delayed production), followed by precocious production of LagC showed stream 

breaks during development (Mujumdar, Inouye, and Nanjundiah 2009). Moreover, 

the overexpression of csA was also described to cause cell stream breaks and 

subsequently, small fruiting bodies (J. Faix, Gerisch, and Noegel 1992). Also, cell 

stream breaks happen if the cells are defective for aggregation and/or if the cells are 

overproducing some extracellular factors that could act as cell size sensors during 

development. It is known in D. discoideum that during development the cells can 

both, produce and sense signals (Schaap 2011). For instance, the smlA¯  of 

D. discoideum overproduces a 35 kDa protein, named as countin (CtnA). Countin is a 

hydrophilic protein that belongs to a polypeptide complex whose size is > 450 kDa. 

Overproduction of countin causes cell stream breaks in smlA¯, resulting in the 

formation of small size aggregates and relatively smaller fruiting bodies. On the other 

hand, the countin mutant (ctnA¯) was unable to sense the aggregate size, therefore 

form relatively larger aggregates and fruiting bodies, unlike Ax2 (D. A. Brock and 

Gomer 1999). Also, the mutants of signal transduction pathways were reported to 

show stream breaks and smaller aggregates. For instance, stream breaks were 

observed in mutants with hyperactivated extracellular phosphodiesterase that 

disrupts the cAMP waves required for chemotaxis (Riedel et al. 1973); (Faure et al. 

1988), mutants with disrupted mekA, which encodes MAP kinase (Ma et al. 1997), 

and the mutants that overproduce modified ras signalling protein (Reymond et al. 

1986). In many cases the formation of relatively smaller aggregates and 

subsequently, small fruiting bodies were the consequence of stream breaks that had 

occurred during early to late development. The early aggregation of aplD¯ was 

comparable to that of Ax2, which suggests that the aplD¯  is not defective for 

aggregation but may be producing some extracellular factors, which resulted in late 

stream breaks. The production of extracellular factors can be tested by performing 

development experiments in conditioned medium (D. A. Brock et al. 1996); (Okuwa 

et al. 2001); (Mujumdar et al. 2011) or by performing classical mixing experiments 

(Brown and Firtel 2000); (Jaiswal et al. 2006); (Mujumdar, Inouye, and Nanjundiah 

2009). The possibility that the aplD¯  may produce some extracellular factors that 

cause cell stream breaks was examined by performing the mixing experiments. The 
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aplD¯  was mixed with Ax2 at different ratios and subjected to development on KK2 

agar plates. The aplD¯:Ax2 mixing proportions 60:40% (Fig.  39), 40:60%, and 

20:80% showed no cell stream breaks. Consequently, there was a gradual decrease 

in the number of slugs and fruiting bodies when compared with aplD¯. 

At mixtures 80:20% and 90:10% (aplD¯:Ax2), stream breaks were apparent, 

which resulted in small aggregates and fruiting bodies (data not shown). It had been 

described that if a D. discoideum mutant is affected for the production of some 

extracellular factors, even a minor population of the mutant when mixed with Ax2 

would result in the stream break phenotype. For instance, even 5% of smlA¯ cells 

subjected to development with Ax2 (95%) showed stream break phenotype (D. A. 

Brock et al. 1996); (Brown and Firtel 2000). When majority of Ax2 cells (90%) were 

mixed with minor population of triA¯ (10%) the resulting cell streams were broken 

(Mujumdar et al. 2011). In the case of aplD¯:Ax2 mixing experiments, although a 

major population of aplD¯  (60%) was mixed with minor population of Ax2 (40%), the 

stream break phenotype was not observed (Fig. 39 ) Therefore, the speculation that 

the aplD¯  is producing some extracellular factors, which are causing stream break, 

may be less plausible. Additionally, the phenotype rescue experiments were 

performed with the rescue strain [aplD¯ (+)] that overproduced AplD-FLAG fusion 

protein under the control of actin 6 promoter (A6P), in aplD¯  background. The cell 

streams created by aplD¯ (+) were comparable to that of Ax2 cell streams and there 

was a drastic decrease in the number of aggregates when compared with aplD¯ 

(Fig. 36 and 37). Presumably, the replacement of aplD is restoring the normal cell 

streaming phenotype. As AplD belongs to SAPLIP family, it could be possible that 

they are involved in some metabolism functions during the vegetative growth of 

D. discoideum amoebae. Therefore, the developmental defects observed in aplD¯  

could be a consequence of disturbed metabolism that had occurred during vegetative 

growth phase. Accordingly, even in the bacterial growth assays the growth plaques 

formed by the aplD¯ were relatively smaller than the Ax2 growth plaques irrespective 

of the bacterial strains tested. SAPLIPs are known for their diverse cellular functions, 

including their metabolism functions. For example, in human, saposins A-D are 

involved in lipid metabolism and the absence of saposins result in lysosomal storage 

disease that is fatal (Wenger et al. 1989); (Vaccaro et al. 1999); (H. Bruhn 2005). 

Although SALPLIP members (e.g., Amoebapores) are known for their antimicrobial 

and cytolytic activities, the general characteristic of all the SAPLIP members is lipid 
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interaction (M. Leippe et al. 1991); (M. Leippe et al. 1992) (J. Andrä and Leippe 

1994) (J. Andrä, Herbst, and Leippe 2003); (Gutsmann et al. 2003). However, 

D. discoideum possess a sophisticated mechanism to discharge the undigested 

cargo to the extracellular environment by exocytosis (Müller et al. 2005); (Charette 

and Cosson 2007); (Lima et al. 2012). At present, the reason for an antimicrobial 

peptide mutant (aplD¯) showing developmental defects appear profound. However, 

the more appealing speculation could be that the AplD is also crucial for metabolic 

functions, apart from its antimicrobial functions, which may determine the fitness and 

the nutrition status of the amoebae. The analyses of aspects, such as lysozyme 

activity, lysosomal pH, intracellular acidification and proteolytic activity in the growth 

phase aplD¯ may presumably elucidate the scenario of metabolism functions in 

aplD¯. Also, the examination of cell adhesion molecules (e.g., CsA and LagC) and 

the production of aggregate size regulator (countin) during aplD¯ development may 

explain the reasons for late stream breaks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 39:  Mixing experiments. Axenically grown D. discoideum cells were subjected to development on 
KK2 agar plates and imaged at time points, 11 h (aggregation centres), 18 h (slugs), and 26 h (fruiting 
bodies). Right panels: A minor proportion of Ax2 (40%) was mixed with a major proportion of aplD¯ 
(60%) and applied on KK2 agar plates for development. Arrowheads denote aggregation centres. All 
the images were obtained at same magnification. 
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aplD transcriptional regulation during axenic growth, development and in 

xenic Ax2 cultures was examined by quantitative RT-PCR. The analyses of aplD 

transcription profile in axenic Ax2 and aplD¯ cultures revealed that the aplD transcript 

was moderately regulated in axenic Ax2, whereas no aplD regulation was observed 

in aplD¯ (Fig.  25). This serves as an additional confirmation for the aplD ablation in 

aplD¯. Presence of moderate levels of aplD transcript in axenic Ax2 raises a 

speculation that AplD could be involved in some metabolism functions. Additionally, 

during vegetative growth AplD may also play a synergistic role with other members of 

antimicrobial arsenal to aid the D. discoideum amoebae in bacterial killing. The latter 

hypothesis was tested by confronting the axenic Ax2 with various bacteria and by 

analysing the aplD transcription profile (qRT-PCR) in these xenic cultures.  

aplD expression in axenic Ax2 was considered as reference to calculate 

the aplD fold expression (2-∆∆CT) in xenic Ax2 cultures. The housekeeping genes 

used for qRT-PCR include rnlA and GAPDH. Notably, Ax2 confronted with KpLM21 

showed at least 3 fold up-regulation of aplD transcript, whereas no aplD regulation 

was observed in Ax2 co-cultured with B. subtilis and at least six fold down-regulation 

of aplD transcript was observed in Ax2 challenged with a quorum sensing mutant of 

P. aeruginosa (PT531). As the toxins secreted by the wild type P. aeruginosa would 

kill the D. discoideum amoebae, a quorum sensing mutant of P. aeruginosa (PT531) 

was used for the xenic qRT-PCR experiments (Alibaud et al. 2008). Although aplD¯ 

was unaffected for its growth ability on PT531, the aplD transcript was down-

regulated in Ax2 confronted with PT531. Therefore, it can be hypothesised that even 

though the virulence genes are affected in PT531, this strain still retains the abilities 

that cause transcriptional changes in the amoeba host. However, these changes are 

not sufficient to inhibit the growth of the amoebae. Also, it is likely that AplD is not 

involved in killing PT531. Similarly, aplD transcription profile during Ax2 development 

was analysed by qRT-PCR. The developmental stages (time points) tested include 

amoebae (0 h), cell streams (8 h), mounds (12 h), slugs (16 h), and fruiting bodies 

(24 h). aplD expression at 0 h was considered as reference to calculate the aplD fold 

expression (2-∆∆CT) at subsequent time points. As mentioned earlier, rnlA and 

GAPDH were used as house keeping genes. 

These experiments were performed to investigate the aplD regulation 

pattern during Ax2 development in the total absence of bacteria. Surprisingly, 
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developing Ax2 cells showed massive up-regulation of aplD transcript when 

compared with vegetative Ax2 amoebae. aplD transcript was sturdily up-regulated 

starting from 12 h until 24 h, with peak expression at 16 h (slugs) of development. 

This observation implies that aplD transcript is spontaneously up-regulated during 

Ax2 development even in the total absence of bacteria both, at growth and 

development phases. aplD transcription profile in Ax4 cells (an axenic strain of 

D. discoideum) fed with K. aerogenes and subjected to development is available at 

dictybase. Additionally, the dictybase repository also provides information about the 

genes that show transcription patterns comparable to aplD (Fig.  40). The data 

retrieved for aplD coexpression network showed at least six genes whose 

transcription profiles are similar to that of aplD. The DDB_G0270858 gene is 

implicated in regulation of G protein signalling pathway, triA is crucial for 

morphogenetic functions and is expressed in the pre-spore regions of the slugs, 

DDB_G0278655 is involved in metabolic functions, and DDB_G0275411 is 

expressed in a subtype of pre-stalk cells (pstO), but its function is unknown at 

present. Nothing is known concerning DDB_G0271510 and DDB_G0276989 

(Tab. 10). As these data were obtained from the Ax4 amoebae fed with K. aerogenes 

and then subjected to development, it is possible that the food source provided 

during vegetative phase might have had some influence over the results described. 

For this reason, I analysed the aplD transcription profile during the development of 

axenic Ax2 cells, in the total absence of bacteria. The results obtained from my 

experiments were comparable to the aplD transcription profile available dictybase (for 

Ax4 cells). Additionally, my experimental results confirm that the aplD is 

spontaneously up-regulated during Ax2 development even in the absence of 

bacterial influence. Although the transcription profile of triA is comparable to aplD, the 

morphogenetic defects reported with triA¯ is less comparable with aplD¯. In 

comparison to triA¯, the aplD¯ also showed stream breaks and reduced sfe, but the 

cell fate commitment (pre-stalk and pre-spore), spore viability, spore and the fruiting 

body morphologies remain unaffected in aplD¯. Together, the results obtained for 

aplD transcription profile indicates that aplD transcript is moderately regulated in 

axenic Ax2, at least three fold up-regulated upon Ax2 exposure to KpLM21, whereas 

aplD transcript is readily up-regulated during Ax2 development even in the total 

absence of bacteria. These observations prompted me to perform the slug infection 
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experiments, to scrutinise the fact whether AplD has been implicated in some 

immune functions to protect the developing structures from bacterial intruders. 

Although development in D. discoideum has a defined time frame for each 

morphogenetic stage (Fey et al. 2007), in the context of infection experiments, the 

slug stage would be comparatively easier for microscopic observations. Indeed, the 

slug stage is the only migratory stage among the other developmental stages. 

Therefore, the migrating slugs are highly prone to pathogens compared to other 

stages of development. Additionally, a standard protocol for slug infection experiment 

was already established (G. Chen, Zhuchenko, and Kuspa 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 40:  aplD coexpression network (dictybase). Transcriptome data obtained for D. discoideum (Ax4) 
amoebae fed with K. aerogenes and subjected to development. At indicated time points, RNA was 
isolated from the Ax4 amoebae to analyse the transcriptional regulation of several genes. Expression 
patterns of seven genes, including aplD (red, see inset) is depicted (www.dictybase.org). 
 

 



Discussion 

 

99 

Apart from all these minor reasons, the major reason was that the axenic 

Ax2 cells subjected to development showed peak up-regulation of aplD transcript at 

the slug stage (16 h). As the aplD¯ showed growth and killing defects with 

K. pneumoniae, a K. pneumoniae strain producing GFP protein (KpGFP) was 

prioritised to perform the slug infection experiments. The KpGFP used in this study is 

a virulent strain, which caused intracellular accumulation when fed to phg1¯ 

(Benghezal et al. 2006). The overnight culture of KpGFP (OD600 = 3.0) at a multiplicity 

of infection (MOI) of 1 was used to infect the D. discoideum slugs and the infected 

slugs were observed 20 and 24 h post infection. Similar to earlier reports with 

L. pneumophila (G. Chen, Zhuchenko, and Kuspa 2007), 24 h post infection with 

KpGFP the Ax2 slugs and their slime sheaths appeared completely free of any 

KpGFP infection. 

 

 
Tab. 10:  Members of aplD coexpression network and their functions were retrieved from dictybase 
repository. No details (ND). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Genes                                           Functions 
 
DDB_G0270858 

 
Regulation of G protein signalling (RGS), RGS domain-containing 
protein. Molecular functions: Signal transduction 

 
DDB_G0271510 
 

 
ND 

 
triA/DDB_G0292436 

 
Prespore-specific gene that regulates cell sorting and 
morphogenesis; in mutants the spore mass is suspended halfway 
up the stalk. Molecular functions: Protein binding 
Biological processes: cell fate determination, calcium-independent 
cell-cell adhesion, sporulation resulting in the formation of a 
cellular spore, aggregation involved in sorocarp development, 
culmination involved in sorocarp development, and cell fate 
commitment 
Phenotype defects in triA¯: Aberrant culminant morphology, 
aberrant streaming, aberrant upper cup formation, decreased cell 
fate commitment, decreased cell fate determination, decreased 
cell-cell adhesion, decreased spore size, decreased spore 
viability, increased number of aggregates, and increased stalk 
width. 

 
DDB_G0275411 

 
Expressed in pstO cells 

 
DDB_G0276989 

 
ND 

 
DDB_G0278655 

 
Short chain dehydrogenase/reductase (SDR) family protein 
glucose ribitol dehydrogenase family protein 
Moelcular functions: Oxidoreductase activity 
Biological process: metabolic process 
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Interestingly, the aplD¯ slugs were highly vulnerable to KpGFP infection. 

Despite of this high load of KpGFP infection, the aplD¯ slugs were able to migrate, 

leaving long slime trails. The aplD¯ slugs observed 20 h post infection showed 

KpGFP deposits on the slug surface and in the slug interior, but the slime trail 

showed very rare incidence of KpGFP deposits (see aplD¯ slugs Fig.  32 and 33). 

However, the slime trails created by the aplD¯ slugs were comparable to that of the 

Ax2 slime trails. These observations exemplify the fact that the aplD¯ slugs were 

unaffected in their morphogenetic functions, such as slug formation, migration, and 

creating slime trails. When the aplD¯ slugs infected with KpGFP were observed 24 h 

post infection, several KpGFP clumps were visible within the slugs, but the presence 

of KpGFP clumps within the Ax2 slugs was a very rare observation. To investigate 

whether the aplD¯ slugs are specifically susceptibility to KpGFP, similar slug infection 

experiments were performed with E. coli expressing DsRed (E.coli DsRed). The 

aplD¯ slugs infected with E.coli DsRed were able to reconstruct themselves and 

migrate towards the unidirectional light source 8 h post infection. In contrast, the 

aplD¯ slugs infected with KpGFP needed 20 h post infection to reconstruct and 

migrate towards the light source. Both, the Ax2 and aplD¯ slugs infected with E.coli 

DsRed formed fruiting bodies around 20 h post infection. Similar to Ax2 slugs 

infected with E.coli DsRed, the aplD¯ slugs surface and interior showed no E.coli 

DsRed deposits or clumps, but the slime sheaths of aplD¯ slugs showed heavy E.coli 

DsRed shedding unlike Ax2 slime sheaths (Fig.  34). This observation adds a fact 

that, although aplD¯ slugs were able to slough off E. coli DsRed in their slime 

sheaths, they were less efficient in sloughing of E. coli DsRed when compared with 

Ax2 slugs. To examine the reason why aplD¯ slugs are less efficient in recovering 

from bacterial infections, the immune-like phagocytic cells of the aplD¯ slugs were 

investigated.  

The sentinel cells or S cells are the only specialised cells known so far to 

perform immune-like functions in D. discoideum slugs (G. Chen, Zhuchenko, and 

Kuspa 2007). The S cells are a minor population of cells, which move laterally 

forward and backward along the migrating slugs, and sequester the toxins or the 

microbial invaders. Finally, the S cells filled with toxins or bacteria are sloughed off in 

the slime sheath. To visualise the S cells, the D. discoideum slugs were allowed to 

migrate on EtBr agar plates and the S cells were observed under the fluorescence 

microscope. Similar to Ax2 slugs, the aplD¯ slugs that migrated on EtBr agar plates 
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showed S cells both in the slug interior and also in the slime sheath. Apart from the S 

cells mediated immune function, the mucoid layer covering the slugs may function as 

a physical barrier to prevent the spread of infection or the toxins to the slug interior. 

In the aplD¯ slugs both, the slug surface and the slug interior showed high bacterial 

deposits and clumps. Presumably, the function of slime sheath is not only to slough 

off the S cells but also to immobilise or entrap the toxins or microbial intruders to a 

localised area, thereby preventing the spread of toxins or the microbial infection to 

the other slugs migrating in the surrounding vicinity. 
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6.A Summary 

 

In Entamoeba histolytica, Amoebapores and lysozymes are known to 

confer antimicrobial functions. The structure and functions of Amoebapores and 

lysozymes are evolutionally conserved, as evidenced by their analogous in many 

other organisms. Amoebapores and its structural counterparts have five α-helices 

that are connected by disulfide bonds, involving cysteine residues. Any protein with 

this typical structure is categorised under the SAPLIP family (Saposin-like protein) 

and the domain is called SAPLIP domain. SAPLIPs are known for their diverse 

cellular functions. The Amoebapores (M Leippe 1997) from E. histolytica and their 

structural and functional analogues, NK-lysin (porcine) and granulysin (human) are 

known for their antimicrobial and cytolytic functions. By contrast, the name giving 

Saposins (human) are necessary for lipid metabolism. Dictyostelium discoideum, has 

a multi-protein complex in which one component, called countin has a SAPLIP 

domain. Countin is required for aggregate size determination during development. 

Earlier work in our laboratory has found that the D. discoideum genome harbours 17 

genes, which encode for 33 putative Amoebapore-like peptides (Apls). In addition, 

the D. discoideum genome comprises 15 genes coding for four different classes of 

lysozymes. These classes are c-type lysozymes (LyC), phage-type lysozymes 

(LyT4), Entamoeba-type lysozymes (LyEh), and the amoeba lysozymes (Alys), which 

is a unique class of lysozymes found in D. discoideum. As D. discoideum amoebae 

feed on bacteria, they are at a risk to encounter pathogenic bacteria. Therefore, it 

has been postulated that the Apls and lysozymes may play a synergistic role to kill 

and degrade the bacteria. My study has focused on three apl genes (aplD, aplJ, and 

aplP) and two lysozyme genes (lyC2 and lyC3), based on collaborator reports that 

these genes are implicated in bacterial destruction. The phenotypic characterisations 

were carried out with the single gene KO mutants for the corresponding genes. All 

the gene disruptions were performed in wild type Ax2 background. Among all five KO 

mutants tested for growth on bacteria, the aplD¯ showed growth defects on several 

strains of K. pneumoniae. The aplP¯ and lyC2¯ were defective for growth only on the 

capsule defective mutant of Kp52145 (K¯). As the aplD¯ was defective for growth on 

different K. pneumoniae strains, further phenotypic characterisations were carried out 

for the aplD¯. In accordance with growth defects on K. pneumoniae, the aplD¯ was 
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also defective for intracellular killing of K. pneumoniae (KpLM21). Moreover, the wild 

type Ax2 cells confronted with KpLM21 showed at least three fold up-regulation of 

the aplD transcript (qRT-PCR). Similar qRT-PCR experiments with axenic Ax2 

revealed that the transcription of aplD is moderately up-regulated during axenic 

growth, whereas sturdily up-regulated during development and peaked at the slug 

stage. This spontaneous up-regulation of aplD transcript during Ax2 development, 

which was performed totally in the absence of bacteria, prompted me to do the slug 

infection experiments with the aplD¯. As the D. discoideum cells stop feeding at the 

onset of development they may need an armament to protect their developing 

structures from foreign intruders. In fact, the migrating slugs are highly prone to 

infection when compared with the other stages of development. Following this, the 

slug infection experiments were performed with a GFP expressing strain of 

K. pneumoniae (KpGFP) and an E. coli strain that expressed DsRed (E. coli DsRed). 

The Ax2 slugs were used as controls. Unlike Ax2 slugs, the aplD¯ slugs infected with 

KpGFP showed massive KpGFP accumulation which corroborates with growth and 

killing defects of aplD¯ with K. pneumoniae. In contrast, the aplD¯ slugs infected with 

E. coli DsRed were able to slough off E. coli DsRed in their slime trail. However, I 

could show that the aplD¯ slugs were unaffected in their ability to form S cells and to 

sequester toxin (EtBr). Apart from their reduced ability to defend against 

K. pneumoniae, the aplD¯ also showed several morphogenetic defects during 

development. This includes late stream breaks (12 h), delayed formation of smaller 

slugs (18 h) and fruiting bodies (~ 26 h), and a relatively reduced spore formation 

efficiency (sfe). Nevertheless, the spore morphology and spore viability were 

unaffected in aplD¯. These observations may point to an additional role for aplD 

during D. discoideum development. On the other hand, it is also possible that the 

aplD¯ is immunocompromised and therefore it is showing several developmental 

defects. In summary, this study shows that the aplD is crucial for the growth of 

D. discoideum on K. pneumoniae and also for the intracellular killing of 

K. pneumoniae. Additionally, aplD is required to prevent K. pneumoniae 

accumulation in the D. discoideum slugs.  
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6.B Zusammenfassung 

 

In Entamoeba histolytica sind die Amoebapores und die Lysozyme dafür 

bekannt, antimikrobielle Funktionen zu übernehmen. Die Struktur und die Funktion 

sowohl der Amoebapores als auch der Lysozyme sind evolutionär konserviert, was 

durch das Vorhandensein analoger Proteine in einer Vielzahl anderer Organismen 

bewiesen ist. Die Amoebapores und deren strukturelle Verwandte sind durch fünf α-

Helices charakterisiert, die über Disulfidbrücken zwischen Cysteinresten miteinander 

verbunden sind. Jedes Protein, das diese typische Struktur zeigt, wird der SAPLIP-

Familie (Saposin-like protein), den Saposin-ähnlichen Proteinen, zugeordnet. Die 

entsprechende Domäne wird demnach SAPLIP-Domäne genannt. Die SAPLIPs sind 

für ihre vielfältigen Funktionen bekannt. Die Amoebapores aus E. histolytica und 

deren strukturell und funktionell analoge Proteine, das NK-lysin aus dem Schwein 

und das Granulysin aus dem Menschen, sind für ihre antimikrobiellen und 

cytolytischen Funktionen bekannt. Die namengebenden Saposine des Menschen 

sind dagegen für den Lipidstoffwechsel wichtig. In Diyctyostelium discoideum gibt es 

eine Komponente eines Multi-Protein-Komplexes, das countin, das ebenfalls eine 

SAPLIP-Domäne besitzt. Countin ist notwendig für die Bestimmung der 

Aggregatgröße während der Entwicklungsphase von D. discoideum. Als Ergebnis 

einer früheren Arbeit in diesem Labor konnte gezeigt werden, dass das Genom von 

D. discoideum 17 Gene aufweist, die für 33 putative Amoebapore-ähnliche Peptide 

(Apls) codieren. Zudem finden sich im Genom von D. discoideum 15 Gene, die für 

Lysozyme aus vier verschiedenen Klassen codieren. Dabei handelt es sich um die 

Klassen der c-Typ Lysozyme (LyC), T4 Phagen-Lysozyme (LyT4), Lysozyme des 

Entamoeba-Typs (LyEh) und die Amoeba-Lysozyme (Alys), eine ausschließlich in 

D. discoideum vorkommende Lysozym-Klasse. Da das Amöbenstadium von 

D. discoideum Bakterien als Nahrungsquelle nutzt, besteht für diese auch ein hohes 

Risiko, auf pathogene Bakterien zu treffen. Daher wurde angenommen, dass die 

Apls und die Lysozyme eine synergistische Rolle beim Töten und Degradieren von 

Bakterien spielen könnten. In meiner Arbeit habe ich mich auf die Untersuchung von 

drei Apl-Genen (aplD, aplJ und aplP) sowie zwei Lysozym-Genen (lyC2 und lyC3) 

konzentriert, für die bereits von einer kooperierenden Arbeitsgruppe berichtet wurde, 

dass sie möglicherweise eine Rolle beim Abbau von Bakterien spielen. Die 
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phänotypischen Charakterisierungen wurden mithilfe von Deletionsmutanten für die 

einzelnen Gene durchgeführt. Als Ausgangsstamm für die Herstellung dieser 

Mutanten wurde jeweils der Wildtyp-Stamm Ax2 verwendet. Alle fünf 

Deletionsmutanten wurden bezüglich ihrer Fähigkeit, auf Bakterien zu wachsen, 

untersucht. Dabei zeigte die aplD--Mutante Wachstumsdefekte auf den meisten der 

getesteten Stämme von Klebsiella pneumoniae, während die Mutanten aplP- und 

lyC2- nur einen Wachstumsdefekt auf dem Klebsiella-Stamm Kp52145 (K-) zeigten, 

der sich wiederum dadurch auszeichnet, dass er eine veränderte Kapsel aufweist. 

Da das Wachstum der aplD--Mutante auf verschiedenen Stämmen von 

K. pneumoniae gestört war, wurde diese Mutante im Folgenden genauer 

phänotypisch charakterisiert. In Übereinstimmung mit den Wachstumsdefekten auf 

K. pneumoniae zeigte sich, dass die aplD--Mutante zudem in ihrer Fähigkeit 

beeinträchtigt war, intrazelluläre K. pneumoniae (KpLM21) zu töten. Des Weiteren 

zeigten Zellen des Wildtyps Ax2, die mit KpLM21 konfrontiert wurden, eine 

mindestens dreifache Hochregulierung das aplD-Transkripts (qRT-PCR). Ähnliche 

qRT-PCR-Experimente mit axenischen Ax2-Zellen ergaben, dass die Transkription 

von aplD während des axenischen Wachstums nur leicht hochreguliert wird, 

wohingegen dies während der Entwicklungsphase sehr stark der Fall ist, mit einem 

Maximum im sogenannten Slug-Stadium. Die spontane Hochregulierung der aplD-

Transkription während der Entwicklung von Ax2-Zellen passierte in der kompletten 

Abwesenheit von Bakterien. Diese Beobachtung veranlasste mich dazu, das 

Infektionsexperiment mit dem Slug-Stadium von aplD--Mutanten durchzuführen. Da 

D. discoideum Zellen mit dem Beginn der Entwicklungsphase aufhören zu fressen, 

ist es anzunehmen, dass sie Abwehrmoleküle benötigen, um ihre sich entwickelnden 

Strukturen vor fremden Eindringlingen zu schützen. Tatsächlich sind wandernde 

Slugs im Vergleich zu den anderen Stadien der Entwicklungsphase hoch anfällig für 

Infektionen. Daraufhin wurden Infektionsexperimente mit Slugs mit einem GFP 

exprimierenden Stamm von K. pneumoniae (KpGFP) und einem DsRed 

exprimierenden Stamm von E. coli (E. coli DsRed) durchgeführt. Slugs des Wildtyps 

Ax2 wurden dabei als Kontrolle verwendet. Anders als der Wildtyp wiesen die mit 

KpGFP infizierten aplD--Slugs eine massive Akkumulation der Bakterien auf, was mit 

den entsprechenden Wachstums- und Tötungsdefekten dieser Mutante 

übereinstimmt. Im Gegensatz dazu waren die mit E. coli DsRed infizierten aplD--

Slugs in der Lage, diese Bakterien in ihre Schleimspur mit abzugeben. Zudem 
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konnte ich zeigen, dass die aplD--Slugs nicht in ihrer Fähigkeit beeinträchtigt waren, 

S-Zellen zu bilden und Giftstoffe (EtBr) abzusondern. Neben der verminderten 

Fähigkeit, sich gegen K. pneumoniae zu verteidigen, zeigte die aplD--Mutante 

außerdem einige morphogenetischen Defekte während der Entwicklungsphase. 

Hierzu gehörten Unterbrechungen in den Hyphen des späten Streaming-Stadiums 

(12 h), die verzögerte Bildung von kleineren Slugs (18 h) und Fruchtkörpern (~26 h) 

sowie eine etwas reduzierte Sporenbildungseffizienz. Gleichwohl waren die 

Morphologie und die Viabilität der Sporen in der aplD--Mutante nicht beeinträchtig. 

Diese Beobachtungen könnten auf eine zusätzliche Rolle für AplD während der 

Entwicklungsphase hindeuten. Andererseits wäre es auch denkbar, dass die aplD--

Mutante generell immunsupprimiert ist und somit mehrere Entwicklungsdefekte 

aufweist. Zusammenfassend konnte ich in dieser Arbeit zeigen, dass aplD von 

entscheidender Bedeutung für das Wachstum von D. discoideum auf K. pneumoniae 

und auch für das intrazelluläre Töten dieser Bakterien ist. Außerdem ist aplD 

notwendig, um die Akkumulation von K. pneumoniae in den Slugs von D. discoideum 

zu verhindern. 
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8 APPENDIX 

8.1 Identification of KO clones by PCR  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 41:  lyC2¯ identification by PCR analysis. A) After transfecting the lyC2 gene targeting vector into 
Ax2 cells, the positive clones for recombination were selected by antibiotic selection, using Blasticidin 
(Bsr) and these positive clones were subjected to PCR scheme described above. B) Both the primers 
bind in regions outside the lyC2 gene, therefore both Wild type (WT.gDNA) and the positive clones for 
lyC2 ablation produce PCR amplicons, but of varying sizes. The amplicon generated by lyC2 ablated 
clones were ~1 kb larger than the amplicon produced by WT. However, lyC2 targeting vector used as 
vector control (VC) produced no amplicon. Among several clones examined, four clones were found to 
be positive for lyC2 ablation (*). 
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Fig. 42: lyC2¯ analyses for Bsr cassette insertion A) lyC2 ablation was also investigated for Bsr 
cassette insertion at required orientation in the lyC2 gene of the Ax2 genome by performing the PCR 
scheme described above. B) With this primer combination only the recombinant clones generated 
PCR amplicons of size ~2 kb, whereas the WT and VC produced no amplicons.Positive clones for Bsr 
cassette insertion are marked (*). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 43: lyC2¯ analyses for WT contamination. A) All lyC2¯ clones identified by earlier described PCR 
were examined for WT contamination. PCR scheme described above generated amplicon only with 
the WT lyC2 gene, B) because the SET-2-Dup.RP (reverse primer) can bind only to the WT lyC2. The 
recomninant clones for lyC2 and VC generated no amplicons. Positive clones for lyC2 ablation are 
denoted by asterisks (*). 
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Fig. 44:  Identification of lyC3 ablation.Top panel:  PCR scheme followed for analysing Bsr cassette 
insertion with lyC2¯ (Fig. 42) was also followed to analyse lyC3¯ . WT and VC were used as negative 
controls to confirm Bsr cassette insertion in the recombinant clones that generated 1.7 kb amplicons 
(*). Bottom panel:  Further these positive clones for lyC3¯ ablation was analysed for WT 
contamination. WT was used as positive control and VC was used as negative control to verify the 
lyC3¯ clones for their homogenity. 
 

 

 

 

 

 

 

Fig. 45:  Identification of aplJ ablation. AplJ¯ clones were analysed for Bsr cassette insertion by 
performing the PCR scheme described earlier to analyse the Bsr cassette insertion. Among clones 
analysed for aplJ ablation many were positive for recombination at aplJ locus for the insertion of aplJ 
targeting vector, only those clones marked (*) were free of any WT contamination. 
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Fig. 46:  Identification of aplP ablation. AplP¯ clones analysed for Bsr cassette insertion showed many 
clones that were positive for aplP ablation. Further these clones were also analysed for PCR that 
confirmed clones that were free of WT contamination (data not shown) 
 

 

8.2 Intracellular localisation of AplD-FLAG fusion protein  

As mentioned earlier, a strain that produces AplD-FLAG fusion protien in 

aplD¯ background was generated [aplD¯ (+)] and AplD-FLAG protein production in 

this strain was confirmed by western blot analyses (Fig. 35 ). These clones were 

subjected to immunofluorescence microscopy to identify the intracellular localisation 

of AplD-FLAG protein. The confocal microscopic images obtained for AplD-FLAG 

protein and vacuolin staining is shown below. Sequential staining of AplD-FLAG and 

vacuolin (post-lysosomal marker) was performed to analyse whether AplD-FLAG 

colocalises with vacuolin. As the Primary antibodies against AplD-FLAG and vacuolin 

were from mouse, corresponding controls experiments were also performed in 

parallel to confirm the absence of false positive results due to cross reaction between 

the secondary antibodies.  

 

 

 

 

 

 

 

 

 

 

 



Appendix 

 

125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 46:  AplD-FLAG staining. The details of each panel are described at the top of all images. Top left 
panel (vacuolin control) confirms that there is no cross reaction between antibodies. The image shown 
was obtained from a aplD¯ (+) amoeba exposed to primary antibody for AplD-FLAG (mouse anti-
FLAG), secondary antibody against FLAG (anti-mouse-IgG, green) and then exposed to another 
secondary antibody (anti-mouse-IgG, red) is shown. The second secondary antibody (anti-mouse, red) 
is the one used for staining vacuolin in the double staining immunofluorescence methods. Similar 
staining was also performed for vacuolin and the results obtained are shown below 
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Fig. 47:  AplD-FLAG and vacuolin sequential staining. An aplD¯ (+) amoeba stained for AplD-FLAG  
(green) and vacuolin (red) is shown. The region of AplD-FLAG (green) and vacuolin (red) 
colocalisation is marked by circles. 
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