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INTRODUCTION

1 Introduction
The social amoebas, or Dictyostelids, are an excellent system to study complex
communication between cells in organizing multicellular development, since they can still
alternate a sophisticated programme of multicellular morphogenesis with a unicellular
feeding lifestyle. Development of multicellularity requires the intricate cell-to-cell
communication and coordinated regulation of numerous genes (Iranfar et al. 2003; Van
Driessche et al. 2002; Williams 2006). In the present work, roles of a peptide-based cellcell communication system in Dictyostelids will be studied. To introduce the theme, an
overview is given of the Dictyostelids life history, taxonomic position, and the complex
intercellular communication required at all stages of their life cycle. Then a special insight
is given into the mechanism of cell-cell communication at the transition from growth to
aggregation. The cAMP communication system operating at aggregation stage of D.
discoideum is briefly introduced. The current state of research on peptide mediated cellcell communication among Dictyostelids is presented and finally aims of this study and its
importance are discussed.

1.1 The social amoebae- Dictyostelids
The Dictyostelids, which are called cellular slime molds, are a major group of unicellular
haploid soil-dwelling microorganisms that hover at the borderline of true multicellularity
(Romeralo et al. 2011a; Schaap et al. 2006). While they spend most of their life cycle as
solitary amoebae, upon starvation Dictyostelids can aggregate to form a multicellular
fruiting body that consists of dead stalk cells and live spores (Kalla et al. 2011). The
entire process of development is coordinated by extensive intercellular communication
through the production and in response to chemoattractants.

1.1.1 Taxonomy
For long time, since their discovery in 1869 by Brefeld (Brefeld 1869), Dictyostelids were
considered to be “lower fungi” based on their superficial resemblance to fungi.
Dictyostelids are also called "myxamoebae" due to the fact that single cells look like
amoebae and move and feed in an amoeboid manner. In traditional systematics, all
amoeba-like protists that constructed spore-bearing fruiting bodies were assigned to
class Myxomycota of division Mycetozoa in the kingdom of fungi. The Myxomycota were
1
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subdivided into the Protostelids, Myxogastrids, and the Acrasiomycetes. Acrasiomycetes
included two subclasses: the Acrasids and the Dictyostelids. The Acrasids are
significantly different from the Dictyostelids in the morphology of individual amoebas and
aggregates and lack of cellulose in spore-bearing stalk tubes (Raper 1984; Bonner
1982).
Modern taxonomy based on a combination of cellular and molecular sequence data has
revealed

six

supergroups

of

eukaryote

organisms

(excavates,

Rhizaria,

Chromalveolates, Plantae, Amoebozoa and Opisthokonts) that in turn may comprise just
two superclades: unikonts (Amoebozoa, Opisthokonts) and bikonts (the other
supergroups; Minge et al. 2009; Richards & Cavalier-Smith 2005; Keeling et al. 2005;
Keeling 2004; Simpson & Roger 2004; Baldauf 2003; Stechmann & Cavalier-Smith
2003). Dictyostelids are the members of the supergroup Amoebozoa (consisting mainly
of unicellular amoeba-like-organisms) that forms a sister clade to the Opisthokonts, the
group containing fungi and animals, having diverged more recently than the plants
(Schaap 2011b; Baldauf et al. 2000; Baldauf & Doolittle 1997). Obviously, morphologybased classification does not represent the genetic similarity between different groups of
organisms (Schaap 2011b).

1.1.2 Phylogeny of Dictyostelids
Traditionally, classification of Dictyostelids has been based on their most notable trait,
fruiting body morphology (Hagiwara 1989; Raper 1984). Based on this trend, three
genera of Dictyostelids were defined: Dictyostelium (Brefeld 1869) with cellular stalks
and mostly unbranched or rarely laterally branched fruiting bodies; Polysphondylium
(Raper 1984) with regularly spaced whorls of lateral branches on cellular stalks, and
Acytostelium (Raper 1956) which forms fruiting bodies with acellular stalks composed of
cellulose.
A cladistic study by Swanson and co-workers (Swanson et al. 2002) proposed that
traditional fruiting body morphology based classification of Dictyostelids is deeply flawed.
Later, this suggestion was validated by the first molecular phylogeny based on alphatubulin and SSU (18S) rDNA sequences (Romeralo et al. 2007; Schaap et al. 2006).
Molecular phylogeny constructed by Schaap et al. (2006; Figure 1) included nearly all of
the species known at that time (most than 100 isolates of Dictyostelids) into four major
groups. Group 1 consists of morphologically distinct Dictyostelium species, all of which
2
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have small spores bearing fruiting bodies. Group 2 named “Heterostelids” includes
representatives from all three of the traditional genera, accommodating all pale-colored
species of Polysphondylium (Figure 2), at least two species of Dictyostelium, and all
species of Acytostelium.

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

Group 3 defined as “Rhizostelids” comprises a mixture of Dictyostelium species with
rootlike support structures for their fruiting bodies and also includes the cannibalistic
species, Dictyostelium caveatum. Group 4 is the most species-rich group of all major
Dictyostelid groups composed almost exclusively of modern Dictyostelium species but
3
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also combines a clade of two violet-colored species from two independent traditional
genera, Polysphondylium violaceum and Dictyostelium laterosorum (Schaap et al. 2006).

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

Group 4 includes the best characterized Dictyostelid species D. discoideum (Figure 2),
that is prominent as the simple eukaryotic model organism used to study important
processes in cell biology, such as general principles for cell-to-cell communication, signal
transduction, chemotaxis, cytoskeletal organization during cell motility, vesicle trafficking
and phagocytosis (Schaap 2011a; Swaney et al. 2010; Cosson and Soldati 2008). The
D. discoideum genome contains numerous orthologs of genes responsible for diseases
in humans and has therefore become a popular model organism in biomedical research
to explore the molecular basis of various human diseases, as well as the mechanism of
drug action (Schaap et al. 2011a; Annesley & Fisher 2009; Williams et al. 2006;
Eichinger et al. 2005). Studies in this organism are contributing to understand the
correlation between regulated cell movement and controlled cell differentiation that gives
rise to the shape and pattern during multicellular development (Schaap 2011a; Weijer
2009; Williams 2006; Kimmel & Firtel 2004).
Interestingly, none of the four molecularly defined groups are consistent with the
traditional genera and none of the traditional genera are monophyletic excluding
Acytostelium (Schaap et al. 2006). Moreover, first global SSU rDNA phylogeny of
Dictyostelids revealed three lineages without clear affinity to any major group: D.
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polycarpum (2 isolates), D. polycephalum (one isolate) and D. laterosorum + P.
violaceum (2 isolates: Schaap et al. 2006).
The molecular phylogeny of social amoebae also proposed enormous molecular depth
roughly comparable to that of animals but significantly greater than that of fungi. While
original dictyostelid molecular phylogeny (Schaap et al. 2006) was based on slowly
evolving SSU rDNA, it could not resolve majority of branches within the four groups.
Romeralo et al. (2010) determined complete sequence data of more rapidly evolving
internal transcribed spacer (ITS) region of rDNA for almost all species in the first
molecular phylogeny that in combination with previous data of SSU rDNA sequences
successfully resolved nearly all species level relationships within each of the four major
groups. Five “species complexes” consisting of cryptic species (i.e. morphologically
similar but genetically quite distinct species) were identified dispersed across the
dictyostelid phylogeny (Romeralo et al. 2010; Mehdiabadi et al. 2009). Romeralo and
colleagues (Romeralo et al. 2011b) reported 18S ribosomal RNA gene sequences data
of new isolates identified by the Mycetozoan Global Biodiversity Survey in the past four
years. Analyses of these data showed at least 50 new species and some more isolates
of already characterized species scattered across the phylogentic tree, breaking up many
previously isolated long branches. The resulting highly extended tree now includes eight
major groups instead of the formerly recognised four (Romeralo et al. 2011c; Romeralo
et al. 2011b; Schaap et al. 2006). Three major groups in new highly resolved phylogeny
(Romeralo et al. 2011b) correspond to “lineages” that included only one or two
sequences in the first molecular phylogeny (Schaap et al. 2006), and two groups
originate from a firmly supported deep split in Group 2 (Romeralo et al. 2011b). The new
groups are referred as the “polycarpum”, “polycephalum” and “violaceum” complexes
(Romeralo et al. 2011b) in order to maintain the original group numbering scheme as
presented by Schaap et al. (2006) until formal names can be ascribed (Romeralo et al.
2011b: Schaap et al. 2006). The new species also broaden the known morphological
variance of the four major groups defined by Schaap et al. (2006), challenging nearly all
previously suggested deep morphological patterns (Romeralo et al. 2011b; Schaap et al.
2006).
Currently two positions are suggested for the root of Dictyostelids, either positioning
Group 1 as the earliest lineage that diverged from a common ancestor (root 1, Figure 1,
Schaap et al. 2006) or bifurcating the taxon approximately equally along the branch
connecting Groups 1 + 2 and Groups 3 + 4 (root 2; Romeralo et al. 2011b; Heidel &
5
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Glöckner 2008; Schaap et al. 2006). Depending upon the outgroup used, analyses of
SSU rDNA and alpha-tubulin present either alternative without concrete statistical
support (Schaap et al. 2006), however, phylogenetic analysis of mitochondrial genes
(Heidel & Glöckner 2008) strongly supported root 2.
In addition to the genome of the model D. discoideum (Eichinger et al. 2005), the
genomes of Dictyostelium fasciculatum (group 1 species) and P. pallidum (group 2) are
now entirely sequenced (Heidel et al. 2011). Draft sequence data for Dictyostelium
purpureum (group 4; Sucgang et al. 2011) are also accessible and the genome of a
group 3 species Dictyostelium lacteum is presently being assembled. Genome sequence
of Acytostelium subglobosum is also available now (http://acytodb.biol.tsukuba.ac.jp/cgibin/info.cgi?page=1; unpublished).

1.2 Communication modules in the life cycle of Dictyostelids
Dictyostelids start life as individual amoeboid cells that feed on bacteria in decaying
vegetation (Schaap 2011b). As cells grow and divide, they have the ability to sense the
gradients of metabolites secreted by bacteria they feed on. With an increase in
population, cells start to behave cooperatively and secrete quorum-sensing factors to
track population size. When the switch to enter development is made, intricate
intercellular communication through the coordinated secretion of the chemoattractant
governs the number and directionality of cells to aggregate into multicellular mounds
(Schaap 2011b). The top of mound continues to emit chemoattractant pulses and is
pushed upwards by the displacement of cells beneath (Schapp 2011b; Siegert & Weijer,
1995). The emerging multicellular structure of cells then falls over and is now called the
“slug”. Within this structure, cells respond to and trigger cues that differentiate the clonal
population into the specific cell types (Mahadeo & Parent 2006). The best fed amoebae
prepare to become dormant spore (Schaap 2011b), whereas the rest are destined to
form different supporting regions of the terminal fruiting body (Figure 3). The slug
migrates as a more or less coherent unit, with a head region searching environmental
conditions favourable for the formation of fruiting bodies (Kessin 2001). The slug stage
proceeds to a process called culmination, which involves the terminal differentiation of
the multicelluar organism to build fruiting body (Figure 3).
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Figure 3: Schematic illustration of the 24 hour life cycle of Dictyostelium divided into five
signalling modules. Time after starvation (hours) is marked next to each stage of development.
Complex cell-cell communication is required at all these developmental check points (Mahadeo &
Parent 2006).

Depending on the species, fruiting bodies differ widely in morphology but essentially
consist of one or more stalks, composed of vacuolated dead cells bearing aloft one or
more distinct spore masses in a variety of arrangements (Raper 1984). The spores have
the ability to sense the environment (Kishi et al. 1998) and cues from each other to
control the decision to germinate (Mahadeo & Parent 2006). Once the germination
process has begun, spores can again communicate with each other to release amoebae
in a synchronous fashion (Cotter et al. 2000).

1.2.1 Communication at the Transition from Growth to Aggregation
The life cycle of Dictyostelids is marked by two completely independent phases: growth
and development. During growth period unicellular amoebae feed on bacteria and
multiply by binary fission. Upon starvation, cells stop dividing and initiate a differentiation
programme leading to the erection of a fruiting body (Kessin 2001; Romeralo et al.
7
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2011b; Raper 1940; Bonner 1967). The transition between these two phases occurs
through a process of aggregation, during which the single amoebae gather to form a
multicellular mound which subsequently differentiates into a migrating slug. The wellcoordinated activity of a large number of cells engaged in aggregation is mediated by
extensive intercellular communication that involves the production of concentration
gradients of diffusible chemoattractant molecules known as “acrasins”, and the reading of
the gradient at closely determined intervals of time (Konijn et al. 1967; Bonner 1947).
Because traditionally Dictyostelids were placed together with Acrasids in the subdivision
Acrasiomycetes of class Myxomycota, the term ‘acrasin’ was proposed by John Bonner
to define “ a type of substance consisting either of one or numerous compounds which is
responsible for stimulating and directing aggregation in certain members of the
Acrasiales” (Bonner 1947).
The 'acrasins' underlying aggregation in some Dictyostelid species have been identified.
Model species D. discoideum and other investigated group four species use cAMP as
acrasin (Schaap et al. 2006; Konijn et al.1969; Barkley 1969; Konijn et al. 1968; Konijn et
al. 1967), Dictyostelium minutum utilizes folic acid derivative (De Wit & Konijn 1983),
Dictyostelium lacteum a pterin derivative (Van Haastert et al. 1982) and Polysphondylium
violaceum and Dictyostelium caveatum use a modified dipeptide glorin (Shimomura et al.
1982; Waddell 1982b) to aggregate. A fascinating aspect of D. discoideum and other
group 4 species development is that secreted cAMP is used both as a chemoattractant to
coordinate aggregation and as a morphogen in organizing the construction of fruiting
bodies. In comparison, in group 1-3 Dictyostelids, extracellular cAMP exerts its effects
during postaggregative stages as a morphogen while the aggregative chemoattractant
may be different.
For successful aggregation, starving cells must develop a number of specialized
properties in the pre-aggregation phase which separates the growth and aggregation
phases (Kessin 2001). In a starving population, a few autonomous cells must appear
occasionally that start to release acrasin spontaneously, thereby initiating the
coordinated activity of surrounding cells (Shaffer 1962). The amoebae must be able to
detect the acrasin and respond by moving up its gradient towards increasing
concentration. After being stimulated by acrasin, the starving amoebae must develop the
capacity to synthesize and release the same by themselves, thus propagating the
acrasin signal to neighboring cells. Also, cells must acquire the ability to become
refractory to further acrasin stimuli for a short period of time (Brzostowski & Kimmel 2006;
8
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Kessin 2001; Cohen & Robertson 1971; Gerisch 1968; Shaffer 1957b). Cells must also
be capable to remove acrasin locally by acrasinase activity so that acrasin concentration
in the immediate vicinity of cells is insufficient to re-excite them as they come out of the
refractory period (Shaffer 1957a). After individual starving cells have developed
aggregation competence, a coordinated wave of activity begins at the autonomous cell
resulting in secretion of acrasin that marks the beginning of the aggregation phase.

1.2.2 Receptors for cell communication in Dictyostelids
Social amoebae use different chemical signals for cell-cell communication during all
phases of their life cycle. Accordingly, these organisms express stage-specific cellsurface receptors that distinctively bind the signal molecules, thereby discriminating
between similar compounds in the soup of competing molecules. During growth phase,
Dictyostelids can sense the folates emitting bacterial food, using highly specific folate
receptors on their cell surface membranes (Pan et al. 1972; Wurster & Butz 1980; Van
Driel 1981; Tillinghast & Newell 1984). When the food source is exhausted, amoebae
develop different receptors to detect small communicating molecules, i.e. ‘acrasins’ that
coordinate aggregation of amoebae to form a multicellular organism. The molecules that
mediate aggregation, and the receptors involved, differ from species to species.
The convoluted mechanism of intercellular communication intervening aggregation is well
determined in the model organism D. discoideum that uses cAMP as aggregative
signalling molecule, i.e. acrasin, but the details of multicellular development are largely
unknown in other species (Bonner 2009; Alvarez-Curto et al. 2005; Kessin 2001).

1.2.3 Previous knowledge of cell-cell communication in D. discoideum
1.2.3.1 Secreted factors that regulate gene expression in Dictyostelids
In D. discoideum, growth to aggregation transition is initially regulated by quorum sensing
signal molecules including prestarvation factor (PSF), conditioned medium factor (CMF),
and counting factor (CF). PSF, a glycoprotein (Mahadeo and Parent 2006; Clarke et al.
1988; Burns et al. 1981) is constantly secreted by growing cells to monitor their cell
density relative to that of their bacterial food source. When the ratio of PSF relative to
that of bacteria rises above a certain threshold, cells stop growing and PSF initiates to
‘prime’ the cells for the upcoming process of aggregation by inducing the expression of
9
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several early developmental genes (Schaap 2011a; Clarke & Gomer 1995). First genes
induced by PSF include those encoding discoidins and lectins, proteins that play a role in
cytoskeletal organization and cell morphology during aggregation (Rathi & Clarke 1992;
Rathi et al. 1991). One of the critical signalling pathways modulating the growth to
aggregation transition involves the activation of the serine/threonine kinase YakA by the
PSF response pathway (Schaap 2011b; Souza et al. 1998). Activation of YakA leads to
the phosphorylation and inhibition of PufA, a negative regulator of translation. In feeding
cells of D. discoideum, PufA blocks the translation of mRNA encoding PkaC, the catalytic
subunit of pretein kinase A (PKA) by binding to the 3’ untranslated region (UTR) of PkaC
mRNA (Schaap 2011b; Souza et al. 1999). PkaC modulates the timing of early
developmental events by regulating the expression of vital cAMP signaling proteins such
as cAR1 and ACA (Anjard et al. 1992; Mann et al. 1992). PKA activity is not required for
growth, but it is a compulsion for the transition from growth to aggregation (Schaap
2011a; Schulkes & Schaap 1995; Simon et al. 1989). At the onset of starvation, secretion
of PSF declines rapidly (Rathi et al. 1991). A second glycoprotein, CMF (conditioned
medium factor), is secreted during starvation and induces initial expression of genes
whose products are required for cAMP relay system, which is necessary for the cells to
aggregate (Yuen et al. 1995; van Haastert et al. 1996; Brazill et al. 1998). CMF acts by
binding to a developmentally regulated cell surface CMF receptor (Jain & Gomer 1994).
PSF- and CMF-induced genes include adenylyl cyclase A ‘acaA’ responsible for
synthesizing cAMP; cAMP receptor ‘cAR1’ to detect cAMP during aggregation and the
extracellular phosphodiesterase ‘PdsA’ for hydrolyzing cAMP (Schulkes & Schaap 1995).
cAR1, PdsA and ACA together with PKA and RegA, an intracellular cAMP
phosphodiesterase, form complex biochemical connections that produce cAMP pulses in
an oscillatory manner (Schaap 2011a; Iranfar et al. 2003; Laub & Loomis 1998).

1.2.3.2 The Signalling pathways by which cAMP regulates expression of
early genes
Initially a few amoebae behaving as the aggregation centres start to emit periodic cAMP
pulses, which are detected by the surrounding amoebae via cell surface cAMP receptors
(Goldbeter 2006; Kimmel & Parent 2003; Halloy et al. 1998; Waddell 1982a). In D.
discoideum, the extracellular cAMP signal is detected by four seven-transmembrane G
protein-coupled receptors (GPCRs), designated cAR1-4. First cAMP receptor expressed
during development is cAR1, followed sequentially by cAR3, cAR2, and then cAR4. The
high affinity cAMP receptors cAR1 and cAR3 are required for aggregation (Johnson et al.
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1993, 1991; Saxe et al. 1991a; Sun & Devreotes 1991; Klein et al. 1988), however, cAR1
is the principle mediator of the effects of extracellular cAMP during early development. In
D. discoideum, heterotrimeric G-protein complexes may include 1 of 11 Į subunits
coupled to a single ßȖ subunit (Mahadeo & Parent 2006; Zhang et al. 2001; Wu et al.
1995a; Lilly et al. 1993). cAR1, the aggregation specific receptor is coupled to GĮ2ßȖ
complex (Kumagai et al. 1991).

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

cAMP binding to the cAR1 transduces signal into the cells via G-protein-dependent and independent pathways that elicit several responses associated with chemotaxis and
aggregation. G-protein independent effects include calcium influx (Milne et al. 1995),
tyrosine phosphorylation of the mitogen-activated protein kinase ERK2 (Brzostowski &
Kimmel 2006; Maeda et al. 1996; Segall et al. 1995), receptor phosphorylation and post
aggregative gene expression mediated by the G-box binding factor (GBF) transcription
factor (Escalante & Vicente 2000; Schnitzler et al. 1995).
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Interaction of cAMP with cAR1 initiates G-protein dependent cascade of events with the
exchange of GDP for GTP in the GĮ2 subunit resulting in its dissociation from ßȖ subunit
(Figure 4). Rapid and transient activation of Ras proteins, including RasG, in response to
chemoattractant stimulation results in activation of PI3K (Phosphatidylinositol 3-kinase)
that phosphorylates PIP2 (Phosphatidylinositol (3,4)-bisphosphate) to form PIP3
(Phosphatidylinositol (3,4,5)-trisphosphate; Sasaki et al. 2004).
The accumulation of PIP3 in the plasma membrane allows for proteins with pleckstrin
homology (PH) domains to be recruited to the plasma membrane and subsequently
activated. PKB (protein kinase B, Akt) and CRAC (cytosolic regulator of adenylyl cyclase)
are PH domain containing proteins that become activated upon cAMP stimulation
(Funamoto et al. 2001; Meili et al. 2000; Lilly & Devreotes, 1994). One of the most critical
responses regulated by cAR1 is the activation of the 12-transmembrane adenylyl cyclase
(ACA) mediated by the ßȖ subunit complex (Wu et al. 1995a) and two cytoplasmic
proteins: CRAC (Cytosolic Regulator of Adenylyl Cyclase) and Pianissimo (Insall et al.
1994; Chen et al. 1997). As shown in Figure 4, CRAC is transiently translocated to the
membrane (Comer et al. 2005) within seconds after cAMP binding to receptor resulting in
activation of ACA leading to the production and secretion of cAMP (Roos et al. 1975).
This cAMP-induced cAMP secretion, also called cAMP relay, is critical for the outward
propagation of the cAMP signal throughout the cell population. Other components
necessary for receptor mediated activation of ACA include MAP Kinase ERK2 (Segall et
al. 1995), Aimless, a Ras-guanine nucleotide exchange factor (GEF; Insall et al. 1996)
and a novel Ras-interacting protein, RIP3 (Lee et al. 1999). To secrete cAMP in an
oscillatory manner, the cAMP relay pathway must adapt rapidly (Parent & Devreotes,
1996) so that the adenylyl cyclase (ACA) can not be further activated until extracellular
cAMP has been degraded by a secreted or membrane bound phosphodiesterase (PDE;
McMains et al. 2008; Palsson et al. 1997; Hall et al. 1993; Franke et al. 1991; Podgorski
et al. 1988; Roos et al. 1975; Gerisch et al. 1972). The cells recover sensitivity in a few
minutes and these cycles of refractory and responsive states regulate the pulses of
extracellular cAMP emitted with a periodicity of 6-7 minutes for several hours (Maeda et
al. 2004). The activity of the extracellular phosphodiesterase (ePDE) is regulated by an
ePDE inhibitor called PDI (Riedel et al. 1972). The diffusible PDI is secreted as cells
arrive at the stationary growth phase (Franke et al. 1991; Riedel et al. 1972). Expression
of PDI is regulated by the levels of extracellular cAMP, thus cells can control the activity
of ePDE by monitoring cAMP concentrations (Franke et al.1991).
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It is remarkable that cAMP is not only the intercellular communication agent in
Dictyostelium but it serves also as an intracellular secondary messenger modulating
different developmental signalling pathways. A fraction of the cAMP produced by the
ACA accumulates within the cell to activate the cAMP-dependent protein kinase A (PKA),
the main transducer of intracellular cAMP. PKA is a highly conserved protein kinase that
affects activity of a variety of proteins by phosphorylation (Loomis 1998). This ubiquitous
enzyme is held in an inactive form by association of the catalytic subunit (PKAC) with an
inhibitory regulatory subunit (PKA-R; Funamoto et al. 2003; Mann et al. 1997; Mann et al.
1994; Hopper et al. 1993a; Harwood et al. 1992a; Mann et al. 1992; Burki et al. 1991;
Firtel & Chapman 1990; Veron et al. 1988; Abe & Yanagisawa 1983). When the
intracellular cAMP binds the regulatory subunit of PKA, the catalytic subunit is released,
causing differential expression of developmentally regulated genes (Funamoto et al.
2003).
The mitogen-activated protein kinases (MAPKs) are a family of highly conserved
serine/threonine kinases activated upon phosphorylation of both the threonine and
tyrosine residue in the conserved TXY motif and are associated with many types of
signalling pathways (Hadwiger & Nguyen 2011). D. discoideum ERK2 (extracellular
signal related kinase 2) is a MAP kinase that is rapidly and transiently activated by
extracellular cAMP acting through cAR1, involving, in part, phosphorylation by Ras
proteins and/or an unidentified ERK2 kinase (Kimmel et al. 2004; Kimmel & Parent 2003;
Wang & Segall 1998; Maeda & Firtel 1997; Aubry et al. 1997; Kosaka & Pears 1997;
Knetsch et al. 1996). ERK2 inhibits activity of intracellular RegA by phosphorylating it at
Thr676, thereby increasing intracellular cAMP levels, which, in turn, activate PKA
(Hadwiger & Nguyen 2011; McMains et al. 2008; Brzostowski & Kimmel 2006; Maeda et
al. 2004). As cAMP accumulates, it is also secreted, thus recruiting neighboring cells to
contribute to cAMP signal relay during aggregation (Maeda et al. 2004). Another putative
ERK2 substrate, EPPA has been identified as being necessary for chemotaxis to cAMP
and intracellular production of cAMP (Chen & Segall 2006). It has been shown by
different research groups that ERK2 functions at independent stages during
Dictyostelium development: during aggregation, ERK2 is required for the cAMP signal
relay and normal chemotactic response but is not essential for aggregation-stage, cAMP
pulse-induced gene expression, or for the expression of postaggregative genes.
However, during multicellular development, ERK2 is required for morphogenesis and
cell-type-specific gene expression (Sawai et al. 2005; Maeda et al. 2004; Zhang et al.
2003; Gaskins et al. 1996; Segall et al. 1995).
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Previously, Loomis and colleagues developed a computational oscillatory loop model by
using only six components: cAR1, ACA, ERK2, PKA, PDE and RegA (Maeda et al. 2004;
Laub & Loomis 1998). In short, upon ligand binding, cAR1 activates both ACA and ERK2
leading to secretion of cAMP outside the cell and accumulation of cAMP inside.
Extracellular PDE destroys cAMP outside the cell, while activation of PKA inside the cell
blocks ACA and ERK2 activity, allowing RegA to degrade the intracellularly accumulated
cAMP. This model also proposed that activated PKA may either directly or indirectly
phosphorylate the receptor cAR1 causing loss of ligand binding. When the levels of
intracellular cAMP are declined sufficiently by the activity of RegA, PKA is inhibited and
protein phosphatases return cAR1 to its basal state and the whole process repeats
thereby generating oscillations (Maeda et al. 2004; Escalante & Vicente 2000; Laub &
Loomis 1998). However, erkB- and regA- mutants exhibit wave patterns suggestive of the
spontaneous oscillations during Dictyostelium aggregation, therefore, Sawai et al. (2005)
consummated that periodic cAMP signaling required the activity of the secreted cAMP
phosphodiesterase for ligand clearing and not an intracellular feedback loop regulated by
PKA (Sawai et al. 2005). Recently Brzostowski and Kimmel (2006) showed that pathways
regulating ERK2 inhibition work independent of PKA activation (Brzostowski & Kimmel
2006).
cGMP is synthesized via guanylyl cyclases (Wedel & Garbers 2001) and regulate
enzyme activities mainly via cGMP-dependent protein kinases (Roelofs & Van Haastert
2002; Lohmann et al. 1997). Dictyostelium contains two genes that encode for unusual
guanylyl cyclase (GC) enzymes, guanylyl cyclase A (GCA; expressed mainly during
growth and multicellular development; Roelofs et al. 2001a) and soluble guanylyl cyclase
(sGC; expressed largely during cell aggregation; Veltman et al. 2005; Roelofs & Van
Haastert 2002; Roelofs et al. 2001b). Extracellular cAMP binding to cAR1 activates both
GCs via heterotrimeric G-proteins, leading to the transient accumulation of cGMP
(Roelofs & Van Haastert 2002; Bosgraaf et al. 2002). In Dictyostelium, cGMP is
implicated as one of the second messengers for chemotaxis (Veltman et al. 2005; van
Haastert & Kuwayama 1997) that modulates the phosphorylation and localization of
myosin II by binding to GbpC, a high affinity cGMP-binding protein. GbpC contains Ras,
MAPKKK and Ras-GEF domains that transduce the cGMP signal, but may also function
to receive other input signals (Bosgraaf et al. 2002; de la Roche & Cote 2001).
Previously Ma et al. (1997) suggested that a MAP kinase kinase DdMEK1 activity is also
necessary for cAMP-mediated guanylyl cyclase activation throughout the aggregation in
Dictyostelium; nevertheless, DdMEK1 does not regulate ERK2 suggesting the presence
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of independent MAP kinase cascades involved in aggregation (Sobko et al. 2002;
Escalante & Vicente 2000; Ma et al.1997).
Other responses elicited by extracellular cAMP binding to cAR1 include the elevation of
IP3 levels via PLC activation mediated by heterotrimeric G-proteins (Bominaar & Haastert
1994); PLC independent IP3 formation interceded by receptor-stimulated Ca2+ influx (Van
Dijken et al. 1997) and activation of the protein kinase Akt/PKB necessary for sensing
and responding to the chemoattractant gradient during aggregation (Escalante & Vicente
2000; Meili et al. 1999).
Signal relay and chemotactic movement of several hundred thousand amoeboid cells
towards cAMP source ultimately result in aggregation (Schaap 2011b; Konijn et al.
1967). Initially, the cells aggregate individually, but as time progresses, they form
bifurcating streams by establishing head-to-tail contacts and continue to move towards
the aggregation centres, eventually coalescing into hemispherical aggregates; the
mounds, containing about 105 cells (Weijer 2004). Once aggregation is complete, the top
of the mound keeps on secreting cAMP that result in continued cell movement towards
the top, causing emergence of a tip (Schaap 2011a; Siegert & Weijer 1995). Tipped
mound further elongates and develops into a migrating slug which proceeds through
culmination to generate a fruiting body (Bonner & Lamont 2005).
Particularly relevant to this dissertation is that cAMP as an intercellular communication
agent plays an important role not only in the chemotactic movement towards aggregation
centres but also in the developmental regulation of gene expression, both responses
being mediated via cell surface cAMP receptors. During aggregation, extracellular cAMP
pulses at nM concentrations induce optimal expression of a number of aggregationspecific genes (Kessin 1988; Williams 1988; Mann & Firtel 1987; Sun & Devreotes 1991;
Mann et al. 1988; Kimmel 1987; Chisholm et al. 1987; Noegel et al. 1986) while other
genes, induced by different signals immediately with the onset of starvation, become
repressed by the external cAMP signal. These differential gene expression changes
cause all cells to become rapidly competent for aggregation (Schaap et al. 2011a;
Bagorda et al. 2009; Maeda et al. 2004, Aubry & Firtel 1999; Mann et al. 1997; Schulkes
& Schaap 1995; Gerisch et al. 1975). Moreover, to prevent the loss of directional
information and gene expression resulting from saturation of the receptors due to
excessive external cAMP, Dictyostelium cells use an intricate signal removal system
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consisting of secreted and membrane-bound phosphodiesterases to degrade the
extracellular cAMP (Gerisch et al. 1972; Roos et al. 1975).
Interestingly, D. discoideum cells express many developmental genes while suspended
in buffer if they are stimulated with pulses of 30 nM cAMP at 6-min periods for several
hours followed by high concentrations of cAMP to mimic conditions encountered on solid
supports (Iranfar et al. 2003). Under these conditions, the cells are spatially
homogeneous and express developmental genes more synchronously than when
developing on solid supports where there are local variations in cell density. Additionally,
this setting provides the opportunity to address the effects of cAMP pulses on gene
expression more directly.

1.3 Significance of studying intercellular communication
Intercellular communication modulates a variety of biological processes in a diverse array
of organisms. In mammals, precise cell-to-cell communication coordinating directed cell
migration gives shape and form to developing embryos and generates many connections
and interactions between the cells of nervous system during development (Dormann &
Weijer, 2003). Later in life, excessive intercellular communication promotes tissue
maintenance and repair, hormonal action, wound healing and directional migration of
cells of our immune system from the bloodstream towards sites of infection (Wu & Lin
2011; Wang et al. 2011; Eccles 2004; Martin & Parkhurst, 2004). Impaired cell-cell
communication is the basis for several pathological conditions including atherosclerosis,
cancer metastasis, asthma, and arthritis (Braunersreuther & Mach 2006; Mrass &
Weninger 2006; Eccles 2005; Charo & Taubman 2004; Trusolino & Comoglio 2002).
Further insight into the molecular mechanism of cell-cell communication underlying
directional sensing and cell migration is crucial for the development of treatments for
these disorders, as well as in understanding normal biological processes.

1.4 Advantages of social amoebae in researching cell-cell signalling
Dictyostelids are a large ancient group of unicellular eukaryotes with an unusual
multicellular stage in their life cycle (Romeralo et al. 2011c). Because of the simplicity of
their multicellular form and rapid life cycle of just 24 hours, researching Dictyostelids can
provide useful insight into the adaptive evolution of social behaviour and multicellularity
(Heidel et al. 2011). A crucial part of exploring how Dictyostelids are able to form
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multicellular bodies from their unicellular components is to understand how single cells
communicate with each other in aggregation and differentiation processes. Thus
Dictyostelids represent an ideal eukaryotic model system for studying basic principles of
cell-cell communication (Das et al. 2011).
The factors that make Dictyostelids attractive as model organisms include their distinctive
growth and developmental stages, relatively short and haploid life cycle and ease of
growth. All known Dictyostelids species can be efficiently and cheaply cultured in the
laboratory on bacterial lawns on agar, and many species can be grown as mass cultures
in liquid media comprising glucose, peptone, and a defined mixture of vitamins and
aminoacids (Schaap 2011a). It considerably simplifies the isolation and purification of
cellular products for biochemical analysis and proteomics (Schaap 2011a). Complete
genome sequence, about 30 Mb in size, of a few species representing three major
groups (Heidel et al. 2011; Sucgang et al. 2011; Eichinger et al. 2005) are accessible
which provide a valuable resource for the comparison of genes between species and the
identification of new genes. Sequencing projects have revealed that Dictyostelids
genomes contain many genes that are homologous to those in higher eukaryotes and
are missing in other model organisms such as Saccharomyces cerevisiae (Heidel et al.
2011; Goldburg et al. 2006; Eichinger et al. 2005). Orthologs of many genes involved in
human disease are found in the genome of D. discoideum and have been the subject of
functional studies (Myre et al. 2011; Williams 2010; Eichinger et al. 2005). In future,
major use of this organism seems to be in biomedical research to understand gene
function and pathological mechanisms in a variety of human disorders.
Both D. discoideum and the group 2 species P. pallidum are amenable to a broad range
of molecular and genetic approaches (Schaap 2011a) including random plasmid
insertional mutagenesis (REMI) which facilitates the identification of mutated genes,
gene disruption by homologous recombination, RNA interference (RNAi) and antisense
RNAs, episomal and integrating expression plasmids, and many other techniques.
Previous work with D. discoideum has provided a greater insight into the components of
complex intercellular communication mechanism regulating chemotaxis to cAMP during
aggregation.

The

seven-transmembrane

receptors

to

detect

chemoattractants,

components of the heterotrimeric G-proteins and many downstream signalling pathways
are highly conserved between D. discoideum and mammalian neutrophils despite of their
large evolutionary divergence (Wang et al. 2011; Insall 2010; Swaney et al. 2010; Parent
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2004). This conservation not only signifies that these pathways are evolutionarily ancient,
but also that research in Dictyostelids might be applicable to the human immune system.
Though D. discoideum research has contributed enormously to our exisiting knowledge
of eukaryotic cell-cell communication, much work lies ahead to tackle the complexity of
chemoattractant induced signalling networks regulating changes in patterns of gene
expression to coordinate cell behaviour during aggregation. Therefore, researching
effects mediated by acrasins other than cAMP can extend the current understanding of
developmental signalling.

1.5 Previous knowledge about the acrasin of Polysphondylium
The polyphyletic genus Polysphondylium owes its individuality to the shape of the fruiting
body, distinguished by the presence of whorls of side branches. Molecular phylogeny of
Dictyostelids has placed all known Polysphondylium species into the ancient group 2B
except Polysphondylium violaceum which is more related to the most derived group 4
Dictyostelids (Romeralo et al. 2011b; Romeralo et al. 2010; Schaap et al. 2006). It was
known since the work of Shaffer (Shaffer 1953) that the acrasin of P. violaceum was
different from that of the larger species of Dictyostelium. In 1976, Bonner and co-workers
provided the first positive evidence that aggregation competent P. violaceum amoebae
used an unusual dipeptide as acrasin that was later identified as N-propionyl-J-Lglutamyl-L-ornithine-G-lactam-ethylester, known as glorin (Figure 5; Shimomura et al.
1982; Wurster et al. 1976). Activity of glorin was found to be maximal during aggregation
that declined to insignificant levels at the onset of culmination (De Wit et al. 1988).

Figure 5: Structure of glorin
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In addition to Polysphondylium violaceum, Dictyostelium caveatum (a group 3 species)
and Polysphondylium pallidum belonging to ancient group 2 were also reported to repond
chemotactically to glorin (Waddell 1982b; Shimomura et al. 1982; Wurster et al. 1976).
In P. violaceum, glorin signal transduction system is demonstrated to have many
similarities with cAMP and folic acid transduction systems in social amoebae.
Occurrence of secreted and membrane-bound acrasinases that inactivate the glorin
communication signal was proposed in aggregating P. violaceum amoebae (Kopachik
1990; Shimomura et al. 1982; Wurster et al. 1976). It was shown that degradation of
glorin by intact cells occurs rapidly (half-time 2 min) in a two-step process (De Wit et al.
1988). First step of this process involves hydrolyzing amide bond of the G-lactam ring
while in the second step slower cleavage of the peptide bond between propionic acid and
glutamic acid takes place (Figure 6).

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

Two-step glorin degradation may favour reuse of the building blocks. It was
demonstrated that glorin degradation occurs mainly by cleavage of G-lactam. Chemically
synthesized G-lactam-cleaved glorin, corresponding to the first product of glorin
degradation, was found to be chemotactically inactive, because this product is not able to
bind to receptor (De Wit et al. 1988). A synthetic glorin derivative in which propionic acid
group was absent possessed weak chemotactic activity. Degradation of glorin by
extracellular medium takes place in a similar manner as by the intact cells but at a
relatively low rate (half-time 45 min). It was shown that crude homogenates also
possessed some glorin inactivation activity. Cell surface glorinase activity was observed
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to peak during aggregation, followed by a rapid decrease. It was noticed that cell-surface
bound glorinase activity was developmentally regulated that reached its maximum during
aggregation (De Wit et al. 1988).
Further studies to investigate the first steps in the signal transduction towards glorin
suggested that in P. violaceum that this unusual dipeptide acts by binding to cell-surface
G-protein coupled receptors (De Wit et al. 1988). Authors illustrated a functional interplay
between cell-surface receptors and signal-transducing G-proteins by showing that
binding of glorin to cell-surface receptors of aggregation-competent P. violaceum
amoebae is modulated by guanine nucleotides, and contrarily glorin stimulus mediates
the binding of GTP to cell membranes (De Wit et al. 1988). It was demonstrated that
vegetative stage P. violaceum amoebae exposed sufficient number of cell-surface glorin
receptors that increased slightly during aggregation, declined at later stages of
development and reduced to undetectable levels during culmination (De Wit et al. 1988).
The affinity of cell-surface glorin receptors exhibited great variations in the early hours of
development but was stabilized throughout the aggregation. The receptor binding kinetic
studies indicated the presence of two kinetically distinct receptors (De Wit et al. 1988).
The same authors showed that extracellular glorin stimulus induces cGMP accumulation,
a cellular response that is developmentally regulated in P. violaceum, peaks during
aggregation and reduces to minimum at the onset of culmination (De Wit et al. 1988).
Oscillatory aggregation has been reported in P. violaceum (De Wit et al. 1988), but
surprisingly De Wit and colleagues could not detect glorin-stimulated glorin secretion.
Authors observed that glorin-induced cAMP accumulation and glorin signal relay was
also absent in aggregation-competent P. violaceum amoebae (De Wit et al. 1988);
therefore, they proposed that glorin is not a primary oscillator and glorin secretion during
aggregation may be modulated by an unknown oscillator.
Previously, Francis (1965) suggested that in P. pallidum only special founder cells are
capable to initiate centres in a population of starving amoebae (Francis 1965). These
single cells round off and actively secrete acrasin attracting amoebae in the immediate
vicinity (Konijn 1972). Such founder cells were reported to appear occasionally among
aggregation sensitive amoebae of P. violaceum (Shaffer 1961).

Francis (1965)

suspected absence of any signal relay in P. pallidum during aggregation because he
could not observe pulses of oriented cell movement among the responding amoebae
(Francis 1965). P. pallidum cells tends to form small sized aggregates compared to large
20

INTRODUCTION

species D. discoideum, therefore, Francis (1965) suggested that the concentration of
acrasin in the small centres guiding formation of aggregates in P. pallidum may not be
high enough to elicit the acrasin relay in responding amoebae (Francis 1965). Later,
Jones (1976) reported that aggregation fields of P. pallidum amoebae display
centrifugally propagated waves of excitation that are not systematically spaced (Jones
1976). In comparison, P. violaceum exhibited regularly spaced waves with an interval
decreasing from 4 to 2.5 minutes (Jones 1976). In P. pallidum and P. violaceum wave
velocities were observed to be 22 μm/min and 28 μm/min respectively (Jones 1976).
Based on the observation that starving amoebae of P. pallidum aggregate in converging
streams, he suggested that a relaying mechanism may mediate aggregation as in D.
discoideum (Jones 1976).
It was shown by Newth & Hanna (1982) that P. violaceum amoebae developed in liquid
suspensions gained increased ability to respond to exogenous glorin shortly after
starvation before cells have acquired aggregation competency (Newth & Hanna 1982).
Later, Will Kopachik (Kopachik 1990) reported some changes in protein synthesis when
starving P. violaceum amoebae were stimulated with exogenous glorin in shaking
cultures. The author showed that exogenous glorin treatment could not affect protein
synthesis patterns in vegetative stage amoebae, whereas with progression of starvation,
P. violaceum cells acquired increased sensitivity to glorin (Kopachik 1990). Furthermore,
Kopachik suggested that in developing P. violaceum amoebae, glorin effects occur
mainly during the early hours of development while sensitivity to glorin and secretion of
glorin by starving cells declines rapidly once aggregation stage is over (Kopachik 1990).
Recently, Funamoto and co-workers (Funamoto et al. 2003) showed that P. pallidum
cells transformed with dominant negative regulatory subunit (Rm; that can not bind
cAMP) of PKA from Dictyostelium exhibit aggregation defects, whereas the
overexpression of Dictyostelium PkaC in P. pallidum results in precocious development;
demonstrating that a biochemically similar PKA mechanism works in Dictyostelium and
Polysphondylium (Funamoto et al. 2003). The same authors proposed that PKA-requiring
and a non-PKA requiring intracellular signalling pathways may regulate early
developmental genes in P. pallidum. However, so far, glorin-mediated changes in gene
expression have not been studied.
To date, little is known about the secretome of P. pallidum at aggregation stage of
development. The availability of valuable data of P. pallidum PN500 genome sequence
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and the advanced proteomics technology provides the foundation for the analysis of
extracellular proteins secreted by aggregating P. pallidum cells.
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1.6 Objectives of this Study
Glorin is a peptide chemoattractant used by Polysphondylium violaceum amoebae for
cell-cell communication to coordinate the process of aggregation (Shimomura et al. 1982;
Wurster et al. 1976). An ancient group 2 species Polysphondylium pallidum also exhibits
chemotactic activity towards glorin (Shimomura et al. 1982). The present thesis is
focused on exploring glorin-based cell-cell communication among the Dictyostelids. For
functional genomic studies, P. pallidum isolate PN500 is employed owing to its genetic
tractability (Heidel et al. 2011).
Recently, molecular phylogeny data (Schaap et al. 2006) suggested that glorin-based
cell-cell communication might be quite wide-spread among the Dictyostelids. Based on
this hypothesis, in the present research work the roots of glorin-mediated communication
are being traced in the Dictyostelids phylogeny and the question will be addressed how
common this peptide-based communication is in the phylogenetic descent of the social
amoebae. A proteomics approach will be used to search for the putative glorin-degrading
enzyme by analyzing the secretory proteome of aggregating P. pallidum PN500
amoebae.
P. pallidum PN500 is an emerging model organism with full experimental and genetic
amenability (Schaap 2011a). It could be interesting to study if glorin-based intercellular
communication also executes intracellular communication, i.e. signal transduction via
binding to its cognate receptor. This possibility will be examined in the present study by
researching whether glorin communication induces differential gene expression in
aggregation competent P. pallidum amoebae. For these investigations, Illumina
sequencing technology will be applied, taking advantage of the fully sequenced and
annotated reference genome of P. pallidum PN500 (Heidel et al. 2011). Genome-wide
analysis will be performed to determine changes in total cellular mRNA levels in
response to the stimulation of P. pallidum cells with exogenous glorin. Changes in global
gene expression in response to starvation will also be investigated in parallel. Interaction
between glorin communication system and the post-aggregation cAMP signalling system
of P. pallidum PN500 will also be scrutinized. A critical question to address is whether
glorin-induced gene expression would require de novo protein synthesis. Finally, this
study will characterize the developmental effects of ‘glorin-stimulated cell signalling’ in
starving P. pallidum cells.
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1.7 Significance of this work
The research work presented in this dissertation holds considerable promise. Firstly, it
provides intriguing information about the origins of peptide communication in
Dictyostelids. Secondly, it exquisitely compares signalling induced by two different
acrasin systems (i.e. cAMP system and the glorin system) at the transition from growth to
aggregation. D. discoideum that uses cAMP as aggregative chemoattractant and P.
pallidum, which is presumed to use glorin as acrasin during aggregation, are similar in
basic patterns of their life histories but biochemical relationship between both is utterly
vague. If glorin is the acrasin of P. pallidum, it is expected to exert similar effects in
organizing aggregation as cAMP does in D. discoideum. The fact that cAMP binding to
the cell-surface receptors initiates distinct signaling pathways leading to differential
changes in gene expression (that regulate diverse cellular functions during aggregation)
prompted us to do comparative signal-receptor physiology with glorin. In this thesis,
recent data on developmental roles of glorin mediated cell-cell signalling is presented
with a particular emphasis on gene regulation by this vital cell behaviour that is
suspected to coordinate aggregation in P. pallidum.
It has been reported that P. pallidum also secretes cAMP (Jones & Robertson 1976;
Konijn et al. 1968) which has been shown by Schaap and colleagues to be involved in
post-aggregation differentiation events in this species (Kawabe et al. 2009; Alvarez-Curto
et al. 2005). The assumption that glorin mediates aggregation in P. pallidum suggests a
clear chemical distinction between the chemotactic system coordinating aggregation and
cAMP differentiation system. This project provides the initial insight into the topic whether
post-aggregation cAMP system is induced by aggregation-specific glorin system or both
systems work independently in the development of P. pallidum.
Structurally, glorin is an interesting molecule, it is an exceptional dipeptide and like so
many peptide attractants of leukocytes, it is also terminally blocked. Though Nformylmethionyl peptides used for leukocyte chemotaxis do not attract P. violaceum
amoebae that use glorin as chemotactic agent, but the basic molecular similarity is
striking despite the difference in specificity (Shimomura et al. 1982; Devreotes &
Zigmond 1988). Researching signalling pathways induced by this unique molecule may
provide further insight into signal transduction networks that coordinate immune cell
functions.
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$XWRFODYLQJ RI DERYH PHGLXP ZDV IROORZHG
E\ DGGLWLRQ RI  PO RI JOXFRVH DQG 
PORI00J62+2





$JDUPHGLD


0HGLXP&RPSRVLWLRQ

60$JDU
$JDU
J


60PHGLXP

TXDQWLW\ VXIILFLHQW WR
PDNH/




$XWRFODYLQJ RI DERYH PHGLXP ZDV IROORZHG
E\ DGGLWLRQ RI  PO RI JOXFRVH DQG 
PORI00J62+2





 0LFURRUJDQLVPV


7KH IROORZLQJ VSHFLHV ZHUH XVHG LQ WKLV VWXG\ DQG '%6 VWUDLQ QXPEHUV IURP WKH
'LFW\RVWHOLXP 6WRFN &HQWHU KWWSGLFW\EDVHRUJ6WRFN&HQWHU6WRFN&HQWHUKWPO  DUH
JLYHQ

'LFW\RVWHOLGVSHFLHV

6RXUFH

'GLVFRLGHXP1&

'%6

'JLJDQWHXP:6

'%6

'VSKDHURFHSKDOXP*5

'%6

'RFXODUH'%%KRORW\SH

'%6

'JORHRVSRUXP7&

'%6

'IDVFLFXODWXP6+

'%6

'ELIXUFDWXP8.

'%6

'DXUHRVWLSHV-.6

'%6

'SDUYLVSRUXP26

'%6

'GHPLQXWLYXP0$

'%6

'PLFURVSRUXP+DJLZDUD

'%6
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3SDOOLGXP31

'%6

3SDOOLGXP31WDV$±WDV%±

'%6

.DZDEHHWDO 
3SDOOLGXP&.

'%6

3WHQXLVVLPXP716&

'%6

3WLNDOLHQVLV2+KRORW\SH

'%6

3OXULGXP/5

'%6

3SVHXGRFDQGLGXP+DJL716&

'%6

3DV\PPHWULFXP2+KRORW\SH

'%6

$HOOLSWLFXP$(KRORW\SH

'%6

$OHSWRVRQXP)*$

'%6

$VXEJORERVXP/%

'%6

3YLRODFHXP

$7&&

3SDOOLGXP:6

$7&&

3SDOOLGXP+

DJLIWIURP05RPHUDOR
8QLYHUVLW\RI8SSVDOD 







2WKHUPLFURRUJDQLVPV



.OHEVLHOODSODQWLFROD 6RXUFH'LFW\VWRFNFHQWUH 




.LWV






.LW

0DQXIDFWXUHU6XSSOLHU




%ULOOLDQW ,,6<%5 *UHHQT573&5.LW  6WUDWDJHQH
6WHS 
'1HDV\7LVVXH.LW

4LDJHQ

2PQLVFULSW5HYHUVH7UDQVFULSWLRQ.LW

4LDJHQ

4,$TXLFN*HO([WUDFWLRQ.LW

4LDJHQ



4,$TXLFN 3&53XULILFDWLRQ.LW

4LDJHQ

51DVH)UHH'1DVH6HW

4LDJHQ



51HDV\ 0LQL.LW

4LDJHQ

7DT'1$3RO\PHUDVH.LW

¶SULPH
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7DT'1$3RO\PHUDVH.LW 7DT3RO 

-HQD%LRVFLHQFH




(Q]\PHV


(Q]\PH

0DQXIDFWXUHU6XSSOLHU

3URWHLQDVH. 8ȝO 

)HUPHQWDV

5HVWULNWLRQVHQGRQXNOHDVHQ ±8ȝO 

1HZ(QJODQG%LR/DEV

51DVH$ 8ȝO 

1HZ(QJODQG%LR/DEV




/DEPDWHULDOV


/DEPDWHULDOV

0DQXIDFWXUHU6XSSOLHU

0SRUHVL]HFHOOFXOWXUH,QVHUWV %HFWRQ 'LFNLQVRQ DQG FRPSDQ\
86$
0XOWLZHOO70ZHOOSODWHIRUWLVVXHFXOWXULQJ %HFWRQ 'LFNLQVRQ DQG FRPSDQ\
86$
3URWHLQ/R%LQG7XEHPO

(SSHQGRUI86$

3HWULGLVKHV POPO 

*UHLQHU1XQF

3LSHWWHWLSVXQVWHULOH

*UHLQHU




6L]HVWDQGDUGV


0DUNHUV

0DQXIDFWXUHU6XSSOLHU

'1$VL]HVWDQGDUGS8&%VL6, +SD,, 

-HQD%LRVFLHQFH

'1$VL]HVWDQGDUGȖ'1$3VW,

)HUPHQWDV

'1$VL]HVWDQGDUGNE

1HZ(QJODQG%LR/DEV

0ROHFXODU ZHLJKW PDUNHU IRU 6'63$*( )HUPHQWDV
3DJH5XOHU 
0DJLF0DUN70IRU6'63$*(

,QYLWURJHQ
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&RPSXWHUSURJUDPPHV


*HQH2QWRORJ\$QDO\VLV7RRO *2$7 IU5 ;XXQG6KDXOVN\ EHU
%LR&RQGXFWRUKWWSZZZELRFRQGXFWRURUJ
*HQH([SUHVVLRQ2PQLEXVKWWSZZZQFELQOPQLKJRYJHR
*HQH2QWRORJ\3URMHFW *2 KWWSZZZJHQHRQWRORJ\RUJ
'LFW\EDVH &KLVKROPHWDO KWWSGLFW\EDVHRUJ
GLFW\([SUHVV 5RWHWDO KWWSZZZDLODEVLGLFW\H[SUHVVUXQ
3URWSDUDP *DVWHLJHUHWDO EHU([SDV\
KWWSZZZH[SDV\RUJWRROVSURWSDUDPKWPO
&OXVWDO; 7KRPVRQHWDO/DUNLQHWDO 
KWWSZZZFOXVWDORUJGRZQORDG
0LFURVRIW2IILFH([FHOXQG 0LFURVRIW&RUSRUDWLRQ 
S'5$:KWWSZZZDFDFORQHFRP
0D[3UR43&56RIWZDUH 6WUDWDJHQH 
4&DSWXUH3UR 4,PDJLQJ 
,PDJH- KWWSUVEZHEQLKJRYLM 





0HWKRGV



 &HOOELRORJLFDOPHWKRGV


&HOOFXOWXUHPHWKRGV



'LFW\RVWHOLGV

ZHUH

REWDLQHG

IURP

WKH

'LFW\RVWHOLXP

6WRFN

&HQWHU

KWWSGLFW\EDVHRUJ6WRFN&HQWHU6WRFN&HQWHUKWPO  &HOOV ZHUH FXOWXUHG LQ DVVRFLDWLRQ
ZLWK.OHEVLHOODSODQWLFRODRQ60DJDUSODWHVDW&DVGHVFULEHGE\5DSHU 5DSHU
  $IWHU DERXW  KRXUV RI LQFXEDWLRQ WKH YHJHWDWLYHO\ JURZLQJ DPRHEDH ZHUH
KDUYHVWHGIURPWKHDJDUSODWHVXVLQJFROGP0SKRVSKDWHEXIIHU S+ &HOOVZHUH
ZDVKHGIUHHRIEDFWHULDE\UHSHDWHGZDVKLQJZLWKSKRVSKDWHEXIIHU S+ [FHOOV
ZHUH KDUYHVWHG E\ FHQWULIXJDWLRQ DQG SHOOHW ZDV LPPHGLDWHO\ VWRUHG DW  & IRU WRWDO
51$H[WUDFWLRQRUSUHSDUDWLRQRIJHQRPLF'1$
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 &KHPRWD[LVDVVD\


 3UHSDUDWLRQRIK\GURSKRELFDJDUDQGFKHPRWD[LVDVVD\SODWHV
 (QQLV 6XVVPDQ.RQLMQ 5DSHU 

7RSUHSDUHK\GURSKRELFDJDUSODWHVDJDUZDVZDVKHGUHSHDWHGO\ZLWKGHLRQLVHGZDWHU
VXVSHQGHG LQ P0 SKRVSKDWH EXIIHU S+   GLVVROYHG E\ ERLOLQJ DQG DOORZHG WR
JHODWH7KHFRQFHQWUDWLRQRIWKHDJDUZDVORZHUHGWRWKDWSHUPLWVDPRHEDHWRPRYH
RXWVLGHWKHERXQGDULHVRIWKHGURSWRLQFUHDVLQJFRQFHQWUDWLRQJUDGLHQWVRIDFUDVLQDIWHU
FHOOVGHJUDGHFKHPRDWWUDFWDQWLQWKHLUYLFLQLW\PORIPROWHQDJDUZDVSRXUHGLQHDFK
SHWUL SODWH  FP  DJLWDWHG WR DOORZ HYHQ VSUHDGLQJ DQG DOORZHG WR JHODWH DV WKLQ DJDU
VXUIDFH

6\QWKHWLF JORULQ ZDV REWDLQHG IURP 3KRHQL[ 3KDUPDFHXWLFDOV %XUOLQJDPH &$ 86$ 
GLVVROYHGLQP0SKRVSKDWHEXIIHU S+ DQGVWRUHGDVDP0VWRFNVROXWLRQDW
 & &KHPRWD[LV DVVD\V ZHUH FDUULHG RXW IROORZLQJ WKH SURWRFRO HVWDEOLVKHG E\
6KLPRPXUD HW DO 6KLPRPXUD HW DO    *URZLQJ FHOOV ZHUH ZDVKHG WR UHPRYH
EDFWHULDDGMXVWHGWRDFRQFHQWUDWLRQRI[FHOOVPOZLWKP0SKRVSKDWHEXIIHU S+
 DQGVKDNHQIRUKRXUVDWUSPDW&WRLQGXFHDJJUHJDWLRQFRPSHWHQFH
&HOOVZHUHWKHQFRQFHQWUDWHGE\FHQWULIXJDWLRQWR[FHOOVPODQGOGURSVRIFHOO
VXVSHQVLRQZHUHGHSRVLWHGRQK\GURSKRELFSKRVSKDWHDJDUSODWHVFRQWDLQLQJHLWKHU
QRDFUDVLQRUGLIIHUHQWFRQFHQWUDWLRQVRIJORULQRUF$03,QWKHDEVHQFHRIDFUDVLQLQWKH
DJDU FHOOV VWD\HG LQVLGH WKH ERXQGDULHV RI GURSV RYHU WKH FRPSOHWH SHULRG RI
REVHUYDWLRQ ,QVWHDG LI DFUDVLQ ZDV HPEHGGHG LQ WKH DJDU H[WUDFHOOXODU DFUDVLQDVH
GHJUDGHG WKH DFUDVLQ ZLWKLQ WKH GURS WKHUHE\ JHQHUDWLQJ ORFDO DFUDVLQ JUDGLHQWV WKDW
FDXVHG FHOOV WR PRYH RXW RI WKH PDUJLQV RI WKH GURS RYHU D FHUWDLQ GLVWDQFH 3LFWXUHV
ZHUHJHQHUDOO\WDNHQKRXUVDIWHUSODFLQJGURSVRIWKHFHOOVRQDJDUVXUIDFH


*ORULQSXOVLQJH[SHULPHQWV

9HJHWDWLYHO\JURZLQJ3SDOOLGXPFHOOV ZHUHFROOHFWHGZDVKHGDQGUHVXVSHQGHGLQ
P0 SKRVSKDWH EXIIHU DW D FRQFHQWUDWLRQ RI [FHOOVPO $ SHOOHW RI [ FHOOV ZDV
VWRUHG LPPHGLDWHO\ DIWHU ZDVKLQJ DW & WKDW VHUYHG DV D UHIHUHQFH IRU GLIIHUHQWLDO
JHQHH[SUHVVLRQLQGHYHORSLQJFHOOV6XVSHQVLRQFXOWXUHVRIDPRHEDHZHUHWKHQVKDNHQ
DW  USP DW & 8QOHVV RWKHUZLVH VSHFLILHG 3 SDOOLGXP 31 FHOOV ZHUH ILUVW




0$7(5,$/6$1'0(7+2'6



SUHVWDUYHGIRUKRXUDQGWKHQWUHDWHGZLWK0JORULQDWRUPLQXWHLQWHUYDOV
IRUDQDGGLWLRQDOWRKRXUV GHSHQGLQJRQWKHQDWXUHRIH[SHULPHQW 3DUDOOHOFXOWXUHV
ZHUH OHIW XQWUHDWHG *HQHUDOO\ [FHOOV ZHUH FROOHFWHG E\ FHQWULIXJDWLRQ  PLQXWHV
DIWHUHDFKSXOVHSHOOHWHGDQGVWRUHGDW&IRUVXEVHTXHQW51$H[WUDFWLRQ


$JJUHJDWLRQ$QDO\VLV


$JJUHJDWLRQDQDO\VLVXQGHUVXEPHUJHGFRQGLWLRQV

9HJHWDWLYH 3 SDOOLGXP31 DPRHEDHJURZQ LQ DVVRFLDWLRQ ZLWK .OHEVLHOOD SODQWLFROD
ZHUH KDUYHVWHG DQG ZDVKHG IUHH RI EDFWHULD IRXU WLPHV LQ LFHFROG  P0 SKRVSKDWH
EXIIHU S+   7KH FHOOV ZHUH WKHQ UHVXVSHQGHG LQ SKRVSKDWH EXIIHU DW D GHQVLW\ RI
[FHOOVPO DQG  PO RI WKLV VXVSHQVLRQ ZDV SODWHG LQ PRQROD\HU RQ D PP SHWUL
GLVK ,PDJHV ZHUH FDSWXUHG DIWHU FHOOV KDYH VHWWOHG WR WKH ERWWRP RI SHWUL SODWHV  KU 
DQGZKHQWKH\VWDUWWRDJJUHJDWH


$JJUHJDWLRQDQDO\VLVRQSKRVSKDWHEXIIHUHGDJDUSODWHV

3SDOOLGXP31DPRHEDHZHUHZDVKHGIUHHRIEDFWHULDDQGDGMXVWHGWR[FHOOVPO
LQ FROG  P0 SKRVSKDWH EXIIHU S+   &HOOV ZHUH WKHQ HYHQO\ GLVWULEXWHG DV
PRQROD\HUVRQPPSKRVSKDWHEXIIHUHGDJDUSODWHVDWDGHQVLW\RI[FHOOVFP IRU
GHYHORSPHQW 7KH SODWHV ZHUH DLU GULHG IRU  PLQXWHV DQG DQ\ H[FHVV RI OLTXLG ZDV
FDUHIXOO\UHPRYHGZLWKRXWGLVWXUELQJWKHFHOOOD\HU&HOOVZHUHWKHQDOORZHGWRGHYHORSDW
R& 'LIIHUHQW VWDJHV RI GHYHORSPHQW ZHUH REVHUYHG XVLQJ D VWHUHRPLFURVFRSH DQG
LPDJHV ZHUH FDSWXUHG DW LQGLFDWHG WLPH SRLQWV &HOOV ZHUH ZDVKHG RII WKH VXUIDFH RI
DJDU SODWHV DW GLIIHUHQW VWDJHV RI GHYHORSPHQW [FHOOV ZHUH SHOOHWHG E\
FHQWULIXJDWLRQDQGVWRUHGDWR&IRUSUHSDUDWLRQRIWRWDO51$


 'HYHORSPHQW RQ SKRVSKDWH DJDU WR VWXG\ DJJUHJDWLRQ VWLPXODWRU\
HIIHFWVRIJORULQ

7R H[DPLQH HIIHFWV RI JORULQ WUHDWPHQW RQ DJJUHJDWLRQ FDSDFLW\ RI 3 SDOOLGXP 31
WKHVXVSHQVLRQFXOWXUHRIDPRHEDHZDVILUVWSUHVWDUYHGIRUKRXUDQGWKHQGLVWULEXWHG
LQWRWKUHHIODVNV YROXPHRIWKHIODVNZDVWLPHVWKDWRIWKHVXVSHQVLRQ DQGVKDNHQ
DWUSP2QHIODVNZDVXVHGIRUHDFKRIWKHIROORZLQJFRQGLWLRQV L QRWUHDWPHQW LL 
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SXOVHGJORULQSXOVHVRIJORULQJLYHQHYHU\PLQXWHVWRDILQDOFRQFHQWUDWLRQRI0IRU
 KRXUV LLL  SXOVHG JORULQ SXOVHV RI JORULQ JLYHQ HYHU\  PLQXWHV WR D ILQDO
FRQFHQWUDWLRQ RI  Q0 IRU  KRXUV &HOOV ZHUH WKHQ ZDVKHG FRQFHQWUDWHG WR
[FHOOVPOE\FHQWULIXJDWLRQDQGSODWHGRQQRQQXWULHQWDJDUSODWHVDWFRQFHQWUDWLRQRI
[FHOOVFP3KRWRJUDSKVZHUHWDNHQZKHQFHOOVUHDFKHGDJJUHJDWLRQVWDJH



0ROHFXODU%LRORJ\0HWKRGV


,VRODWLRQRIJHQRPLF'1$DQGWRWDO51$

)RULVRODWLRQRIWRWDO51$RUJHQRPLF'1$DFHOOSHOOHWRI[ FHOOVZDVXVHGZKLFK
KDV EHHQ VWRUHG RYHUQLJKW DW  & 7KH LVRODWLRQ RI J'1$ ZDV SHUIRUPHG XVLQJ WKH
'1HDV\ 7LVVXH .LW 4LDJHQ  XVLQJ µ$QLPDO FHOOV¶ SURWRFRO  )RU 51$ LVRODWLRQ WKH
51HDV\0LQL.LW 4LDJHQ ZDVXVHG


F'1$V\QWKHVLV

7KH V\QWKHVLV RI F'1$ ZDV FDUULHG RXW IURP ȝO RI WRWDO 51$ KDYLQJ FRQFHQWUDWLRQ RI
QJOXVLQJWKH2PQLVFULSW5HYHUVH7UDQVFULSWLRQ.LW 4LDJHQ DQGDQROLJR G7 
SULPHU


4XDQWLWDWLYH573&5

)RUWKHFRPSDUDWLYHH[SUHVVLRQDQDO\VLVRIJHQHVWKHTXDQWLWDWLYHUHDOWLPHSRO\PHUDVH
FKDLQ UHDFWLRQ T573&5  ZDV SHUIRUPHG WR FRPSOHPHQWDU\ '1$V *HQH H[SUHVVLRQ
OHYHOV ZHUH VWDQGDUGL]HG WR WKH JHQH HQFRGLQJ JO\FHUDOGHK\GHSKRVSKDWH
GHK\GURJHQDVH JSG$ 6$&*% DFFHVVLRQ QXPEHU 33/B  7KH JSG$ JHQH ZDV
DPSOLILHGXVLQJSULPHUVJSG$DQGJSG$WKDW\LHOGHGDES3&5SURGXFWIURP
JHQRPLF '1$ DQG D  ES IUDJPHQW IURP F'1$ UHVSHFWLYHO\ WKHUHE\ IDFLOLWDWLQJ
GHWHUPLQDWLRQ RI JHQRPLF '1$ FRQWDPLQDWLRQV LQ F'1$ SUHSDUDWLRQV E\ FRQYHQWLRQDO
573&5SULRUWRUHDOWLPH573&5UXQV7KHUHDOWLPHTXDQWLILFDWLRQZDVSHUIRUPHGRQ
D0[3 6WUDWDJHQH XVLQJWKH7DTSRO\PHUDVHNLW ¶SULPHURU-HQD%LRVFLHQFH 
WRJHWKHUZLWKWKH)OXRUHVFHQWG\H(YD*UHHQ$GLOXWLRQRIF'1$ V\QWKHVL]HGDV
GHVFULEHGLQ ZDVSUHSDUHGDQGORIWKLVGLOXWLRQZDVXVHGLQWKHDPSOLILFDWLRQ
UHDFWLRQ PL[WXUH DORQJZLWK  Q0 ILQDO FRQFHQWUDWLRQ RI SULPHUV ZDV XVHG IRU WKH
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DPSOLILFDWLRQ UHDFWLRQV $ OLVW RI SULPHUV XVHG LV JLYHQ LQ $SSHQGL[ 7DEOH $ $Q LQLWLDO
GHQDWXULQJVWHSDW&IRUPLQXWHVZDVIROORZHGE\WKH3&5IRUF\FOHVDW&
IRU  V & IRU  V DQG & IRU  V 6XEVHTXHQWO\ WKH PHOWLQJ FXUYHV RI WKH
UHVXOWLQJ SURGXFWV ZHUH DQDO\]HG DQG JHQH H[SUHVVLRQ UHJXODWLRQ ZDV GHWHUPLQHG E\
WKH PHWKRG RI 3IDIIO   $OO PHDVXUHPHQWV ZHUH FDUULHG RXW LQ DW OHDVW WKUHH
LQGHSHQGHQWH[SHULPHQWV


,76VHTXHQFLQJ 5RPHUDORHWDO 

$EDVHSDLU ES IUDJPHQWRI,76U'1$ZDVDPSOLILHGE\3&5IURPJHQRPLF'1$
RIIRXULVRODWHVRI3SDOOLGXPXVLQJ3SDOOLGXPVSHFLILFSULPHUVGHVFULEHGE\5RPHUDOR
HWDO 5RPHUDORHWDO 7KH3&5SURJUDPZDVFRPSRVHGRIPLQXWHVDW&
IROORZHGE\F\FOHVRIPLQXWHDW&PLQXWHDW&DQGPLQXWHVDW&
DQGDILQDOHORQJDWLRQVWHSRIPLQXWHVDW&3&5SURGXFWVZHUHWKHQVHSDUDWHG
RQ  DJDURVH JHOV '1$ EDQGV H[FLVHG IURP WKH JHO ZHUH H[WUDFWHG XVLQJ WKH
4,$TXLFNJHOH[WUDFWLRQNLW7KHH[WUDFWHG'1$ZDVVHTXHQFHGRQ$%,VHTXHQFLQJ
PDFKLQHXVLQJWKHVDPHSULPHUVDVZHUHXVHGIRUDPSOLILFDWLRQ,76VHTXHQFHVIURP3
SDOOLGXPLVRODWHVQDPHO\31:6&.DQG+ZHUHDOLJQHGXVLQJ&OXVWDO;
 SURJUDPPH ,76 VHTXHQFHV RI 3 SDOOLGXP 31 +4  3 SDOOLGXP
:6 +4  3 SDOOLGXP + +4  DQG 3 SDOOLGXP &. +4
ZHUHGHSRVLWHGLQ*HQ%DQN


51$6HTXHQFLQJ

3 SDOOLGXP 31 JHQRPH VHTXHQFLQJ SURMHFW ZDV RQO\ UHFHQWO\ SXEOLVKHG +HLGHO HW
DO WKHUHIRUHIDFLOLW\RIFRPPHUFLDO'1$PLFURDUUD\VZDVQRWDYDLODEOH:KHQWKH
SURMHFW SUHVHQWHG LQ WKLV GLVVHUWDWLRQ ZDV VWDUWHG ZH KDG DFFHVV WR XQSXEOLVKHG
VHTXHQFLQJGDWDRI3SDOOLGXP31JHQRPHE\FRXUWHV\RI'U*HUQRW*O|FNQHU)ULW]
/LSPDQQ,QVWLWXWH-HQD*HUPDQ\7RVWXG\JHQRPHZLGHJHQHH[SUHVVLRQFKDQJHVDW
WKH HDUO\ VWDJHV RI GHYHORSPHQW ZH XVHG KLJKWKURXJKSXW ,OOXPLQD 51$ VHTXHQFLQJ
51$VHT WHFKQRORJ\EHFDXVHWKLVPHWKRGSURGXFHVDTXDQWLWDWLYHGLJLWDOLQIRUPDWLRQ
RIDOOWKHWUDQVFULSWVLQDJLYHQVDPSOHWRJHWKHUZLWKLQFUHDVHGG\QDPLFUDQJHDQGEHWWHU
VHQVLWLYLW\LQFRQWUDVWWRK\EULGL]DWLRQEDVHGPLFURDUUD\V :DQJHWDO 

3 SDOOLGXP 31 DPRHEDH ZHUH KDUYHVWHG DW WKH YHJHWDWLYH VWDJH ZDVKHG IUHH RI
EDFWHULDDQGUHVXVSHQGHGDWDGHQVLW\RI[FHOOVPOLQFROGP0SKRVSKDWHEXIIHU
[FHOOVZHUHVWRUHGDVDSHOOHWDWR&IRUWRWDO51$SUHSDUHDWLRQ7KLVSHOOHWVHUYHG
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DV³YHJHWDWLYHFRQWURO´LQ51$VHTDQDO\VLV'HYHORSPHQWZDVWKHQLQLWLDWHGE\VWDUYLQJ
DPRHEDHIRUKRXULQDVXVSHQVLRQFXOWXUHWKDWZDVURWDWHGDWUSPRQDSODWIRUP
VKDNHU DW R& $IWHU WKLV LQLWLDO WUHDWPHQW FXOWXUH ZDV GLYLGHG LQWR WZR SDUWV 7R
H[DPLQHWKHHIIHFWVRIH[RJHQRXVJORULQRQJHQHH[SUHVVLRQJORULQZDVDGGHGDWDILQDO
FRQFHQWUDWLRQ RI  0 DW PLQ LQWHUYDOV IRU WRWDO  KRXUV ZKHUHDV RWKHU FXOWXUH
UHFHLYHG QR JORULQ DGGLWLRQ DQG VHUYHG DV ³FRQWURO´ [FHOOV ZHUH SHOOHWHG IRU WRWDO
51$SUHSDUDWLRQDIWHUDQGKRXUVRIJORULQWUHDWPHQWLHDIWHURUSXOVHVRIJORULQ
UHVSHFWLYHO\ 8QWUHDWHG FHOOV ZHUH KDUYHVWHG DW WKH VDPH WLPH SRLQWV &HOOV ZHUH
JHQHUDOO\KDUYHVWHGPLQXWHVDIWHUDJORULQSXOVHZDVGHOLYHUHG

7UDQVFULSWRPHZLGH H[SUHVVLRQ OHYHOV ZHUH GHWHUPLQHG XVLQJ ,OOXPLQD6ROH[D QH[W
JHQHUDWLRQVHTXHQFLQJ %HQWOH\HWDO )RUOLEUDU\SUHSDUDWLRQDQDPRXQWRIJ
WRWDO 51$ SHU VDPSOH ZDV SURFHVVHG XVLQJ ,OOXPLQD¶V P51$VHT VDPSOH SUHS NLW
IROORZLQJWKHPDQXIDFWXUHU¶VLQVWUXFWLRQV7KHOLEUDULHVZHUHVHTXHQFHGXVLQJD*HQRPH
$QDO\]HU *$,,[ LQDVLQJOHUHDGDSSURDFKZLWKF\FOHVUHVXOWLQJLQUHDGVZLWKDOHQJWK
RI  QXFOHRWLGHV 5HDGV ZHUH PDSSHG WR WKH 3 SDOOLGXP UHIHUHQFH WUDQVFULSWRPH
GRZQORDGHG IURP WKH 6RFLDO $PRHED &RPSDUDWLYH *HQRPH %URZVHU 6$&*%
KWWSVDFJEIOLOHLEQL]GHFJLLQGH[SO XVLQJWKH,OOXPLQDVXSSOLHGWRRO(/$1' %HQWOH\HW
DO ZLWKVWDQGDUGSDUDPHWHUV([SUHVVLRQYDOXHVZHUHFDOFXODWHGE\FRXQWLQJWKH
QXPEHU RI XQLTXH PDSSDEOH UHDGV SHU WUDQVFULSW DQG QRUPDOL]LQJ WKHVH WR WKH WRWDO
QXPEHU RI PDSSDEOH UHDGV DQG OHQJWK RI WKH UHVSHFWLYH WUDQVFULSW DGDSWHG IURP
0RUWD]DYLHWDO 7KLVUHVXOWHGLQ53.0YDOXHV 5HDGV3HU.LOREDVHWUDQVFULSWDQG
0LOOLRQ PDSSDEOH UHDGV  UHSUHVHQWLQJ WKH H[SUHVVLRQ OHYHO RI WKH UHVSHFWLYH WUDQVFULSW
51$VHT ZDV SHUIRUPHG XVLQJ 51$ SUHSDUDWLRQV IURP WZR LQGHSHQGHQW H[SHULPHQWV
$YHUDJH 53.0 YDOXHV GHULYHG IURP ERWK H[SHULHPHQWV ZHUH XVHG WR FDOFXODWH
GLIIHUHQFHV LQ JHQH H[SUHVVLRQ +RZHYHU JHQHV ZHUH FRQVLGHUHG DV EHLQJ JORULQ
GHSHQGHQWO\ H[SUHVVHG RQO\ LI GLIIHUHQFHV LQ 53.0 YDOXHV LQ JORULQWUHDWHG YHUVXV
XQWUHDWHG FHOOV ZHUH JUHDWHU WKDQ IROG LQ HDFK RI WKH WZR LQGLYLGXDO 51$VHT
H[SHULPHQWV7KH51$VHTGDWDKDYHEHHQGHSRVLWHGLQWKH*HQH([SUHVVLRQ2PQLEXV
GDWDEDVHXQGHUDFFHVVLRQQXPEHU*6(
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3URWHRPLFDQDO\VLVRIVHFUHWRU\SURWHLQV



3UHSDUDWLRQ

RI

H[WUDFHOOXODU

SURWHLQV

IURP

DJJUHJDWLQJ

3RO\VSKRQG\OLXPSDOOLGXP

7RFROOHFWVHFUHWHGSURWHLQVZLOGW\SH3SDOOLGXPFHOOVZHUHFXOWXUHGLQDVVRFLDWLRQZLWK
.OHEVLHOOD SODQWLFROD RQ  60 SODWHV DW & 5DSHU   $IWHU DERXW  KRXUV RI
LQFXEDWLRQWKHYHJHWDWLYHDPRHEDHZHUHKDUYHVWHGIURPWKHDJDUSODWHVXVLQJFROG
P0SKRVSKDWHEXIIHU S+ DQGIUHHGRIEDFWHULDE\WLPHVFHQWULIXJDWLRQDWUSP
LQSKRVSKDWHEXIIHU7KHILQDOFHOOSHOOHWZDVUHVXVSHQGHGLQP0SKRVSKDWHEXIIHUDW
DFRQFHQWUDWLRQRIFHOOVPO&HOOV  ZHUHWKHQSLSHWWHGRQWRD7\SHPP
SRUHVL]HG SRO\HWK\OHQH WHUHSKWKDODWH PHPEUDQH VL[ZHOO IRUPDW FHOOFXOWXUH LQVHUW
%HFWRQ'LFNLQVRQ)UDQNOLQ/DNHV1-86$ $IWHUPLQWKHFHOOVKDGVHWWOHGRQDQG
DWWDFKHGWRWKHPHPEUDQHDQGWKHEXIIHUZDVJHQWO\UHPRYHGIURPWKHLQVHUW&ROG
P0SKRVSKDWHEXIIHUFRQWDLQLQJDSURWHDVHLQKLELWRUFRFNWDLO RQHWDEOHWZDVXVHGIRU
POEXIIHU $(%6)WRDILQDOFRQFHQWUDWLRQRIP0DQGP0('7$ZDVDGGHGLQWR
WKH ZHOOV RI D VL[ZHOO SODWH 7KH LQVHUWV ZLWK FHOOV ZHUH WKHQ SODFHG LQ WKH ZHOOV 7KH
YROXPH RI EXIIHU LQ WKH ZHOOV ZDV DFFRPPRGDWHG WR MXVW WRXFK WKH PHPEUDQH RI WKH
LQVHUWWRNHHSWKHPHPEUDQHDQGFHOOVPRLVW$PRHEDHGHYHORSHGQRUPDOO\ ZLWKFHOOV
DJJUHJDWLRQ VWDUWLQJ DW  KRXU DQG EUDQFKLQJ VWUHDPV IRUPDWLRQ DW  KRXUV GDWD QRW
VKRZQ $IWHUKRXUVRIGHYHORSPHQWDW&WKHFRQGLWLRQHGVWDUYDWLRQEXIIHULQWKH
ZHOOV ZDVFROOHFWHGLQPOHSSHQGRUIWXEHV POFRQGLWLRQHGEXIIHUSHUWXEH DQGWKH
VDPSOHVZHUHVWRUHGDW&


&RQFHQWUDWLRQRIFROOHFWHGSURWHLQV

)UR]HQ FRQGLWLRQHG VWDUYDWLRQ EXIIHU VDPSOHV  PO VDPSOH SHU WXEH  ZHUH O\RSKLOL]HG
DQG UHVXOWLQJ SRZGHU LQ HDFK WXEH ZDV UHVXVSHQGHG LQ  O RI GHLRQL]HG ZDWHU
6DPSOHVZHUHWKHQLPPHGLDWHO\ERLOHGZLWKORI[/DHPPOLEXIIHUIRUPLQDW
&WRGHQDWXUHSURWHLQVDQGVXEVHTXHQWO\FHQWULIXJHGIRUPLQDW[JLQDWDEOH
FHQWULIXJH '(SSHQGRUI WRUHPRYHWKHODUJHSDUWLFOHV6XSHUQDWDQWZDVFROOHFWHG
DQGXVHGIRUSURWHLQDQDO\VLVE\6'63$*(
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3URWHLQV LQ WKH VDPSOH ZHUH VHSDUDWHG E\ HOHFWURSKRUHVLV RQ   6'63$*( JHO
DFFRUGLQJWR/DHPPOL  6HSHUDWLRQZDVGRQHDW9ROWIRUKRXUVDWURRP
WHPSHUDWXUHXVLQJWKH[6'6EXIIHUDVUXQQLQJEXIIHU)RUSURWHLQ0:HVWLPDWLRQO
RIPROHFXODU ZHLJKWPDUNHU LQ D UDQJH RI  WRN'D 3DJH 5XOHU )HUPHQWDV  ZDV
UXQDORQJVLGHRIWKHJHO&RPSRVLWLRQRIJHOZDVDVIROORZV
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06FRPSDWLEOHVLOYHUVWDLQLQJRISRO\DFU\ODPLGHJHO

$IWHUHOHFWURSKRUHVLVSURWHLQVZHUHYLVXDOL]HGE\VLOYHUVWDLQLQJRISRO\DFU\ODPLGHJHODV
GHVFULEHG E\ 6KHYFKHQNR HW DO   7KLV VWDLQLQJ PHWKRG LV PDVV VSHFWURPHWU\
FRPSDWLEOH KDV QR LQIOXHQFH RQ SHSWLGH HOXWLRQ IURP WKH JHO DQG GRHVQ¶W LQWHUUXSW
LRQL]DWLRQ LQ D PDVV VSHFWURPHWHU 7KH OLPLW RI GHWHFWLRQ RI WKLV PHWKRG LV   QJ RI
SURWHLQSHUEDQG7KLVWHFKQLTXHLVEDVHGRQWKHDIILQLW\RIWKHSURWHLQVIRUDFDWLRQLH
VLOYHU6'6DOVRKDVDKLJKDIILQLW\IRUVLOYHUDQGPXVWEHUHPRYHGSULRUWRVWDLQLQJE\D
IL[DWLRQVWHS

$IWHUDJHOUXQWKHJHOZDVSODFHGLQDJODVVWUD\FRQWDLQLQJPORIIL[DWLRQVROXWLRQ
7KHWUD\ZDVVKDNHQJHQWO\RQDSODWIRUPVKDNHUIRUDERXWKRXU$IWHUIL[DWLRQWKHJHO




0$7(5,$/6$1'0(7+2'6



ZDV ULQVHG  WLPHVIRU  PLQXWHV ZLWK  PO RI 04 ZDWHU RQ D SODWIRUP VKDNHU *HO
ZDVWKHQVHQVLWL]HGZLWKPOVHQVLWL]LQJVROXWLRQIRUH[DFWO\PLQXWHV5LQVHGWKH
JHO WZLFH IRU  PLQXWH ZLWK SOHQW\ RI 04 ZDWHU DQG WKHQ VWDLQHG ZLWK  PO VLOYHU
VROXWLRQ IRU  PLQXWHV 5LQVHG WKH JHO WZLFH IRU  PLQXWH ZLWK ZDWHU IROORZHG E\
GHYHORSPHQW LQ  PO RI ³GHYHORSPHQW VROXWLRQ´ E\ VKDNLQJ LW JHQWO\ XQWLO WKH EDQGV
DFTXLUHGWKHGHVLUHGLQWHQVLW\,WWRRNDOPRVWPLQXWHV'HYHORSPHQWZDVVWRSSHGE\
VKDNLQJWKHJHOJHQWO\IRUPLQXWHVLQVWRSVROXWLRQ&DUHZDVWDNHQWRDGGWKHVWRSSHU
VROXWLRQVOLJKWO\EHIRUHWKHGHVLUHGVWDLQLQWHQVLW\ZDVUHDFKHGWRJHWFOHDUEDFNJURXQG
*HOZDVWKHQVWRUHGLQVWRSVROXWLRQDW&RYHUQLJKW7KHQH[WGD\JHOZDVULQVHGZLWK
ZDWHUWLPHVIRUPLQDQGLPDJHVZHUHFDSWXUHGE\VFDQQLQJVLOYHUVWDLQHGJHO


0DVVVSHFWURPHWU\DQDO\VLVRISURWHLQV

7RLGHQWLI\WKHVHFUHWHGSURWHLQVEDQGVZHUHH[FLVHGIURPWKHVLOYHUVWDLQHGJHOFXWLQWR
VPDOOHU SLHFHV  î  PP  DQG VHQW WR WKH PDVV VSHFWURPHWU\ DQG SURWHRPLFV FRUH
IDFLOLW\ LQ WKH ODERUDWRU\ RI 'U .DUO+HLQ] *KUV DW /HLEQL] ,QVWLWXWH IRU $JH 5HVHDUFK
)ULW]/LSPDQQ,QVWLWXWH )/, -HQD7KHVDPSOHSUHSDUDWLRQSURFHGXUHZDVEDVHGRQWKH
SDSHURI6KHYFKHQNRHWDO  ZLWKVRPHPRGLILFDWLRQV


(6,0606DQDO\VLV

7KH DQDO\VHV ZHUH SHUIRUPHG E\ (6,0606 ZLWK DQ /74 2UELWUDS ;/ LQVWUXPHQW
7KHUPR6FLHQWLILF LQQDQRVSUD\PRGH7KHPDVVVSHFWURPHWHUZDVRQOLQHFRXSOHGWR
DQ+3/& (DV\QDQR/& 3UR[HRQ2GHQVH'DQPDUN %HIRUHDQDO\VLVWKHVDPSOHZDV
GLVVROYHG LQ   IRUPLF DFLG FRQWDLQLQJ   DFHWRQLWULOH $Q DOLTXRW RI  O RI WKH
VDPSOHZDVVXEMHFWHGWRQDQR+3/&DWDIORZUDWHRIQOPLQXVLQJDQ(DV\QDQR/&
3UR[HRQ2GHQVH'DQPDUN HTXLSSHGZLWKD [ PP=RUED[WUDSFROXPQ $JLOHQW
:DOGEURQQ *HUPDQ\  DQG D  FP [  P DQDO\WLFDO FROXPQ 1DQR6HSDUDWLRQV
1LHXZNRRS1HWKHUODQGV 6HSDUDWLRQRIWKHFRPSRQHQWVZDVDFKLHYHGE\DSSOLFDWLRQRI
D JUDGLHQW IURP   WR   DFHWRQLWULOH LQ   IRUPLF DFLG 7KH HIIOX[ ZDV GLUHFWO\
VSUD\HG LQWR WKH RULILFH RI D /74 2UELWUDS ;/ PDVV VSHFWURPHWHU 7KHUPR 6FLHQWLILF
'UHLHLFK*HUPDQ\ DQGPDVVVSHFWUDZHUHUHFRUGHG7KHHYDOXDWLRQRIWKHVSHFWUDZDV
SHUIRUPHGE\;FDOLEXU 7KHUPR6FLHQWLILF'UHLHLFK*HUPDQ\ 
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'DWDEDVHVHDUFKWRLGHQWLI\SURWHLQV

7KH VHOHFWHG SHSWLGH VSHFWUD ZHUH XVHG WR VHDUFK IRU SURWHLQ FDQGLGDWHV LQ WKH IDVWD
GDWDEDVH RI 3 SDOOLGXP ZKLFK ZDV JHQHUDWHG E\ 25) LGHQWLILFDWLRQ ZLWKLQ WKH
VHTXHQFHG JHQRPH RI WKLV RUJDQLVP

+HLGHO HW DO  KWWSVDFJEIOL
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IL[HG PRGLILFDWLRQV  RQ & FDUEDPLGRPHWK\O  YDULDEOH PRGLILFDWLRQV  RQ &
FDUEDP\O   RQ 0 R[LGDWLRQ  PD[LPXP PLVVHG FOHDYDJHV  GLJHVWLRQ HQ]\PH
WU\SVLQ5HJXODULQMHFWLRQVRIIPRORID%6$VWDQGDUGZHUHXVHGWRFKHFNWKHFXUUHQW
PDFKLQHVWDWH,IWRRIWKHSURWHLQZDVFRYHUHGE\LGHQWLILHGSHSWLGHVPDFKLQH
VWDWXVZDVWDNHQVDWLVIDFWRU\/LPLWRIVHQVLWLYLW\ZDVLQWKHUDQJHRIWRIPROSURWHLQ
SHUVDPSOHLQMHFWLRQ





























RESULTS

3 Results
Chemotaxis is an intriguing biological phenomenon that plays significant role during the
life cycle of Dictyostelids. In the vegetative stage the amebae have to locate their
bacterial food in the soil they dwell. At this time the amebae exhibit chemotaxis to folic
acid and pterin (Liao & Kimmel 2009; Pan et al. 1972; Pan et al. 1975), both of which are
secreted by bacteria, and serve as cues for nutrient localization. Cyclic AMP secreted by
E.coli has also been shown to attract vegetative amoebae of Dictyostelium and
Polysphondylium species and was suggested as efficient food-seeking mechanism
(Samuel 1961; Konijn 1961; Konijn et al. 1967; Konijn 1969; Konijn 1972). When food
source is exhausted, the amoebae gain the ability to establish a complex cell-cell
communication network and aggregate to initiate social phase of their life cycle. In 1902,
Olive and Potts proposed the existence of a chemical mediator of aggregation in
Dictyostelids. Later, Bonner (1947) reported that starving amoebae release diffusible
chemical agents, named ‘acrasins’ that are capable to orient and attract neighbouring
amoebae. It has been suggested that there might be at least 8 different chemical
substances prevailed as acrasins among the Dictyostelids (Bonner 1982). Recently,
molecular phylogeny of Dictyostelids classified more than 100 species of social amoebae
into four major groups (Schaap et al. 2006). The well-studied Group 4 species,
Dictyostelium discoideum, employs the chemoattractant cAMP as communication signal
to organize aggregation (Konijn et al. 1967). Some other group 4 species, such as D.
mucoroides, D. purpureum, and D. rosarium have also been reported to use cAMP as
acrasin (Bonner 2009; Schaap et al. 2006; Konijn 1973; Bonner et al. 1969; Konijn et al.
1967; Shaffer 1953). Group 3 species D. lacteum uses pterin as aggregation
chemoattractant (Van Haastert et al. 1982), whereas D. minutum employs a derivative of
folic acid (De Wit & Konijn 1983) as acrasin. A modified dipeptide glorin (N-propionyl-J-Lglutamyl-L-ornithine-G-lactam-ethylester) is used as cell-cell communication agent to
mediate aggregation in P. violaceum (Shimomura et al. 1982), a species placed at the
bottom of group 4 in the molecular phylogeny of Dictyostelids (Schaap et al. 2006). It was
reported that P. pallidum, a group 2 species, was also responsive to glorin (Shimomura
et al. 1982) but no detailed description of related experiments was available. D.
caveatum (group 3 species) was described to show activity towards the acrasin of P.
violaceum (Waddell 1982b). These previous studies provided an indication that chemical
language of glorin might be widely used among the Dictyostelids.
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Primary objective of this study was to explore how wide-spread glorin-based cell-cell
communication is in the phylogenetic history of Dictyostelids. To address this question,
commercially available glorin was used as an acrasin (or chemoattractant) and
chemotactic sensitivity of a collection of dictyostelid species was evaluated using a
bioassay described under section 3.1.

3.1 Development and validation of chemotaxis bioassay
Konijn (1961, 1968, 1969, 1972) developed an effective small population assay to test
chemotaxis of Dictyostelium and Polysphondylium species to cAMP. This assay makes
use of aggregation competent cells that are highly sensitive to acrasin gradients. Futrelle
et al. (1982) showed that starving amoebae start to gain chemotactic competence within
an hour after the initiation of starvation that increases gradually, such that cells acquire
full competence when aggregation begins (Futrelle et al. 1982). Small population assay
was later modified by Shimomura and colleagues to determine the chemotactic activity of
P. violaceum to glorin that was collected from aggregating amoebae of this species
(Shimomura et al. 1982). It has been shown that aggregation competent P. violaceum
cells possess high number of cell surface receptors for the detection of the extracellular
glorin and are capable to degrade dipeptide chemoattractant by secreting or exposing
glorin degradation enzymes (De Wit et al. 1988).

Small population assay requires a hydrophobic agar surface of low rigidity. To prepare
hydrophobic agar plates, agar is washed repeatedly with deionised water, suspended in
phosphate buffer, dissolved by boiling and allowed to gelate. The concentration of the
agar is adjusted to 1% that allows amoebae to move outside the boundaries of the drop
to

increasing

concentration

gradients

of

acrasin

after

cells

have

degraded

chemoattractant in their vicinity by the activity of acrasinases (Konijn 1972). The
chemoattractants are added to the agar before pouring plates.

In the modified small population assay (Shimomura et al. 1982), small drops of
aggregation-competent amoebae are deposited on a hydrophobic agar surface
incorporating acrasin of choice, such that all cells remain within the boundary of the drop.
Since the developing amoebae secrete acrasinase in their instant vicinity, any acrasin in
that region is removed. If there were initially an even concentration of acrasin in the agar,
there will now be much less or none within and surrounding the drop of amoebae,
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resulting in an increasing concentration gradient from the centre of drop outwards. This
gradient causes the orientation of the amoebae beyond the margins of the drop
displaying chemotactic sensitivity of cells to the acrasin. An optimal chemotaxis response
can be obtained in this assay only when cells are at the right stage of aggregation
competence that lasts only for a very restricted period of time; once starving cells cross
this short aggregation-sensitivity peak, they move back to the new centres that have
developed within the drop and start to secrete their own acrasin (Shimomura et al. 1982).
Direction of movement of cells is reversed to the centres formed in the original drop
because acrasin gradient is reversed (Futrelle et al. 1982). The success of the bioassay,
then, is dependent on the ability of cells to detect extracellular acrasin and release a
stable extracellular enzyme ‘acrasinase’ which destroys the attractant; properties that are
essential for chemotaxis during the normal development of the social amoebae.

To perform chemotaxis assays in this study, the revised small population assay
(Shimomura et al. 1982) was adapted. To induce aggregation competence, cells were
starved for 3-4 hours in shaken suspensions as suggested by Browning and colleagues
(Browning et al. 1995). This treatment is reported to trigger a spectrum of molecular and
biochemical changes that result in the loss of sensitivity to vegetative-stage folate, while
inducing responsiveness to aggregation-specific chemoattractant (Browning et al. 1995).
This assay was first verified by investigating the chemotactic activity of P. violaceum to
its known acrasins i.e. glorin (Figure 7). Source of glorin used in this assay was the
commercial glorin. Different concentrations of glorin were tested (data not shown) and
optimal chemotactic response was detected with 1 μM glorin (final concentration; Figure
7).

Control

Glorin

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

3.2 Chemotactic specificity of group 4 species
Acrasin of the well-known group 4 species D. discoideum is known to be cAMP.
Chemotaxis assay adapted in this study was further validated by evaluating response of
D. discoideum NC4 to cAMP (Figure 8). Different concentrations of cAMP were tested
(data not shown) and optimal chemotactic response was noticed with 100 μM final
concentration of cAMP (Figure 8).

Control

cAMP

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

Under similar conditions, response of five other group 4 species was evaluated towards
cAMP and glorin. All tested group 4 species: D. sphaerocephalum, D. giganteum, D.
dimigraforum, D. firmibasis and D. intermedium reacted well to cAMP but showed no
response to glorin. These data are summarized in Table 1.

3.3 Chemotactic specificity of P. violaceum lying at the edge of group 4
The violet coloured P. violaceum is distinctly placed at the base of group 4 or in group 3
plus 4 (Figure 1; Schaap et al. 2006). Group 4 species use cAMP as chemotactic
aggregant, whereas in P. violaceum, dipeptide glorin mediates aggregation. Chemotaxis
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of P. violaceum amoebae to glorin was reported by some groups (Shimomura et al.
1982; Wurster et al. 1976) and verified in this study (Figure 7 & 9).

3.3.1 Stage specificity in the response of P. violaceum amoebae to different
chemotactic agents
Previously, it was reported that folic acid causes a strong chemotactic response in the
early preaggregation cells of P. violaceum (Wurster et al. 1978). This study showed that
post-vegetative cells starved for 1 hour in shaken suspensions were sufficiently active to
cAMP (Figure 9). Sensitivity to cAMP decreased with increase in starvation as shown by
a minimal response to 100 μM cAMP by P. violaceum amoebae starved for 3 hours.

0 nM acrasin

100 μM cAMP

1 μM glorin

t1

t3

t5

Figure 9: Chemotactic activity of starving P. violaceum amoebae to cAMP and glorin. Cells
were starved for 1, 3 and 5 hours (t1, t3, t5) in shaking cultures before 10 μl drops containing 2x106
cells were placed on phosphate agar plates prepared with either 100 μM cAMP or 1 μM final
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concentration of glorin. Plates containing 0 nM acrasin represented “controls without acrasin”.
Chemotaxis towards glorin was monitored every 30 minutes using an Olympus steromicroscope
and pictures were taken 3 hours after plating. 

Cells starved for 1 hour were adequately active to glorin, while aggregation competence
induced by starving cells for 3 or 5 hours in suspensions provoked cells to display greater
chemotaxis towards glorin. When cells were plated from cultures starved for 5 hours, a
maximal response to glorin was observed where P. violaceum amoebae moved out of
drop in a dense front with some streams. These results are in agreement with the
observations made by Jones and Robertson (1976), which showed that P. violaceum
amoebae are weakly attracted to a microelectrode releasing 100 μM or 1 mM cAMP
(Jones and Robertson 1976). Owing to the phylogenetic position of P. violaceum at the
bottom of group 4, the weak chemotactic response of starving amoebae of this species to
cAMP may represent development of initial biochemical steps towards switching on the
use of cAMP to coordinate aggregation that is characteristic of group 4 species.

3.4 Chemotaxis of social amoebae towards glorin is an ancient response
3.4.1 Chemotactic response of group 2 species to glorin
3.4.1.1 Chemotactic specificity of P. pallidum PN500 cells
Previously, P. pallidum amoebae have been described to be chemotactically reactive to
glorin (Shimomura et al. 1982; Wurster et al. 1976). A group 2 species designated as P.
pallidum PN500 is emerging as an eminent eukaryotic model system to study
fundamental problems in cell and developmental biology because it is accessible to
various genetic and biochemical approaches, and imaging techniques (Schaap 2011a).
Additionally, recent availability of the genome sequence of P. pallidum PN500 (Heidel et
al. 2011) has opened exceptional possibilities to identify developmentally relevant genes.
The ultimate objective of this project was to examine glorin-mediated regulation of gene
expression employing P. pallidum PN500 as test species. Therefore, as a first step,
chemotactic response of P. pallidum PN500 towards glorin was investigated. This study
demonstrated that P. pallidum PN500 amoebae exhibit marked chemotactic orientation
and directional locomotion of cells towards glorin but no response was noticed towards
cAMP (Figure 10).
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A

B

C

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

These data provide an indication that developing P. pallidum PN500 amoebae are
capable to detect glorin, degrade it and move up a spatial gradient of chemoattractant
demonstrating that glorin may be used as acrasin by P. pallidum PN500 to coordinate
aggregation; therefore, it could be interesting to examine further cellular response to
extracellular glorin using P. pallidum PN500 as model species.

3.4.1.2 Determination of optimal concentration of glorin required to obtain
maximum chemotactic response of P. pallidum amoebae
In order to determine optimal concentrations of glorin required for the radial chemotaxis
assays, P. pallidum PN500 ‘vegetative stage cells’ and ‘cells starved for 3 hours’ were
deposited in form of drops on thin agar plates containing a range of concentrations of
glorin. Depending upon the chemoattractant concentration used, cells responded to
varying degrees by moving out of the drop to a certain distance. Patterns of response
were recorded approximately 3 hours after plating (Figure 11). In these experiments, P.
pallidum aggregation-competent amoebae migrated ‘as individuals’ on plates containing
10-100 nM glorin, while cells migrated outward ‘as aggregates’ in response to 1 μM glorin
(Figure 11). These results indicate that 100 nM (final concentration) is the optimal
concentration of glorin required to observe maximal chemotaxis response of P. pallidum
PN500 cells (Figure 11). Nevertheless, prominent chemotactic response was detected
using even higher concentration of glorin, i.e. 1 μM (Figure 11).
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0 nM

100 nM

10 nM

500 nM

20 nM

1μM

50 nM

5 μM

Figure 11: Chemotactic response of P. pallidum PN500 amoebae to differing
20 nM
concentrations of glorin. Cells were starved for 3 hours
in shaking cultures before 10 μl drops
6
containing 2x10 cells were placed on phosphate agar plates prepared with 0 nM, 10 nM, 20 nM,
50 nM, 100 nM, 500 nM, 1 μM and 5 μM final concentration of glorin. Chemotaxis towards glorin
was monitored every 30 minutes using an Olympus steromicroscope and pictures were taken 3
hours after plating.

3.4.1.3 Stage specificity in the response of P. pallidum PN500 cells to glorin
These experiments were designed to trace changes in the sensitivity of the amoebae as
they “age” in shaking cultures. Vegetative stage P. pallidum PN500 cells (indicated by t0;
Figure 12) deposited on hydrophobic phosphate agar plates showed a very weak
response to 10 nM glorin and were insensitive to higher concentrations of acrasin (Figure
12). Effects of varying starvation times (from 0- to 4-hours) on the ability of cells to
respond to glorin were then assessed. Amoebae starved for 1 hour (indicated by t1) were
moderately more reactive to low concentrations of glorin (Figure 12). The progression of
starvation led to an enhanced sensitivity of the responding amoebae, and as a result
orientation of P. pallidum PN500 cells to the gradients of glorin increased. Cells starved
for 2 hrs (data not shown) were adequately active to glorin, while there was a sudden rise
in the sensitivity of cells starting at about 3 hours of starvation (indicated by t3; Figure
12). It was observed that cells developed for 3 hours in shaking suspensions were at the
appropriate stage of aggregation competence and responded maximally on chemotaxis
assay plates containing optimal concentration of glorin (i.e. 100nM glorin as shown in
Figure 11 & Figure 12). When amoebae starved in shaking cultures for 4 hours (indicated
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by t4) were deposited on hydrophobic agar, chemotactic efficiency of the responding cells
was comparatively reduced (Figure 12). These data support stage-specificty in the
response of P. pallidum PN500 cells to glorin.

0 nM glorin

10 nM glorin

100 nM glorin

1μM glorin

t0

t1

t3

t4

Figure 12: Effects of varying starvation times on the ability of P. pallidum PN500 amoebae
to respond to glorin. Cells were starved for 1-4 hours (t1, t2, t3, t4) in shaking cultures before 10 μl
drops containing 2x106 cells were placed on phosphate agar plates prepared with 0 nM, 10 nM,
100 nM and 1 μM final concentration of glorin. Chemotaxis towards glorin was monitored every 30
minutes using an Olympus steromicroscope and pictures were taken 3 hours after plating.
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3.4.1.4 Delayed chemotactic response of P. pallidum amoebae to high
concentrations of glorin
When sensitivity of aggregation-competent P. pallidum PN500 cells was tested to higher
concentrations of glorin, i.e. 10-20 μM glorin, it was noticed that starving amoebae could
sense a higher concentration of attractant, however, they responded by relatively slow
outward migration from the margins of the drop and did not move a greater distance
away from the drop during the first few hours (indicated by t1 & t3 in Figure 13) after being
plated on hydrophobic agar surface.

0 nM glorin

20 μM glorin

t1

t3

t5

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

It seemed clear that the chemotactic response of cells to the excess of glorin was
delayed by 2-3 hours (compare results depicted in Figure 12 and Figure 13 at t3 for cells
starved for 3 hours before being deposited on agar). As shown in Figure 12, cells starved
in shaking suspensions for 3 hours exhibited significant chemotactic response to ‘lower’
concentrations of attractant when plated on agar plates and amoebae could travel a
considerable distance away from the boundaries of drop (Figure 12). Similar
observations were made by De Wit & Konijn (1983), which showed that the chemotactic
response of D. minutum to high concentrations of folic acid was delayed (De Wit &
Konijn, 1983). This phenomenon may indicate that Dictyostelids exhibit adaptation during
chemotactic

migration,

undergoing

consecutive

phases

of

desensitization

and

resensitization in the presence of increasing concentrations of acrasins. Such adaptive
behaviour allows the social amoebae to reversibly adjust their sensitivities over a wide
range of concentrations of the chemoattractant; an essential feature for long-range
chemotaxis.

3.4.1.5 P. pallidum is a species complex
P. pallidum has been considered as a ‘species complex’ (Romeralo et al. 2011b;
Romeralo et al. 2010; Kawakami & Hagiwara 2008; Schaap et al. 2006; Raper 1984)
containing several morphologically similar species that are characterized by white
sorocarps carrying elliptical spores and bearing sorophores without lengthened terminal
segments (Hagiwara 1989, 1982). This species complex encompasses Polysphondylium
pallidum Olive (Olive 1901) and its related species Polysphondylium album Olive (Olive
1901). P. album Olive is distinguished from P. pallidum primarily in having larger sori,
prostrate sorocarps and larger number of branches per whorl (Kawakami & Hagiwara,
2008). A recent morphological reconsideration of P. pallidum species complex by
Kawakami and Hagiwara (2008) proposed that P. pallidum isolate PN500 (Figure 14)
should be renamed as P. album, that was placed by Raper together with P. pallidum
(Kawakami & Hagiwara 2008; Raper 1984). P. pallidum isolate PN500 (Figure 14) is
characterized by round to clavate sorophore bases, typically ovoid and shorter tip cells
and exhibit higher whorl index values (Kawakami & Hagiwara, 2008). However, the
isolate P. pallidum CK8 (Figure 14) is reported to have lower whorl index values, typically
subulate and longer tip cells and clavate sorophore bases (Kawakami and Hagiwara,
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2008). Other isolates, such as P. pallidum H168 (reported by Romeralo et al. 2010) and
P. pallidum WS320 (Figure 14) are clearly demarcated by a combination of the shape of
sorophore base, the number of branches per whorl, and the shape and length of tip cell.
In the presented research work, ITS DNA sequencing (Romeralo et al. 2010) was used
to show that P. pallidum strain WS320 is closely related to the isolate PN500 (placed in
subclade 2B1; Romeralo et al. 2010) and both may therefore be designated as P. album
isolates (Figure 15). It is further showed that P. pallidum CK8 (Kawakami & Hagiwara
2008) is closely related to H168 isolate (placed in subclade 2B2; Romeralo et al. 2010),
suggesting that they should be recognised as P. pallidum sensu strictu (Figure 15).
When compared, the ITS sequences of isolates WS320/PN500 (group 2B1) and
CK8/H168 (group 2B2) revealed low conservation, except in the 5.8 rRNA gene
sequence, manifesting the relative phylogenetic distance between different isolates of the
P. pallidum species complex (Figure 15; approved by Romeralo M. and Baldauf S.). It is
not yet approved by the community that isolates, such as PN500 or WS320 will be
renamed P. album, therefore, these strains are ascribed as P. pallidum in this study.

WS320

PN500

CK8

H168


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

TAAAAAAACGAACTCAAAAGGTGTATTAAGAAGCTTCGGTTTCATTTTACACCGCTCTTT
TAAAAAA-CGAACTCAAAAGGTGTATTAAGAAGCTTCGGTTTCATTTTACACCGCTCTTT
CATAAAAAAGAACTCAAAAAAAAAAGTTATTTATTTAACTTTTGCCTAATTT---TTTTA
CATAAAAAAGAACTCAAAAAAAAAAGTTATTTATTTAACTTTTGCCTAATTT---TTTTA
***** **********
* * *
**
***
* *
* **

PN500
WS320
CK8
H168

GCTAAAAATTCTTCGGAATTTAAGCTTA---GAGTATCTCAAAAAA--ACTTATTTCGTA
GCTAAAAATTCTTCGGAATTTAAGCTTA---GAGTATCTCAAAAAAAAACTTATTTCGTA
ATTTGGTATTCATATTAAATTAAATTAATTTGGGCATCTCTCTCAAA-ATTTATTTCGTA
ATTTGGTATTCATATTAAATTAAATTAATTTGGGCATCTCTCTCAAA-ATTTATTTCGTA
*
**** *
** **** * *
* * *****
** * **********

PN500
WS320
CK8
H168

TGTCAAATTCAATGTAGTTGTCTGATAGTCTAATGACATCCTCGGATGTTCCAATTCTTG
TGTCAAATTCAATGTAGTTGTCTGATAGTCTAATGACATCTTCGGATGTTCCAATTCTTG
TGTCAAATTAATTGTAATTGTCTAA---------GATGTTTCCACTCTGTGGAAATATTA
TGTCAAATTAATTGTAATTGTCTAA---------GATGTTTCCACTCTGTGGAAATATTA
********* * **** ****** *
** *
*
* ** * **

PN500
WS320
CK8
H168

AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA
AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA
AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA
AAGTCAATGATTTTTAGTAAGCATAAATGGTGGATACCTCGGCTCCTAAATCGATGAAGA
************************************************************

PN500
WS320
CK8
H168

CCGTAGCAAACTGCGATAAGTCACTTGAATTGCAGACTACTGTGAAAGTCGAACTGTTGA
CCGTAGCAAACTGCGATAAGTCACTTGAATTGCAGACTACTGTGAAAGTCGAACTGTTGA
CCGTAGCAAACTGCGATAAGTCACTCGAATTGCAAACTACTGTGAAAGTCGAAATGTTGA
CCGTAGCAAACTGCGATAAGTCACTCGAATTGCAGACTACTGTGAAAGTCGAAATGTTGA
************************* ******** ****************** ******

PN500
WS320
CK8
H168

ACGCACATGATGATATTGATTCTTCACGGAGTTAAATATCACACTTGGTTGAGAGTCGCA
ACGCACATGATGATATTGATTCTTCACGGAGTTAAATATCACACTTGGTTGAGAGTCGCA
ACGCACATGATGACATTGACTCCCCC--GAGTTAAATGTCACACTTGGTTGAGAGTCGCA
ACGCACATGATGACATTGACTCCCCC--GAGTTAAATGTCACACTTGGTTGAGAGTCGCA
************* ***** ** *
********* **********************

PN500
WS320
CK8
H168

TCTCATTATCATTTACCAATAGTTTTTTTTTCGAAAAAGCTATTGGCAAAGTATTGGGAA
TCTCATTATCATTTACCAATAGTTTTTTTT-CGAAAAAGCTATTGGCAAAGTATTGGGAA
TCTCATTATCATTTCTTAATTCTATT-------AAGAAAGTATTGGTAAAGATTTCTTAG
TCTCATTATCATTTCTTAATTCTATT-------AAGAAAGTATTGGTAAAGATTTCTTAG
**************
*** * **
** ** ****** **** **
*

PN500
WS320
CK8
H168

AGTTTTCTATGACAATTCGGGATTACTTTCTTTAAATATTAAAACATTGTCAGGTATGAA
AGTTTTCTATGACAATTCGGGATTACTTTCTTTAAATATTAAAACATTGTCAGGTATGAA
A------TATTACA-TTCGGAAT--CTTCACTTAAATATAAAAAAAAAAAGTAATATCAG
A------TATTACA-TTCGGAAT--CTTCACTTAAATATAAAAAAAAAAAGTAATATCAG
*
*** *** ***** ** ***
******** **** *
*** *

PN500
WS320
CK8
H168

AATTAGTTGTCTCACGACTTCTAATATCCAATAGATTCAAAATTATTTAATTGGTTTCCA
AATTAGTTGTCTCACGACTTCTAATATCCAATAGATTCAAAATTATTTAATTGGTTTCCA
GTACAATTCCAATAAGAAACAAAATCGTTTTCCAATTTGT--TTCCGCAAGGAAACAGCA
GTACAATTCCAATAAGAAACAAAATCGTTTTCCAATTTGT--TTCCGCAAGGAAACAGCA
* **
* **
***
***
**
**
**

PN500
WS320
CK8
H168

GTTTACTGGAGTGGCCAGTTGGATTTTTTAAAGTCTTTGTTCGTTTCGACTAAATTTTTA
GTTTACTGGAGTGGCCAGTTGGATTTTTTAAAGTCTTTGTTCGTTTCGACTAAATTTTTA
ATTGAATAATTTTTTTGTTATAAATTTTTAACAA--TTATTGATTTCGATTCAATTTTTATTGAATAATTTTTTTGTTATAAATTTTTAACAA--TTATTGATTTCGATTCAATTTTT** * *
*
*
* *******
** ** ****** * *******

PN500
WS320
CK8
H168

GTGGAACGGGATTGGACTGAAGCATTTGCTTCTTTTTCATATAAAAACTTTAATTGGTTA
GTGGAACGGGATTGGACTGAAGCATTTGCTTCTTTTTCATATAAAAGCTTTAATTGGTTA
GTGAGAAAATTTCGGATAGTACGAAGTTTTGATCGTTAAT-TCAAGGATGGGATTTACAA
GTGAGAAAATTTCGGATAGTACGAAGTTTTGATCGTTAAT-TCAAGGATGGGATTTACAA
*** *
* *** * * * * * * ** ** * **
*
***
*

PN500
WS320
CK8
H168

AACCCAGTAACTATAGTTGATAAATCGACTTAGCTATTAATGAAAGTTTTAAACATCAAA
AACCCAGTAACTATAGTTGATAAATCGACTTAGCTATTAATGAAAGTTTTAAACATCAAA
AATCTTA-AACTGGTAATGAAAAATTAA---AACTATCAAT------TTGAAAGATTGCC
AATCTTA-AACTGGTAATGAAAAATTAA---AACTATCAAT------TTGAAAGATTGCC
** *
****
*** **** *
* **** ***
** *** **

PN500
WS320
CK8

TTGAAAAGTCTAACTTTCCAACGTTTAGAATTAGTAGTTTCTGACGCGTCTTTTGTGTAG
TTGAAAAGTCTAACTTTCCAACGTTTAGAATTAGTAGTTTCTGACGCGTCTTTTGTGTAG
TCGCGTGATTT---TTTAAAATGTTTTAAATTAGTAATTATCG-TATGTTTTT------G
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H168

TCGCGTGATTT---TTTAAAATGTTTTAAATTAGTAATTATCG-TATGTTTTT------G
* *
* *
*** ** **** ******** **
*
** ***
*

PN500
WS320
CK8
H168

ACTATAGCAGAAAAGTTTAACGCTAACAATTTTTGTTTTTGAAAAAGTAGTAGTCTAGTA
ACTATAGCAGAAAAGTTTAACGCTAACAATTTTTGTTTTTGAAAAAGTAGTAGTCTAGTA
ATTATTGTAGACTTGCACTGCTTTAACA-----CATGGTTAAAATTTTGGAAATT---TG
ATTATTGTAGACTTGCACTGCTTTAACA-----CATGGTTAAAATTTTGGAAATT---TG
* *** * ***
*
* *****
* ** ***
* * * *
*

PN500
WS320
CK8
H168

AGTACTTTCTCTAGTAAACTTTAAGTTTTTTAACGCTTCGAGCAGCTACAAGACTTTTTA
AGTACTTTCTCTAGTAAACTTTAAGTTTTTTAACGCTTCGAGCAGCTACAAGACTTTTTA
AGAATTTTTCATATTAATTGAAATGATTCCGGTAATGACATAAAATTTTTAGCATATATA
AGAATTTTTCATATTAATTGAAATGATTCCGGTAATGACATAAAATTTTTAGCATATATA
** * ***
** ***
* * **
*
* *
** * * **

PN500
WS320
CK8
H168

AGATTCAATTTGACTATCAATTATGGCTATTAAGTAATTTTGTATACCTTCTCAAAAATC
AGATTCAATTTGACTATCAATTATGGCTATTAAGTAATTTTGTATACCTTCTCAAAAATC
AAAGTTA-TCCAACTGTCAATTATGGTTGTTAAATTTTTTTTTGAGTACCTACAAAAATT
AAAGTTA-TCCAACTGTCAATTATGGTTGTTAAATTTTTTTTTGAGTACCTACAAAAATT
* * * * *
*** ********** * **** * **** *
*******

PN500
WS320
CK8
H168

TTTGGACTT----TTAAAAGTTGAATTGA-CGCTGT-TTGTTCACTCAATTTAACTATAA
TTTGGACTT----TTAAAAGTTGAATTGA-CGCTGT-TTGTTCACTCAATTTAACTATAA
CTTTGGTTCCTTATTAACAAATGTTTTAAACACTGTATTGTTAAGTTTTTAACATTTTAA
CTTTGGTTCCTTATTAACAAATGTTTTAAACACTGTATTGTTAAGTTTTTAACATTTTAA
** * *
**** * ** ** * * **** ***** * *
*
* * ***

PN500
WS320
CK8
H168

AA-AAAC-CTACAAAAAGCGACATCAG
AA-AAAC-CTACAAAAAGCGACATCAG
AATAAACACTTCCAAAAGCGACATCAG
AATAAACACTTCCAAAAGCGACATCAG
** **** ** * **************

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

3.4.1.6 Chemotactic response of different P. pallidum isolates and group 2
Dictyostelid species to glorin
Next chemotactic response of different P. pallidum isolates, such as WS320, CK8 and
H168 to glorin was tested. In these experiments, all P. pallidum isolates reacted equitably
well to glorin. Eight other group 2 species were assayed for their responsiveness to
glorin. The results are summated in Figure 16 and Table 1. It was observed that the
group 2B1 polysphondylids P. pseudocandidum, P. asymmetricum, P. tenuissimum and
the group 2B2 species P. tikaliensis and P. luridum were chemotactically active to glorin.
Qualitatively, these polysphondylids reacted to glorin as efficiently as P. pallidum isolates
did. Two Dictyostelium species placed in group 2, D. gloeosporum and D. oculare also
responded to glorin equally well (Figure 16), while Acytostelium species were not found
positive in this assay (Table 1). None of the tested group 2 species responded to cAMP
(Table 1). These data indicate that glorin-based cell-cell communication is a common
property of early diverged group 2 species.
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A

B

C

D


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

3.4.2 Chemotactic response of group 1 species to glorin
Glorin communication was further explored more deeply into the phylogenetic history of
social amoebae. It was found that group 1 species D. fasciculatum, D. parvisporum, D.
aureo-stipes, D. microsporum and D. bifurcatum exhibited pronounced chemotaxis to
glorin (Figure 17). It was convincing data to believe that ancient group 1 species
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generally employ glorin as extracellular signalling molecule. Group 1 species were not
reactive to cAMP in these chemotaxis assays (Table 1).

A

B

C

D

Figure 17: Chemotaxis to glorin by group 1 species. Cells were starved for 3 hours in shaking
suspensions before 10 μl drops containing 2x105 cells were deposited on hydrophobic agar
prepared without (left pictures) or with 1 μM glorin (middle pictures). Shape of fruiting bodies of
each species is shown (right pictures). Chemotaxis assay pictures were taken 3 hours after
plating. A: Dictyostelium fasciculatum; B: D. aureo-stipes; C: D. parvisporum; D: D. microsporum.
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Species
Dictyostelium discoideum NC4
Dictyostelium discoideum AX2
Dictyostelium sphaerocephalum
Dictyostelium giganteum
Dictyostelium dimigraforum
Dictyostelium firmibasis
Dictyostelium intermedium
Polysphondylium violaceum
P. pallidum WS320
P. pallidum PN500
Polysphondylium tenuissimum
Polysphondylium asymmetricum
Dictyostelium gloeosporum
P. pallidum H168
P. pallidum CK8
Polysphondylium luridum
Polysphondylium tikaliensis
Dictyostelium oculare
Acytostelium ellipticum
Acytostelium subglobosum
Dictyostelium fasciculatum
Dictyostelium aureostipes
Dictyostelium parvisporum
Dictyostelium microsporum
Dictyostelium bifurcatum

Dictyostelids
groupa
4
4
4
4
4
4
4
(4)
2B1
2B1
2B1
2B1
2B1
2B2
2B2
2B2
2B2
2B
2B
2A
1
1
1
1
1

Activity to
cAMP
+
+
+
+
+
+
+
(+)
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Activity to
glorin
–
–
–
–
–
–
–
+
+
+
+
+
+
+
+
+
+
+
–
–
+
+
+
+
+

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

In short, these data demonstrate that glorin-based cell-to-cell signalling is the oldest form
of intercellular communication used at the transition from growth to multicellular
development of social amoebae.
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3.5 Identification of the proteins secreted by aggregating P. pallidum
amoebae: Fishing for putative glorinase
If glorin is the acrasin of P. pallidum PN500, then a glorin degrading enzyme must also
be secreted in the medium during aggregation of cells to keep extracellular levels of
glorin within bounds. In related species D. discoideum, during incubation of amoebae
under buffered, a rise in the amount of extracellular cyclic AMP phosphodiesterase has
been observed, which reaches a peak at the time of aggregation and then declines
(Noce et al. 1983; Malkinson & Ashworth 1973; Riedel et al. 1973; Chassy 1972; Gerisch
et al. 1972; Chang 1968). Based on these previous reports, it was interesting to search
for a glorin degrading enzyme in the medium conditioned by aggregating P. pallidum
PN500 amoebae to get further insight into glorin communication system. Studies with P.
violaceum have demonstrated the occurance of extracellular and membrane-bound
enzyme(s) capable of inactivating glorin (De Wit et al. 1988; Wurster et al. 1976). It has
been reported that inactivation of glorin signal occurs mainly by rapid cleavage of the įlactam bond, followed by a slower cleavage of the peptide bond between propionic acid
and glutamic acid (Figure 6; De Wit et al. 1988). The same authors showed that
considerable degradation of glorin occurs when this dipeptide compound is incubated
with extracellular medium of aggregating P. violaceum amoebae (De Wit et al. 1988). In
the presented research work, the ‘secretome’ of aggregating P. pallidum PN500 cells
was studied in an attempt to identify a putative hydrolase that would degrade glorin
possibly by opening į-lactam ring.
To collect secreted proteins, vegetatively growing P. pallidum PN500 cells were
harvested from culture plates using cold 17 mM phosphate buffer (pH 6.2) and freed of
bacteria by centrifugation at 800 rpm in phosphate buffer. The final cell pellet was
resuspended in phosphate buffer at a concentration of 107cells/ml. Cells (107) were then
pipetted on to Type 353102 1 mm pore-sized polyethylene terephthalate membrane sixwell format cell-culture inserts (Figure 18). Within 10 minutes, when the cells had settled
on, and attached to the membrane, the buffer was gently removed from the insert. Cold
phosphate buffer containing a protease inhibitor cocktail, AEBSF to a final concentration
of 0.25mM and 5 mM EDTA was added into the wells of a six-well plate followed by the
placement of the inserts with cells in the wells (Figure 18). The volume of phosphate
buffer in the wells was adjusted to just touch the membrane of the insert to keep the
membrane and the cells moist. Amoebae developed normally at 21°C, with cells
aggregation starting at 4 hour and branching streams formation at 8 hours (data not
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shown). When amoebae were actively forming aggregation streams on the surface of
inserts, the conditioned starvation buffer in the wells was collected in 2 ml eppendorf
tubes and stored at -80°C. Frozen conditioned starvation buffer samples were
lyophilized and resulting powder in each tube was resuspended in 50 μl of deionized
water. Samples were then immediately boiled with 50 μl of 2 x Laemmli buffer for 5 min
at 95°C to denature proteins and subsequently centrifuged for 10 min at 11000 x g to
remove the large particles. Supernatant was collected and used for protein analysis.
Proteins were then separated on polyacrylamide gel on the basis of size. Silver-staining
of the gel revealed the presence of numerous proteins (Figure 19). Protein bands were
excised and proteomic analyses of secreted proteins were performed.

Cells
Membrane with 1 ρm pores

Buffer



Figure 18: Experimental setup for collection of secreted proteins. P. pallidum PN500 cells
were placed on a porous membrane in contact with buffer. Amoebae developed normally and
aggregation streams could be seen at 8 hours (data not shown). During this period, proteins were
secreted into the buffer.
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Figure 19: Proteins secreted by aggregating P. pallidum PN500 cells. Conditioned buffer was
lyophilized and secreted proteins were subjected to separation by electrophoresis on a SDS-
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polyacrylamide gel, which was then silver stained. Different volumes of the same protein solution
were loaded in each well of 12.5% SDS-PAGE gel to analyze protein band patterns. From left to
right, lane1, molecular mass marker (Page Ruler), lane 2, 3, 4, 5, 6 contains 10 μl, 20 μl, 30 μl, 40
μl and 50 μl of concentrated protein solution respectively. A number of protein bands on silver
stained SDS-PAGE were rather diffused; this might be because of the heterogeneity of the
secreted proteins owing to glycosylation.


A total 97 different proteins were identified including a variety of peptidases and
hydrolases. Though, great care was taken to avoid any treatments likely to cause cell
lysis, yet presence of some intracellular proteins was identified. The detection of internal
proteins in secretome studies due to cell lysis is an inherent aspect of secretome
proteomics. A complete list of the proteins identified in two independent experiments is
shown in (Appendix Table A1). Same protein species were identified in many different
bands (data not shown), revealing that many proteins were digested by proteases during
the 8 hours of incubation and sample preparation despite the presence of protease
inhibitors.
Most prominent proteins identified by ESI tandem mass spectrometry included members
of glycoside hydrolase (GH) families 5, 18, 20, 25, 27, 35 and 39, peptidase families C26,
C1A, C53 and S28, gamma-glutamyl hydrolase, glycosyl hydrolase family chitinase,
dipeptidyl-peptidase

III,

beta-N

acetylhexosaminidase,

putative

alpha-N-

acetylgalactosaminidase, beta-galactosidase, alpha-glucosidase, beta-xylosidase-like
protein, alpha-mannosidase, metallopeptidase, cathepsin Z-like protein and counting
factor associated protein. Peptides crorresponding to cathepsin L-like proteinase,
discoidin I and acetylornithine deacetylase were also detected. Many of the identified
proteins belonged to the category of carbohydrate metabolism. Twenty proteins identified
from P. pallidum PN500 database were ‘hypothetical proteins’ with unknown functions.
For such proteins, homology searches were performed using the BlastP program against
all non-redundant protein sequences available at the National Centre for Biotechnology
Information database (http://www.ncbi.nlm.nih.gov/blast). However, no putative function
could be assigned to these hypothetical proteins. These hypothetical proteins, if unique,
may represent good targets for future biochemical studies.
In this study, any putative lactamase could not be detected in the conditioned buffer. It is
possible that the lactam hydrolase protein was present, but not in sufficient quantity for
detection via applied proteomics, or there is a possibility that it could not be detected as a
result of extensive post-translational modifications. After two attempts, more efforts to
search for a putative ‘lactam opening hydrolase’ as glorinase candidate or biochemical
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characterization of the identified peptidases were not possible because of time limitation.
More research therefore needs to be done to identify/define glorinase.

3.6 Genome-wide analysis of glorin modulated gene expression changes
A distinct feature of development of P. pallidum is an aggregative transition from a
unicellular to a multicellular phase. The outcome of the chemotaxis assays (described
under Section 3.4.1.1; Figure 10) using glorin as chemoattractant clearly indicated that P.
pallidum PN500 cells possess all necessary biochemical machinery required to use
glorin as an acrasin. These findings prompted us to address the question whether glorin
regulates gene expression changes at the transition from growth to aggregation; similar
to the role that chemoattractant cAMP plays in D. discoideum during chemotactic
aggregation (Winckler et al. 2004; Iranfar et al. 2003; Mann et al. 1997; Schulkes &
Schaap 1995; Pitt et al. 1993; Mann & Firtel 1987). Previously Will Kopachik (Kopachik
1990) reported effects of glorin on protein synthesis in starving P. violaceum amoebae. In
his experiments, beginning 1 hour after starvation, P. violaceum cells were exposed to
glorin (1 μM final concentration, at 30 minute intervals) for 2 to 7 hours. It was
demonstrated that within 2 hours of the beginning of starvation, the amoebae displayed
two fold increase in sensitivity to glorin. It was found that starving P. violaceum cells
exhibit ‘some changes’ in protein synthesis when exposed to glorin for only 2 hours,
whereas ‘prominent changes’ were observed when cells were treated with glorin for 7
hours (Kopachik 1990). These previous studies further incited us to investigate the
putative role of glorin in modulating changes in gene expression patterns of developing
P. pallidum PN500 cells. To approach this question, we were able to take advantage of
recently completed genome sequence of P. pallidum PN500 (Heidel et al. 2011), while
employing Illumina high-throughput RNA sequencing (RNA-seq) technology for analyzing
global changes in gene expression.
Glorin-regulated gene expression changes have not been investigated before; therefore,
no valuable information was available about optimal conditions to monitor transcriptional
changes in response to externally added glorin. Results of the chemotaxis experiments
employing P. pallidum PN500 as test species (described under Section 3.4.1.3; Figure
12) indicated that amoebae developed in shaking suspension for 1 hour were sufficiently
responsive to glorin and gained maximum sensitivity to chemoattractant glorin within next
2-3 hours of development (Figure 12). Also it was noticed that P. pallidum amoebae start
to aggregate within 3-4 hours of incubation under buffer in petri dishes (Figure 20).
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0 hour

3.5 hours

Figure 20: Aggregation of P. pallidum PN500 amoebae under buffer. 3x107cells were starved
submerged under a thin layer of phosphate buffer in a 50-mm petri dish and monitored for
aggregation by differential interference contrast microscopy. Images were taken at 0 hour (left
picture) and when cells started to aggregate (right picture).

Previously, it was demonstrated that in starving P. violaceum cells glorin acts by binding
to cell-surface G-protein coupled receptors (De Wit et al. 1988). The same authors
reported that P. violaceum amoebae developed in shaken suspensions exposed greater
number of glorin receptors compared to the cells developed on agar surface (De Wit et
al. 1988). It was proposed that cells starved in suspension cultures gain maximum
sensitivity to glorin because amoebae are not able to aggregate under these conditions
and development is arrested in the preaggregation phase (De Wit et al. 1988).
Predominant role of G-protein coupled receptors (GPCRs) in Dictyostelids is
chemoattractant sensing (Heidel et al. 2011). GPCRs activate intracellular responses by
interacting with heterotrimeric G-proteins. In order to study glorin-induced changes in
gene expression patterns of developing P. pallidum PN500 amoebae, it was important to
identify some genes whose expression was differentially regulated by glorin. However,
not many examples of developmentally regulated genes were available for P. pallidum
PN500. When experiments presented in Section 3.6 of this study were initiated, genome
sequence of P. pallidum PN500 was not yet published but a list of genes was available to
us that may encode G-protein coupled receptor proteins in this species (courtesy of Dr.
Gernot Glöckner, Fritz-Lippman Institute Jena, Germany). 25 GPCR genes were
randomly selected from the available list (data not shown) and subjected to preliminary
analysis of glorin-regulated gene expression.
In this study, initially the protocol devised by Kopachik (Kopachik 1990) was followed to
stimulate P. pallidum amoebae with glorin. P. pallidum PN500 cells grown in association
with Klebsiella planticola were harvested at vegetatively growing stage, washed free of
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bacteria and resuspended in phosphate buffer at cell density 2x107cells/ml. A pellet of
2x107cells was immediately stored at -80oC and served as ‘growing cells control for
subsequent gene expression analysis. Cell suspension of P. pallidum PN500 amoebae
was then divided into two parts. One suspension culture was first prestarved for 1 hour to
initiate development, and then treated with periodic additions of 1 μM final concentration
of glorin at 30-min intervals for up to 8 additional hours to assess the time-course effects
of exogenous glorin on the expression of selected putative GPCR genes. In this
experiment, 8 hour time scale was chosen to identify the period when the greatest
increase in mRNA levels could be detected. Other culture was maintained in the absence
of added glorin for the time period. Suspension cultures (at high cell density
2x107cells/ml) were shaken at low speed i.e. 100 rpm because it may permit cell-cell
interactions. Starting at second hour of starvation, cell samples were taken from glorin
treated and untreated cultures every hour for total 8 hours to extract total RNA. cDNAs
were prepared and expression of chosen putative GPCR genes was analyzed using realtime RT-PCR.
It was taken into account that the final concentration of glorin, i.e. 1 μM applied at 30minute intervals, used to study glorin-regulated gene expression in suspension cultures
of starving P. pallidum PN500 cells was higher than the concentration (i.e. 100 nM) found
to show optimal response in chemotaxis assays on agar surface for the same cells
(Figure 11). This difference could be justified by the fact that for P. violcauem cells
developing in shaken suspensions, concentration for half maximal occupancy of the
major glorin receptor is 200 nM and only 80 nM for cells aggregating on agar surface (De
Wit et al. 1988). Moreover, it was shown that developing P. violaceum amoebae exhibit
glorin degradation activity and do not amplify glorin signal in response to externally
added glorin; activities that would lead to rapid reduction in initially high concentrations of
glorin (De Wit et al. 1988). Thus, in this study, final concentration of glorin available to
affect gene expression in P. pallidum PN500 cells developing in buffer suspensions
might be relatively lower and within the range exploited by amoebae for chemotaxis.
Among all tested GPCR genes (data not shown), PPL_04108 was found to be highly
induced by glorin at second hour of starvation when cells received glorin treatment for
only one hour, i.e. after total 2 additions of glorin, whereas maximal increase in the
expression of another GPCR encoding gene, PPL_00855, was noticed at third hour of
starvation after stimulation of cells with glorin for total two hours (Figure 21). After these
time points, expression of these genes generally declined to lower levels (Figure 21).
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Figure 21: Expression kinetics of two putative GPCR genes during pulse development.
P. pallidum PN500 cells were developed in shaken suspensions and given pulses of 1 μM final
concentration of glorin starting at 1 hour of starvation. At the indicated time points, gene
expression levels were measured for PPL_04108 and PPL_00855 by quantitative RT-PCR. As a
control, expression of house keeping gene gpdA was examined. Fold changes are shown. All
data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where values
> 1 represent higher expression of the gene in starving cells than in growing cells. Mean of two
independent experiments is presented.

Based on these preliminary data, it seemed interesting to study changes in the patterns
of gene expression at 2 and 3 hours after initiation of development because during this
time (known as interphase or pre-aggregation stage) cells may undergo many
biochemical changes to prepare themselves for imminent aggregation. Therefore, it was
decided to perform RNA-seq on cDNAs drived from cells treated with glorin for one and
two hours (i.e. cells starved for total two and three hours) to study effects of glorin
stimulation on developmentally regulated genes.
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For RNA-seq studies, samples of total RNA were prepared from growing cells (t0), cells
developed for 2 hours without glorin treatment (t2), cells developed for 3 hours without
glorin treatment (t3) and cells pre-starved for 1 hour and then stimulated with 1 μM final
concentration of glorin for 1 and 2 hours, respectively (t2+ and t3+) in two independent
biological replicates and analyzed by RNA-seq to obtain gene expression profiles from
steady-state mRNAs (data deposited in the Gene Expression Omnibus (GEO) database
under accession number GSE24911). In short, mRNA molecules were purified from total
RNA using Illumina’s mRNA-seq sample prep kit and cDNA libraries were sequenced on
a high-throughput Illumina (GAIIx) which generates about 35 million reads of 76 bases
for each sample. These short reads were then aligned with the P. pallidum PN500
reference transcriptome (composed of the spliced sequences of all the transcripts
annotated in the reference database) downloaded from the Social Amoeba Comparative
Genome Browser (SACGB; http://sacgb.fli leibniz.de/cgi/index.pl). A total of 12,657 gene
models (transcripts) are annotated from the genome of P. pallidum PN500.
Approximately two third of the obtained reads mapped distinctively onto 12,657
annotated transcripts. Any read that could not be mapped to a unique sequence was not
counted, thus eliminating repetitive elements. To estimate gene expression, each
transcript was then quantified by calculating its RPKM (reads per kilobase of transcript
per million mapped reads; Mortazavi et al. 2008). Using biological replicate I, 20,212,278
to 24,489,837 mappable reads were obtained, whereas biological replicate II generated
between 16,943,246 and 20,182,623 mappable reads. Spearman correlation coefficients
were calculated for all data sets. The biological replicates were highly comparable; when
comparing each experimental condition, Spearman correlation coefficients were >0.95,
demonstrating a high quality of data (Table 2). While comparing data from growing and
starving cells, Spearman correlation coefficients ranged from 0.88 to 0.98 (Table 2). This
difference signifies global changes in gene expression at the transition from growth to
development.
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t0
exp1
t0 exp1
t0 exp2

t0
exp2

t2
exp1

t2
exp2

t3
exp1

t3
exp2

t2+
exp1

t2+
exp2

t3+
exp1

t3+
exp2

0.950

0.934

0.895

0.938

0.904

0.938

0.897

0.939

0.912

0.880

0.922

0.899

0.928

0.900

0.928

0.885

0.925

0.953

0.984

0.949

0.979

0.938

0.977

0.949

0.958

0.988

0.954

0.983

0.935

0.974

0.968

0.982

0.948

0.986

0.969

0.954

0.980

0.947

0.986

0.961

0.981

0.964

0.934

0.978

t2 exp1
t2 exp2
t3 exp1
t3 exp2
t2+ exp1
t2+ exp2
t3+ exp1

0.965

t3+ exp2

Table 2: Spearman correlation coefficients for all RNA-seq data sets. The time t0 refers to
vegetatively growing cells. Cells were staved for 2 or 3 hours without glorin treatment (t2, t3) or
pre-starved for 1 hour and treated with glorin for additional 1 or 2 hours (t2+, t3+). exp:
experiments (biological replicates).

To assess the differential regulation of genes by starvation and glorin treatment,
analyses focused only on those gene transcripts that changed in expression at least 3fold in each of the two biological replicates compared to a control condition to avoid noise
in data.

3.6.1 Starvation triggers dramatic changes in gene expression in P.
pallidum PN500 amoebae
To demarcate the effects of starvation from those of the glorin treatment, first, gene
expression changes in response to starvation were studied using RNA-seq data from
growing cells and from samples collected at 2 and 3 hours of starvation in buffer (with no
glorin treatment). These analyses demonstrated that a considerable fraction of the
genome of P. pallidum PN500 is represented as stage-specific transcripts. Many genes
were found to be transcribed in vegetative cells, while others were transcribed at some
time during early development. A number of transcripts found in cells at 3 hour of
starvation were not found in vegetative cells, and many of the vegetative transcripts were
no longer present by 3 hour of development (Appendix Table A3).
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While comparing growing cells with cells developed for 2 hours, a total of 12,628 genes
were found to be transcribed (Figure 22). 1,299 gene transcripts were seen to be
differentially regulated after 2 hours of starvation; 911 transcripts were up-regulated and
388 transcripts down-regulated. Analysis of data from growing cells and cells starved for
3 hours revealed that 680 transcripts were up-regulated and 376 were down-regulated
(Figure 22; Appendix Table A3). When a comparison was made between the lists of
gene transcripts differentially regulated at 2 and 3 hours of starvation, it was found that
553 of the up-regulated genes and 283 of the down-regulated genes matched between
two lists (Appendix Table A3).

Figure 22: Effect of starvation on global gene expression in starving P. pallidum cells. A
comparison is shown between steady-state levels of cellular transcripts (expressed as RPKM) in
growing and starved cells for all 12,627 gene models (grey symbols). Genes that are regulated at
least 3-fold in cells starved for 2 hours are denoted with blue dots with red circles. 911 genes were
up-regulated and 388 down-regulated after 2 hours of starvation. Blue dots indicate differentially
expressed genes in cells starved for 3 hours; 680 genes were up-regulated and 376 were downregulated. Scatter blot presents the average result from two independent replications.

Starvation induced changes in expression of individual genes were highly reproducible
when comparing RNA-seq data from both biological replicates (Table 2). The expression
measurements obtained by RNA-seq analyses were further verified by quantitative RT-
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PCR. As shown by absolute expression data (Appendix Table A3), expression of many
genes, of which PPL_02780 and PPL_02774 are clear examples, increased immediately
upon starvation and continued to increase to high levels linearly during the first 3 hours of
development. PPL_02780 and PPL_02774 were then selected for confirmation of RNAseq data using real-time RT-PCR. Quantitative RT-PCR results were in agreement with
those obtained by RNA-seq analysis, thereby demonstrating validity of RNA-seq data
(Figure 23).
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Figure 23: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3). (A) Two model genes,
indicated by the corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq
data of first biological replicate to describe starvation induced gene expression. It should be noted
that the results obtained from RNA-seq of second biological replicate were comparable to the
results shown here. (B) Relative expression of representative genes (as shown in panel A)
determined by real-time RT-PCR. cDNA used in this experiment were prepared from total RNA
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extracted from first biological replicate. Mean values of triplicate measurements of the same cDNA
± SD were plotted. A high degree of correlation was observed between two methods
demonstrating the effectiveness of RNA-seq approach.

Moreover, it was found that 837 genes diffrentially regulated by starvation (more than 3fold) after 2 hours of starvation were similarly regulated one hour later (Appendix Table
A3). This set of genes is identified as ‘starvation-responsive genes’ and symbolizes the
growth arrest of the cells. Genes down-regulated by starvation are possibly those that
are expressed during vegetative growth and shut off at the onset of starvation. Whereas
genes up-regulated by starvation represent ‘developmentally induced genes’. RPKM
values and fold changes for each individual gene regulated at 2 and 3 hours of
development are available in Appendix Table A3.
Overall, these results indicate that the transition of P. pallidum PN500 amoebae from
growth-to-starvation is accompanied by predominant changes in the gene expression
patterns.

3.6.2 Glorin-induced developmental regulation of gene expression
After getting an insight into starvation triggered gene expression changes, it was
interesting to investigate whether exogenous glorin can stimulate differential changes in
the early developmental gene expression. To explore this question, gene expression
data from cells starved for 2 hours without glorin treatment were compared with the data
from cells that were pre-starved for 1 hour and then treated with 1 μM final concentration
of glorin at 30-minute intervals for an additional hour, meaning that only two pulses of
glorin were applied. It was observed that stimulation of starving cells with glorin resulted
in more than 3-fold differential expression of 115 gene transcripts, 70 of which were upregulated by 3- to 57-fold (Figure 24A). When gene expression profiles of cells starved
for 3 hours were compared with gene expression data of cells pre-starved for 1 hour and
treated with 1 μM glorin every 30 minutes for 2 hours, a relatively different outcome was
noticed (Figure 24B). In these analyses, 120 genes were differentially regulated more
than 3-fold, but only 20 of them were up-regulated. Among these 20 genes, 11 were
those that were induced more than 3-fold after 1 hour of glorin treatment also.
The phenomenon that many genes differentially up-regulated more than 3 fold after 1
hour of glorin treatment exhibited abrupt changes in expression after 2 hours of
stimulation with glorin, could be explained by comparing the absolute abundance and
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expression kinetics of these genes under starving conditions (in absence of glorin) as
depicted in Appendix Table A4 & A5.

2 hr glorin treatment

3 hr glorin treatment


Figure 24: Effects of exogenous glorin stimulation on global gene expression in P.
pallidum PN500. A comparison is shown between steady-state levels of cellular transcripts
(expressed as RPKM) in P. pallidum PN500 cells treated with glorin for 1 hour (A) or 2 hours (B)
and cells starved without glorin treatment for the time period. All 12,627 gene models are plotted
(represented by grey symbols). Genes that were differentially regulated at least 3-fold after 1 or 2
hours of glorin treatment are indicated by black dots. Treatment of starving cells with glorin for 1
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hour resulted in differential expression of 115 genes, 70 of which were up-regulated. After 2 hours
of stimulation with glorin, 120 genes were differentially regulated, but only 20 of them were upregulated more than 3-fold. Scatter plot presents the average result from two independent
replications.

A few genes, of which PPL_05354 and PPL_09347 (Table 3; Figure 25) are obvious
representatives, exhibited very low basal expression in growing cells and retained low
level expression constantly during the first hours of starvation. In comparison, the
majority of other genes (43 out of 70 genes up-regulated more than 3 fold after 1 hour of
glorin treatment) showed a moderate increase in expression at the growth-to-starvation
transition, possibly because cells gain the ability to set up endogenous glorin signalling
within first few hours of starvation, however, their expression was further enhanced by
exogenous glorin pulses (examples in Table 3 & Figure 27). Previously, it was shown
that slow shaken high cell density cultures of D. discoideum were able to generate
normal endogenous cAMP signals without exogenously supplied cAMP pulses (Kimmel
& Carlisle 1986).
While the expression levels of these genes increased with the progression of starvation,
the effects of glorin treatment became relatively less significant. As a result, many genes
that were differentially induced by glorin more than 3-fold after 1 hour of glorin treatment
were up-regulated less than 3-fold one hour later even in the presence of glorin. This
demonstrates that externally added glorin caused the induction of genes precociously
compared to the natural conditions of development. RPKM values and fold changes for
each individual gene regulated by glorin at 2 and 3 hours of development are presented
in Table 3 & Appendix Table A4, A5 and A6.
These data support the hypothesis that in starving P. pallidum PN500 amoebae,
extracellular glorin binds to cell surface receptors, a signal is transduced intracellularly
that leads to changes in developmental gene expression.
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Table 3: Absolute expression data of selected genes obtained by RNA-seq analysis. The time t0
refers to vegetatively growing cells. Cells were staved for 2 or 3 hours without glorin treatment (t2, t3) or
pre-starved for 1 hour and treated with glorin for additional 1 or 2 hours (t2+, t3+).

Gene
Number

t0

t2

RPKM RPKM

t3
RPKM

t2+

t3+

RPKM RPKM

t2/ t0

t3/ t0

t2+/ t0

fold
fold
fold
change change change

t3+/ t0

t2+/ t2

t3+/ t3

fold
fold
change change

fold
change

PPL_05833

0.42

3.50

6.56

56.75

10.97

8.21

15.41

133.2

25.75

16.21

1.67

PPL_03784

0.16

0.74

0.79

3.35

1.30

4.51

4.84

20.40

7.96

4.51

1.64

PPL_00912

0.60

0.76

1.16

9.54

2.66

1.27

1.93

15.87

4.42

12.40

2.28

PPL_05195

3.71

42.36

84.83

9.46

5.42

11.39

22.81

2.54

1.45

0.22

0.06

PPL_05702

13.94

17.65

24.43

1.72

10.97

1.26

1.75

0.12

0.78

0.09

0.44

PPL_04459

18.55

8.22

4.62

12.50

22.54

0.44

0.24

0.67

1.21

1.52

4.87

PPL_03541

0.08

0.065

0.069

0.81

0.069

0.75

0.80

9.44

0.80

12.55

0.99

PPL_11763

0.62

0.86

0.92

11.40

2.71

1.38

1.49

18.31

4.36

13.18

2.92

PPL_02774

0.21

320.8

361.1

188.3

478.5

1488.

1675.

874.0

2220

0.58

1.32

PPL_07847

202.2

0.49

0.22

0.29

0.22

0.002

0.001

0.001

0.001

0.585

0.99

PPL_12271

31.53

10.77

25.60

105.4

26.19

0.34

0.81

3.34

0.83

9.78

1.02

PPL_12249

22.37

10.59

4.54

273.1

48.53

0.47

0.20

12.20

2.16

25.77

10.66

PPL_12248

4.23

1.93

1.48

68.90

10.42

0.45

0.35

16.26

2.46

35.62

7

PPL_09347

0.10

0.24

0.26

15.18

13.27

2.25

2.42

139.4

121.9

61.76

50.31

PPL_07908

0.12

105.0

97.31

22.54

19.10

854.4

791.1

183.2

155.3

0.21

0.19

PPL_05354

21.33

22.40

18.61

1141

1682

1.05

0.87

53.75

79.23

50.95

90.37

PPL_03564

6.05

3.12

4.13

27.04

7.01

0.51

0.68

4.46

1.15

8.65

1.69

PPL_08455

8.58

0.33

0.53

4.05

1.07

0.03

0.06

0.47

0.12

11.98

2.02

PPL_08454

0.30

0.37

0.45

5.96

1.20

1.23

1.5

19.86

4

15.86

2.66

PPL_00855

0.20

1.72

2.66

2.99

5.33

8.6

13.3

14.95

26.65

1.73

2.00

PPL_04108

1.83

6.79

7.58

22.55

7.04

3.71

4.14

12.32

3.84

3.32

0.92

PPL_05727

59.16

14.16

18.86

58.89

19.59

0.23

0.31

0.99

0.33

4.15

1.03

PPL_00902

66.97

70.05

96.22

192.5

148.7

1.04

1.43

2.87

2.22

2.74

1.54

PPL_06644

0.77

0.50

0.58

8.70

3.17

0.64

0.75

11.29

4.11

17.40

5.40
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3.6.2.1 Classification of glorin-induced developmental gene expression
For the convenience of data interpretation, genes differentially regulated by glorin were
sorted into 5 classes on the basis of their expression kinetics. Instead of presenting the
entire list of glorin-regulated genes in this section, some model genes were choosen to
explain the glorin mediated modulation of gene expression.

3.6.2.1.1 Class I: Genes stably induced by glorin
RNA-seq data analyses indicated that glorin causes precocious and high-level induction
of many genes (Table 3 & Appendix Table A4, A5, and A6). Prominent examples of such
genes are PPL_09347 and PPL_05354. As described in the absolute RNA-seq data of
glorin-regulated genes (Table 3), in vegetative-stage cells and also at the beginning of
development (2 and 3 hours of starvation), transcripts of PPL_09347 were barely
detectable, whereas PPL_05354 was expressed at very low levels under these
conditions. Marked induction in gene expression was observed in response to
exogenous glorin as shown in Figure 25.


























75



RESULTS




A

RNA-seq Data

gene expression (fold change)
starving vs. growing cells

1000

PPL_09347
PPL_05354

100

10

1
t0
0.1

t2

t2 + glorin

t3

t3 + glorin

time of starvation (hours)

B
gene expression (fold change)
starving vs. Growing cells

Quantitative RT-PCR Data
1000

PPL_09347
PPL_05354

100

10

1
t0

t2

t2 + glorin

t3

t3 + glorin

0.1
time of starvation (hours)


Figure 25: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1
show that expression of gene is lower in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first
biological replicate to describe glorin-induced gene expression. It should be noted that the results
obtained from RNA-seq of the second biological replicate were comparable to the results shown
here. (B) Relative expression of representative genes (as shown in panel A) determined by realtime RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted.
A high degree of correlation was observed between two methods demonstrating the effectiveness
of RNA-seq approach.

Transcripts of these genes accumulated rapidly in cells developed in buffer and treated
with 1 μM of glorin at 30 minute intervals for for 1 or 2 hours. Induction of expression of
these genes by glorin was maintained at high levels over the course of observation
(Figure 25). In cells treated with glorin for 1 and 2 hours, level of expression of
PPL_09347 was found to be 53- and 82-fold higher, respectively, than in vegetative cells.
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PPL_05354 was induced 56- and 84-fold after 1 and 2 hours of glorin stimulation,
respectively. This class of genes may exemplify ‘aggregation stage specific genes’. The
expression measurements obtained by RNA-seq data analyses were validated by
quantitative RT-PCR (Figure 25).

3.6.2.1.2 Class II: Genes transiently induced by glorin
When P. pallidum PN500 cells were developed in buffer suspensions and stimulated with
glorin, many genes showed a transient increase in expression relative to the expression
in growing cells. PPL_11763, PPL_12271 and PPL_03541 were rapidly induced by glorin
followed by a rapid turn over leading to a sharp decline in expression level at the next
hour of glorin treatment (Table 3; Figure 26). Transcripts of PPL_11763 and PPL_03541
were not expressed at significant levels in vegetative cells (Table 3) and cells developed
for 1 or 2 hours in the absence of glorin treatment. After 1 hour of glorin treatment
expression of these genes increased to 22.66- and 22.2-fold, respectively, compared to
vegetative cells. In comparison, PPL_12271 was moderately expressed in growing cells
(Table 3), also at the beginning of development, i.e. 1 hour of starvation but further
development without glorin pulses led to a small decrease in the transcript level (Table 3;
Figure 26).
Pulsing with glorin for 1 hour significantly upregulated this gene to 7.68 fold compared to
growing cells. A rapid decline in expression of all these genes was observed after 2
hours of glorin treatment (Figure 26). These glorin-induced genes may represent a class
of ‘developmentally induced aggregation specific genes’ with the exception of
PPL_12271 that may also play some role in growing cells because adequate level of
transcripts of this gene were detected in vegetative cells (Table 3). Real-time RT-PCR
analysis confirmed the expression levels obtained in RNA-seq experiments (Figure 26).
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Figure 26: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1
show that expression of the gene is lower in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first
biological replicate to describe glorin-induced gene expression. It should be noted that the results
obtained from RNA-seq of second biological replicate were comparable to the results shown here.
(B) Relative expression of representative genes (as shown in panel A) determined by real-time
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted.
A high degree of correlation was observed between two methods demonstrating the effectiveness
of RNA-seq approach.
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3.6.2.1.3 Class III: Genes induced by starvation, whereas glorin treatment
further enhanced their expression
For some other genes, such as PPL_05833, PPL_03784 and PPL_00912, only low
levels of transcripts were detected at 0 hr (Table 3). Starvation induced a moderate
increase in the expression of PPL_05833 and PPL_03784 at 2 and 3 hours of
development in buffer, whereas PPL_00912 was expressed at insignificant levels at 1
hour of starvation and only slightly upregulated at third hour of development in the
absence of glorin pulses (Figure 27). When cells were exposed to glorin for 1 hour,
transcripts of these genes accumulated significantly. PPL_05833, PPL_03784 and
PPL_00912 were upregulated by 133-, 20- and 15-fold, respectively, compared to
growing cells (Figure 27). Expression of PPL_03784 exhibited a low level of
responsiveness to glorin. Comparatively reduced levels of expression were observed
after 2 hours of glorin treatment indicating rapid turn over of these genes similar to class
II genes. This class may symbolize ‘early developmental genes required shortly during
aggregation’. Products of these genes may be needed during the first few hours of
development.
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Figure 27: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1
show that expression of the gene is lower in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first
biological replicate to describe glorin-induced gene expression. It should be noted that the results
obtained from RNA-seq of second biological replicate were comparable to the results shown here.
(B) Relative expression of representative genes (as shown in panel A) determined by real-time
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted.
A high degree of correlation was observed between two methods demonstrating the effectiveness
of RNA-seq approach.

Induction of these genes by starvation indicates that some pre-starvation factor(s) may
be involved in stimulating the expression of these genes. Glorin pulses further enhanced
expression of this class of genes demonstrating that expression of these genes is
controlled by a two-step regulatory pathway.
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3.6.2.1.4 Class IV: Genes induced by starvation, whereas glorin treatment
repressed their expression
Messenger RNA of many genes, represented by PPL_07908, PPL_05702 and
PPL_05195 started to accumulate immediately at the onset of development; indicating
that these are ‘starvation-induced’ genes. In vegetative cells, negligible amount of
transcripts of PPL_07908 was present (Table 3). Starvation led to 854- and 791-fold
increase in expression of this gene compared to vegetative cells, at 2 and 3 hours of
development (Figure 28). Administration of exogenous glorin pulses elicited a rapid
decline of expression, such that only 22.54- and 19.10-fold expression (compared to
growing cells) was detectable after glorin treatment for 1 and 2 hours, respectively. In
comparison, some transcripts of PPL_05702 were detected in vegetative cells, whereas
starvation slightly increased expression of this gene (Table 3).
PPL_05195 exhibited basal level expression in growing cells (Table 3). A moderate
increase in transcripts of this gene was observed at 2 hour of development, followed by a
high level expression one hour later. As shown in the Figure 28, expression of PPL_05195
increased by 11.39- and 22.81-fold at 2 and 3 hour of starvation. Stimulating cells with
glorin dramatically decreased expression level of this gene to 2.54- and 1.45-fold after 1
and 2 hours of treatment. RNA-seq data for expression of these genes was confirmed by
real-time RT-PCR as illustrated in Figure 28.
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Figure 28: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1
show that expression of the gene is lower in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined. Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first
biological replicate to describe glorin repressed gene expression. It should be noted that the
results obtained from RNA-seq of second biological replicate were comparable to the results
shown here. (B) Relative expression of representative genes (as shown in panel A) determined by
real-time RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from
first biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were
plotted. A high degree of correlation was observed between two methods demonstrating the
effectiveness of RNA-seq approach.

These genes represent ‘differentially expressed early genes’ and repression of their
expression by glorin indicates that products of these genes may function only in the early
hours of starvation and may not be required for aggregation. These genes are
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considered to be negatively modulated by glorin pulses that may occur during the early
development of P. pallidum to coordinate aggregation.

3.6.2.1.5 Class V: Genes repressed by starvation, whereas glorin treatment
induces their expression
Expression of some other genes is negatively regulated during the early hours of
development. Examples of such genes include PPL_12248 and PPL_12249. While
considering absolute expression levels of these genes in growing cells of P. pallidum
PN500, it was noticed that transcripts of PPL_12248 were present at low levels,
whereas sufficient mRNA was detected for PPL_12249 (Table 3). With progression in
development, transcripts of both genes declined in suspension developed cells.
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Figure 29: Correlation of RNA-seq data with real-time RT-PCR data. Fold changes are shown.
All data were compared to growing P. pallidum PN500 amoebae (t0; fold change set to 1). Values
> 1 represent higher expression of the gene in starving cells than in growing cells. Values < 1
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show that expression of the gene is lower in starving cells than in growing cells. As a control,
expression of house keeping gene gpdA was examined.Cells were starved in shaking cultures for
2 or 3 hours in the absence of exogenous glorin treatment (t2, t3) or for 1 hour followed by 1 hour
or 2 hours of glorin treatment (t2+glorin, t3+glorin). (A) Two model genes, indicated by the
corresponding P. pallidum (PPL) gene numbers, were selected from RNA-seq data of first
biological replicate to describe glorin-induced gene expression. It should be noted that the results
obtained from RNA-seq of second biological replicate were comparable to the results shown here.
(B) Relative expression of representative genes (as shown in panel A) determined by real-time
RT-PCR. cDNA used in this experiment were prepared from total RNA extracted from first
biological replicate. Mean values of triplicate measurements of the same cDNA ± SD were plotted.
A high degree of correlation was observed between two methods demonstrating the effectiveness
of RNA-seq approach.

Development of cells in the presence of glorin led to an increase in mRNA levels of both
PPL_12248 and PPL_12249. After 1 hour of glorin treatment, PPL_12248 was 16.26fold induced compared to the growing cells, whereas PPL_12249 exhibited 12.20-fold
increase in expression (Figure 29). Glorin-induced expression of both genes declined to
low levels after stimulating cells with glorin for 2 hours indicating rapid turn over of these
genes. RT-PCR data for validation of RNA-seq analyses of these genes is shown in
Figure 29 that confirmed the RNA-seq findings.
PPL_12248 and PPL_12249 may represent ‘vegetative stage genes’ that turn off at the
onset of development. Strong induction of these genes by glorin illustrates that products
of these genes may also function in glorin signalling during aggregation of P. pallidum
PN500 amoebae. Though these genes are transiently induced by glorin, they may play a
crucial role if products of these genes are proteins required for only short period of time.
The results presented above clearly demonstrated that glorin may have two distinctly
different effects during early development. The periodic addition of 1 μM glorin every 30
min stimulates the rate of expression of many genes, while expression of several other
genes is suppressed. RT-PCR data used to evaluate performance of RNA-seq analyses
indicated reliability of the experimental methods used in this study. These experiments
also validate the experimental conditions used to in this study to examine glorinregulated gene expression. Taken as a whole, studying differential gene expression
changes mediated by glorin has contributed to the previous knowledge of cellular roles
played by glorin.

3.7 Putative functions of glorin-regulated genes
To get insight into the possible roles of glorin responsive genes, putative molecular
functions of these genes were searched based on homologies to annotated D. discoideum
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genes

(Social

Amoebas

Comparative

Genome

Browser;

http://sacgb.fli-

leibniz.de/cgi/index.pl). A short list of gene ontology (GO) terms attributed to the glorininduced genes is presented in Table 4. Detailed information was obtained for genes
significantly up- or down-regulated by glorin in three different organizing principles of GO,
i.e. molecular function, biological process and cellular component (P. pallidum database;
http://sacgb.fli-leibniz.de/cgi/index.pl) and is depicted in Appendix Table A7 and A8.

3.7.1 Annotation of GO terms to glorin-induced genes
Interestingly, it was found that a considerable number of genes induced by glorin may
encode proteins that can play important roles in transducing extracellular signals. For
example, the list encompasses seven G protein-coupled receptors, upregulated by glorin
to various degrees. Several putative serine/threonine kinases are induced by glorin,
some of which are alpha kinases carrying the conserved “Į-kinase catalytic domain” as
reported in D. discoideum myosin heavy chain kinases (MHCKs; Betapudi et al. 2005).
The alpha-kinases family is a class of atypical protein kinases that exhibit low sequence
similarity to conventional eukaryotic protein kinases. Some of these kinases contain von
Willebrand factor A (vWFA) like motifs. The vWFA motif is found in a variety of
intracellular proteins involved in various cellular functions, such as protein–protein
interactions, DNA repair, transcription, ribosomal and membrane transport, and
proteosomal functions (Betapudi et al. 2005; Whittaker and Hynes 2002). Some other
proteins that include vWF domains take part in cell adhesion, signal transduction,
migration, and pattern formation, engaging interaction with a variety of ligands
(Colombatti et al. 1993). Extracellular signal-regulated kinase 2 (ErkB) is a protein
involved in MAP kinase signal transduction pathways. D. discoideum erkB null mutants
exhibit a decrease in motility and a severe chemotaxis defect towards cAMP gradient
leading to impaired aggregation (Wang et al. 1998; Rodriguez et al. 2008). Stimulation of
starving P. pallidum PN500 cells with glorin transiently upregulated expression of a gene
designated as PPL_12271 that encodes putative ErkB protein. Glorin induced expression
of genes encoding histidine kinases and tyrosine kinases-like transmembrane proteins
that exhibit signal transduction activity across the cellular membrane.
A number of genes encoding small GTPases of Ras and Rho families were up-regulated
by the glorin. Ras-superfamily small GTPases constitute components of signalling
pathways connecting extracellular signals via transmembrane receptors to cytoplasmic or
nuclear responses. Rho GTPases are involved in diverse signal transduction pathways,
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including organization of the actin cytoskeleton during cell migration, activation of certain
MAP kinases and may also activate transcription factors. Glorin induces a gene encoding
a ‘Profilin I-like’ actin binding protein that may be involved in the dynamic turnover and
restructuring of the actin cytoskeleton during chemotaxis.
Genes encoding zinc-binding domain containing proteins are also upregulated by glorin.
One of these proteins is a RING zinc-finger domain holding protein. Zinc fingers are
relatively small protein motifs that bind one or more zinc ions to help stabilize their fold.
Zinc fingers usually consist of multiple finger-like protrusions that bind to the target
molecule, such as DNA, RNA, proteins, or small molecules. Zinc finger-containing
proteins play key roles in gene transcription, mRNA trafficking, translation, protein
folding, cytoskeleton organisation, cell adhesion, and chromatin remodelling. A RINGfinger domain is a protein structural domain of zinc finger type, whereas proteins
containing a RING finger play vital roles in the ubiquitination pathway leading to
degradation of proteins.
Glorin also induced expression of proteins involved in DNA metabolism, such as
Deoxyribonuclease II that plays a major role in the degradation of nuclear DNA in cellular
apoptosis during development. Glorin upregulated expression of genes encoding putative
cytochrome P450 family proteins that are haem-containing mono-oxygenases, involved
in oxidation-reduction processes. Enzymes of cytochrome P450 family play important
role in the metabolism of compounds that control cell differentiation in D. discoideum
(Gonzalez-Kristeller et al. 2008).
Glorin induced expression of many genes whose products are involved in carbohydrate
metabolic processes. Examples include enzymes belonging to the glycoside hydrolase
family 45 that exhibit endoglucanase activity, expansin-like proteins and cellulases.
Expansins are unusual proteins that are believed to act as chemical grease and may
allow cellulose fibrils to slide past one another when cellulose sheath is being assembled
during the late aggregation stages. Similarly, cellulases seem to be involved in
remodelling of slime sheath cellulose during morphogenesis (Sucgang et al. 2011).
Moreover, glorin induced genes encoding PA14 domain-containing proteins with
homology to D. discoideum extracellular matrix proteins, such as EcmB. PA14 domain is
a ȕ-barrel structure recognized as a novel carbohydrate-binding module (Rigden et al.
2004).

86



RESULTS

The mannose 6-phosphate receptor homology (MRH) domain-containing family of
proteins play key roles in the secretory pathway (Castonguay et al. 2011), whereas
mannose 6-phosphate receptors (MPRs) play an essential role in lysosome biogenesis.
These proteins (i.e. MPRs) bind newly synthesized Mannose-6-Phosphate-containing
lysosomal hydrolases in the trans-Golgi network (TGN) and deliver them to the prelysosomal compartments (Castonguay et al. 2011).
Stimulation of cells with glorin induces expression of genes that may encode ABC
transporter proteins belonging to family A & G. ATP-binding cassette (ABC) transporters
are transmembrane proteins that make use of the energy of adenosine triphosphate
(ATP) hydrolysis to transport various substrates across extra- and intracellular
membranes, including metabolic products, lipids, toxins and drugs. Other genes induced
by glorin may encode proteins displaying homology to glutamate-ammonia ligase
involved in glutamine biosynthetic process, zymogen granule (pancreatic secretory
granules) membrane glycoprotein, beta-lactamase-type transpeptidase fold containing
protein, cellulose and chitin-binding domain containing proteins that exhibit carbohydratebinding activity, epidermal growth factor-like domain containing membrane-bound protein
implemented in cell recognition and proteins involved in proteolysis, pathogenesis and
transcription repression.
The concomitant upregulation of these genes during early development suggests their
possible involvement in the glorin-mediated coordination of aggregation process.
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Expression
Gene description
(fold
a
change)
Signal transduction
G-protein coupled receptor activity
G-protein coupled receptor activity (family 3), metabotropic
PPL_08454
15.8
glutamate receptor-like
G-protein coupled receptor activity (family 3), metabotropic
PPL_08455
11.9
glutamate receptor-like
G-protein coupled receptor activity (family 3), metabotropic
PPL_03564
8.6
glutamate receptor-like
G-protein coupled receptor activity (family 3), metabotropic
PPL_05727
4.1
glutamate receptor-like
G-protein coupled receptor activity (family 3), metabotropic
PPL_04108
3.3
glutamate receptor-like
G-protein coupled receptor activity (family 3), metabotropic
PPL_00902
2.7
glutamate receptor-like
G-protein-coupled receptor (GPCR) family protein, frizzled and
PPL_00855
1.89
smoothened-like protein
protein serine/threonine kinase activity
PPL_12248
39.6
protein serine/threonine kinase activity (alpha kinase superfamily)
PPL_12249
29.2
protein serine/threonine kinase activity (alpha kinase superfamily)
protein serine/threonine kinase activity (alpha kinase superfamily);
PPL_12251
8.7
type A von Willebrand factor (VWFA) domain-containing protein
PPL_12250
4.76
protein serine/threonine kinase activity
PPL_12271
7.7
erkB, ERK subfamily protein kinase, extracellular response kinase
Tyrosine kinase-like protein
PPL_00861
11.6
tyrosine kinase-like protein
Histidine kinase-like protein
histidine kinase, protein kinase, signal transducer activity,
PPL_04384
4.11
regulation of transcription
Ras GTPases
Ras GTPase domain-containing protein; type A von Willebrand
PPL_07296
7.4
factor (VWFA) domain-containing protein
Rho GTPases
PPL_05452
5.8
Rho GTPase
GTP binding activity, Rho GTPase, small GTPase mediated
PPL_04393
3.17
signal transduction
Cytoskeleton organization
Actin cytoskeleton organization
PPL_09347
53.9
profilin I, actin binding protein
Putative extracellular matrix proteins
putative extracellular matrix protein, PA14 domain-containing
PPL_05354
56.9
protein
putative extracellular matrix protein, PA14 domain-containing
PPL_12308
6.3
protein
putative extracellular matrix protein, PA14 domain-containing
PPL_11304
2.8
protein
Transcription and translation
Zinc-binding domain-containing protein
PPL_01619
3.32
CMP/dCMP deaminase, zinc-binding domain-containing protein
PPL_09669
4.37
RING zinc finger-containing protein
Secretory pathway
protein binding function
PPL_07812
15.4
Mannose-6-phosphate receptor domain, protein binding function
PPL_07800
5.48
Mannose-6-phosphate receptor domain, protein binding function
Gene
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Transport
ABC transporter family proteins
PPL_07551
3.39
ABC transporter A family protein
PPL_07432
4.39
ABC transporter G family protein, integral to membrane
ABC transporter A family protein, nucleoside-triphosphatase
PPL_07551
3.49
activity
Metabolism
DNA metabolic process
similar to zymogen granule (pancreatic secretory granules)
PPL_08854
2.84
membrane glycoprotein, deoxyribonuclease II activity
PPL_05392
5.27
deoxyribonuclease II activity, DNA metabolic process
PPL_04328
3.40
DNA metabolic process, deoxyribonuclease II activity
Oxidoreductase activity
PPL_09729
4.19
iron ion binding proteins, oxidoreductase activity
PPL_04071
1.21
electron carrier activity, iron ion binding activity
Carbohydrate metabolic process
expansin-like protein, Barwin-like endoglucanases, Glycoside
PPL_11763
22.6
hydrolase family 45 protein
Carbohydrate binding activity
Cellulose-binding domain containing protein
Cellulose-binding domain containing protein, Carbohydrate
PPL_02674
2.7
binding domain-containing protein, Stalk-specific protein
Cellulose-binding domain containing protein, Carbohydrate
PPL_05703
4.27
binding domain-containing protein, extracellular region
Cell recognition
Epidermal Growth Factor-like domain containing membrane-bound proteins
Cell surface receptor, IPT/TIG Epidermal Growth Factor-like
PPL_00062
3.3
domain containing membrane-bound proteins
Epidermal growth factor-like domain containing membrane-bound
PPL_07302
4.90
protein, calcium ion binding activity, extracellular in location
Miscellaneous
Transcription repressor activity
PPL_00612
3.95
transcription repressor activity
Proteolysis
ubiquitin carboxyl-terminal hydrolase 2, Peptidase C19, ubiquitin
PPL_05027
3.90
thiolesterase activity
PPL_08725
3.66
hydrolase activity, proteolysis
Pathogenesis
PPL_10669
4.55
Delta endotoxin insectocide, pathogenesis
PPL_06262
3.80
delta-Endotoxin insectocide
Glutamate-ammonia ligase activity
glutamate-ammonia ligase, glutamine synthetase type I, glutamine
PPL_04550
3.73
biosynthetic process
beta-lactamase-type transpeptidase fold containing protein
beta-lactamase-type transpeptidase fold containing protein (based
PPL_11763
22.6
on homology to D. discoideum protein DDB_0189589.
Enhancing factor precursor
Enhancing factor precursor, Chitin-binding domain containing
PPL_04587
7.6
protein
Immunoglobulin E-set domain-containing protein
IPT/TIG domain-containing protein; immunoglobulin early-set
PPL_04784
10.8
domain-containing protein
putative cell surface glycoprotein, IPT/TIG domain-containing
PPL_04746
2.8
protein, Immunoglobulin early-set domain-containing protein
Proteins with unknown function
PPL_03541
22.2
unknown
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PPL_05833
PPL_06644
PPL_07811
PPL_00117
PPL_00912
PPL_10324
PPL_02621
PPL_02620
PPL_07801
PPL_07818

20.9
17.4
16.3
12.1
15.2
11.6
9.3
9.3
8.0
7.2

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

Table 4: Summary of glorin-induced genes in P. pallidum PN500. aFold change calculated for
gene expression in cells prestarved for 1 hour and then treated with glorin for an additional hour,
compared to gene expression in cells starved for 2 hours in the absence of exogenous glorin.

3.7.2 Annotation of GO terms to glorin-repressed genes
GO term analysis of glorin-repressed genes could not provide much information as most
of these genes have not yet been ascribed to a distinct function. Genes that were
downregulated by glorin may encode proteins that may be involved in the regulation of
transcription, carbohydrate and lipid metabolic processes, proteolysis, pathogenesis,
steroid metabolic processes, oxidoreduction reactions, nucleosome assembly and
transportation.
Glorin treatment repressed expression of some genes whose products may exhibit Omethyltransferase activity. Methyltransferases play important role in many vital cellular
processes including signal transduction, chromatin regulation, gene silencing, and
protein repair. Expression of a gene that may encode myb transcription factor domaincontaining protein was down-regulated by glorin. In D. discoideum Myb transcription
factors play important role at culmination as activators of ancillary stalk differentiation
(Tsujioka et al. 2007). Another gene repressed by glorin may encode a transcription
factor including a homeodomain that binds DNA through a helix-turn-helix (HTH)
structure.
Other glorin-repressed genes encode proteins with homology to cAMP-dependent
protein kinase (PKA family protein kinase), winged helix-turn-helix transcription
repressor, zinc ion binding proteins, and SecA protein that is a superfamily 2 helicase
adapted to translocate proteins. GO annotation for some of the glorin-repressed genes is
presented in Appendix Table A7 and A8.
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3.8 Detailed kinetics of glorin-regulated gene expression

3.8.1 Effect of signal modulation on glorin-regulated gene expression
Previously, Kopachik (1990) studied protein synthesis by developing P. violaceum
amoebae in response to externally added glorin and showed that this reaction was
concentration and time dependent (Kopachik 1990). The author reported that a higher
concentration of glorin added for a longer time was most effective to stimulate synthesis of
certain proteins (Kopachik 1990). Therefore, it was interesting to elucidate effects of
different concentrations and pulsing frequencies of glorin on gene expression changes in
P. pallidum PN500 amoebae.

3.8.1.1 Gene expression analysis under different concentrations of glorin
First, starving P. pallidum PN500 cells were stimulated with varying concentrations of
glorin and changes in gene expression were examined.
P. pallidum PN500 cells cultured on bacterial lawns were harvested and starved by slow
shaking in phosphate buffer at a cell density of 2x107cells/ml at 20°C. Before inducing
development, 2x107 vegetative stage cells were pelleted and stored at -80°C. This pellet
of cells represented ‘growing cells control’ for total RNA extraction in subsequent gene
expression analyses. After one hour of pre-starvation, culture was divided into 4
erlenmeyer flasks and cells were allowed to develop in shaking suspensions either in the
presence or absence of glorin. Cells in each of three flasks were given glorin pulses at 10
nM, 100 nM and 1 μM final concentration, respectively, at 30-min intervals. Cells in one
flask received no exogenous treatment (shown by ‘0 nM glorin’ symbol in Figure 30) and
served as the ‘control’ for the time period. Cells (2x107) were harvested from all four
cultures at 0.5, 1 and 2 hours after glorin treatment for isolation of total RNA to prepare
cDNA for gene expression analysis using real-time RT-PCR. Cell samples were collected
from ‘untreated control’ at the same time points. Model glorin-regulated genes,
PPL_09347 and PPL_05354 that were noticed to be highly induced by glorin in RNA-seq
analyses were chosen to study gene expression changes in response to varying
concentrations of glorin applied at 30- minute intervals. Relative gene expression levels of
both genes under all tested conditions were calculated and fold changes were determined
compared to expression in growing cells.
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It was found that exposure of cells to 10 nM glorin for the first 30 minutes (one pulse
only) was sufficient to induce PPL_09347 to 30.50-fold, compared to growing cells,
whereas further stimulation of cells with 10 nM glorin added every 30 minutes for
additional 1 and 2 hours increased expression of PPL_09347 by 39.26- and 45.62-fold,
respectively (Figure 30A).
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Figure 30: Glorin-induced gene expression in response to varying concentrations of
glorin. P. pallidum PN500 cells were developed in shaking cultures for 3 hours in the presence
or absence of exogenous glorin. In glorin treated cultures, beginning 1 hour after starvation,
glorin was added at 10 nM, 100 nM or 1 μM final concentration at 30-minute intervals. Untreated
control is represented by 0 nM glorin. Cell samples were collected after 30 min, 1 and 2 hours of
glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. Relative expression of model genes PPL_09347 (A) and
PPL_05354 (B) was determined by real-time RT-PCR. As a control, expression of house keeping
gene gpdA was examined. Fold changes are shown. All data were compared to growing P.
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pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher expression
of the gene in starving cells than in growing cells. Values < 1 show that expression of gene is
lower in starving cells than in growing cells. Mean values of duplicate measurements of the same
cDNA ± SD were plotted.

Treatment of developing cells with 100 nM glorin for 0.5-, 1- and 2-hours led to 72.49,
43.09- and 67.76-fold expression of PPL_09347. When 1 μM glorin was added at 30
minutes intervals to cells pre-starved for 1 hours, 180.15-, 178.13- and 150.79-fold
increased in gene expression of PPL_09347 was observed after 30 minutes, 1 and 2
hours of glorin treatment. It is interesting to note that only after first pulse of 10 nM,
100nM, or 1 μM glorin (final concentration), PPL_09347 was induced to 30.50-, 72.49and 180.15-fold respectively (Figure 30A). Overall, expression of PPL_09347 generally
increased in response to glorin stimulation in the course of observation.
While analysing expression of model gene PPL_05354, it was noted that upon treatment
of cells with 10 nM glorin every 30 minutes for 0.5-, 1- and 2-hours, gene expression
increased adequately by 12.31-, 19.84-, and 10.71-fold, respectively (Figure 30B).
Exposure of cells to 100 nM glorin for 30 minutes, 1 and 2 hours enhanced expression
of PPL_05354 by 19.86, 26.12 and 15.15-fold, respectively. When glorin was added to
starving cells at 1 μM final concentration, 28.39-, 33.52- and 25.67-fold increase in
mRNA levels was noticed after 0.5-, 1- and 2-hours of treatment, while comparing
expression to that in growing cells (Figure 30B). An important observation was the slight
decrease in expression of PPL_05354 at 3 hours of development under all tested
conditions. This may indicate that expression of PPL_05354 reduces to varying degrees
with progression of starvation when cells are developed in shaking cultures.
Contrary to the results obtained in RNA-seq analyses (Figure 25), PPL_09347 and
PPL_05354 exhibited a considerable increase in expression in cells that were not
treated with glorin (referred to t2 and t3 in Figure 25 & untreated control ’0 nM’ in Figure
30). In experiment shown in Figure 25, untreated cells did not show significant
expression of PPL_09347 and PPL_05354 genes. A possible interpretation of detecting
low level expression of PPL_09347 and PPL_05354 in experiment depicted in Figure 30
could be that cells were harvested for this experiment when they were already starving
on agar plates where they were grown in association with bacteria and most probably
have already established some basic endogenous glorin signalling by themselves.
In short, it is shown that increasing concentrations of externally added glorin are
associated with increased response in gene expression; maximum response in gene
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expression was obtained when cells were stimulated with 1 μM glorin. Thus, these
experiments further validated experimental conditions used for conducting RNA-seq
analyses (described in Section 3.6). These data also provided an indication that glorin
triggers rapid changes in gene expression.

3.8.1.2 Gene expression analysis under different pulsing frequencies of
glorin
Physiological effects of many messengers of intercellular communication might be
regulated by the frequency of their temporal variation (Li & Goldbeter 1992; Knobil 1981).
Such a frequency encoding may manifest more advantages than amplitude-modulated
control (Rapp 1987). Frequency encoding of signals is exemplified by secretion of cAMP
pulses in aggregating D. discoideum cells at periodicities of ~6 min (McMains et al. 2008;
Goldbeter 2006). To date pulsatile glorin signalling has not been observed. Previously
some researchers showed that starving P. violaceum exhibit oscillatory aggregation, but
it was pointed out that glorin may not be the primary oscillator (De Wit et al. 1988).
Similarly, some initial reports described the presence of centrifugally propagated waves
of excitation in the aggregation fields of P. violaceum amoebae that were regularly
spaced with an interval decreasing from 4 to 2.5 minutes, while in P. pallidum amoebae,
these waves were not found to be systematically spaced (Jones 1976).
As described in the Section 3.8.1.1, 1 μM final concentration of glorin was found to be
optimal for studying glorin-induced gene expression. As a next step, gene expression
changes in response to different pulsing frequencies of glorin were analyzed to
understand how intervals between pulses may modulate gene expression.
P. pallidum PN500 cells were grown in association with bacteria and harvested after 48
hours of growth. Cells were washed and resuspended in phosphate buffer at a density of
2x107cells/ml. A pellet of vegetative cells (~ 2x107 amoebae) was collected for total RNA
extraction for subsequent gene expression analyses. Amoebae were then starved in
suspension culture for 1 hour by shaking at 100 rpm at 22°C to induce development.
After 1 hour pre-starvation, cell suspension was splitted into 4 parts. One culture
designated as “untreated control” did not receive any exogenous treatment. Glorin (1 μM
final concentration) was added for 2 hours to each of 3 other cultures at 10-, 20- and 30minute intervals under slow-shake conditions (i.e. 100 rpm). Control culture was
developed similarly in the absence of externally added glorin. Cell samples were
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collected after 1 and 2 hours of glorin treatment to prepare total RNA for gene expression
analysis. Samples were collected from ‘untreated control’ at the same time points.
To determine whether varying periods of exposure to glorin influenced gene expression,
model genes PPL_09347 and PPL_05354 were subjected to quantitative RT-PCR
analyses. Relative expression levels of both genes were determined under 3 different
conditions of glorin treatment and fold changes were calculated compared to the
expression in growing cells (Figure 31).
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Figure 31: Glorin-induced gene expression in response to varying periods of exposure to
glorin. P. pallidum PN500 cells were developed in shaking cultures for 3 hours in the presence
or absence of exogenous glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM
final concentration of glorin was added at 10-, 20- or 30-minute intervals. Untreated control is
shown seperately. Cell samples were collected after 1 and 2 hours of glorin treatment for total
RNA extraction to analyse gene expression. Cells were generally harvested 30 minutes after a
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pulse of glorin was applied. Samples were collected from untreated cells at the same time points.
Relative expression of PPL_09347 (A) and PPL_05354 (B) was determined by real-time RTPCR. As a control, expression of house keeping gene gpdA was examined. Fold changes are
shown. All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1
where values > 1 represent higher expression of the gene in starving cells than in growing cells.
Values < 1 show that expression of gene is lower in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.

Real-time RT-PCR analysis showed that mRNA levels of PPL_09347 were highly upregulated by 385- and 378-fold after 1 and 2 hour of glorin treatment at 10 minute
intervals (Figure 31A). When starving cells were treated with 1 μM glorin at 20 minute
intervals for 1 or 2 hours, PPL_09347 was induced to 249- and 212-fold, respectively,
compared to growing cells. Adding glorin at 30 minute intervals led to 178- and 150-fold
increase in expression of PPL_09347 at 1 and 2 hours (Figure 31A). For each pulsing
condition tested, expression of PPL_09347 was similarly maintained at both hours of
glorin treatment.
When gene expression data of PPL_05354 were analyzed, it was found that this gene
was induced to 33.52- and 25.67-fold (compared to growing cells) when cells were
pulsed with glorin at 30-minute intervals for 1 and 2 hour, respectively (Figure 31B).
Significant level expression of this gene to 46.91- and 33.20-fold was noticed after
pulsing cells with glorin at 20-minute intervals for 1 and 2 hours, respectively.
Pronounced changes in gene expression levels were detected when cells received
pulses of glorin at 10-minute intervals. 59.78- and 46.92-fold increase in expression of
PPL_05354 was observed after 1 and 2 hours of exogenous glorin treatment,
respectively (Figure 31B).
These data demonstrate that 1 μM glorin (final concentration) induced model genes
significantly when pulsed at 30-minute intervals, whereas comparatively higher levels of
gene expression were obtained when glorin pulses were applied more frequently at 10minute intervals indicating that repetitive stimulation with glorin results in a stronger
response. These results further support authenticity of pulsing conditions used for RNAseq analyses. It still remains to uncover how often pulses of glorin are secreted in
aggregation fields of starving P. pallidum PN500 amoebae.
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3.8.2 Expression kinetics of glorin-regulated genes during the first 5 hours
of development in suspension cultures
In the RNA-seq analysis and subsequent experiments, gene expression studies mainly
focused on first 3 hours of starvation encompassing 2 hours of glorin treatment. After
RNA-seq data analysis provided a list of glorin-regulated genes, and model genes were
defined to study glorin effects on gene expression using real-time RT-PCR, it could be
advantageous to investigate expression kinetics of glorin -induced and -repressed genes
beyond 3 hours of starvation in the presence or absence of exogenous glorin using
suspension cultures of P. pallidum PN500 amoebae.
Therefore, expression kinetics of selected glorin-regulated genes were determined during
the first 5 hours of development under four different conditions. 5 hour duration was
chosen in this experiment because it was assumed that within this time cells encounter a
prominent shift from pre-aggregation to aggregation phase and may undergo major
changes in gene expression patterns. P. pallidum PN500 amoebae were harvested in the
late vegetative stage, washed to remove nutrients and suspended in phosphate buffer at
a cells density of 2x107cells/ml. The amoebae in suspension culture were pre-starved for
1 hour by slow shaking at 100 rpm at 22oC to trigger development. After this initial
treatment, cell suspension was equally divided into 5 parts. One culture of cells was not
treated with glorin and acted as ‘untreated control’. Each of 4 other cultures received four
different glorin treatments for additional 4 hours. To one culture, 1 μM of glorin was
added at 10-minute intervals, whereas a second culture received 100 nM (final
concentration) glorin every 10-minutes. The third culture was treated with 1 μM (final
concentration) glorin at 30-minute intervals, while fourth culture was pulsed with 100 nM
(final concentration) glorin at 30-minute intervals. All these cultures were then developed
for 4 additional hours under slow shaking conditions. By this approach, the objective was
to investigate how gene expression is modulated during development under suspension
when starving cells are pulsed with low and high levels of glorin at varying intervals for 4
hours. 2x107 cells were harvested from glorin treated cultures after 0.5-, 1-, 2-, 3-, and 4hours of glorin treatment. Samples (2x107cells per sample) were collected from untreated
control culture at the same time points. Samples were generally collected 30 minutes
after a pulse of glorin was applied. Total RNA was extracted to prepare cDNA for gene
expression analysis using real-time RT-PCR. Relative gene expression of model genes
PPL_09347, PPL_05354, PPL_05833, PPL_12271 and PPL_07908 was determined and
fold changes were calculated compared to the expression in untreated cells. Four hours
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of glorin treatment represented total 5 hours of starvation (1 hour pre-starvation + 4 hours
glorin treatment).
Analyzing expression data of glorin induced gene PPL_09347 under above mentioned
conditions revealed that both 1 μM and 100 nM concentrations of glorin were equally
effective to induce high level gene expression when cells were pulsed frequently, i.e. at
10-minute intervals (Figure 32). 1 μM glorin added every 30 minute also exhibited
comparable induction of PPL_09347, whereas expression levels observed in response to
100 nM glorin added at 30-minute intervals were relatively lower, signifying the
requirement for higher concentrations of glorin to achieve optimal induction of expression
(Figure 32). PPL_09347 retained high levels of expression at all 4 hours of glorin
treatment.
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Figure 32: Glorin-induced changes in expression of PPL_09347 in response to varying
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model genes PPL_09347 was determined by real-time RTPCR. Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells.
Fold change was set to 1 where values > 1 represent higher expression of the gene in glorin
treated cells than in untreated cells. Mean values of duplicate measurements of the same cDNA
± SD were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.

Another glorin-induced gene, PPL_05354, exhibited progressive increase in expression
for the first 3 hours of glorin treatment, whereas expression levels declined drastically at
4th hour (Figure 33). At 4th hour of glorin treatment, low level expression of this gene was
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still detectable in cells pulsed frequently at 10-minute intervals with 1 μM or 100 nM
glorin, whereas PPL_05354 showed clear down-regulation in cells treated with 1 μM or
100 nM glorin at 30-minute intervals (Figure 33). These data provide an understanding of
kinetics of PPL_05354 in slow shaking cultures. There is a gradual increase in gene
expression during the first 3 hours of glorin treatment followed by a steep reduction in
mRNA levels. This rapid decline in expression may be explained by suggesting that
starving cells may secrete glorin by themselves after a few hours of development and
accumulation of glorin (exogenous glorin + glorin secreted by cells) may result in
autonomous signalling, therefore, effects of externally added glorin appear less
prominent.
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Figure 33: Glorin-induced changes in expression of PPL_05354 in response to varying
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model genes PPL_05354 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated
cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.

PPL_05833 was another gene chosen from RNA-seq data of glorin-induced genes. This
gene manifested very unique kinetics. It was highly induced within 30 minutes of glorin
treatment, followed by progressive decline, such that only basal level expression was
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detectable after 4 hours of glorin treatment (Figure 34). These data were in agreement
with the RNA-seq results which indicated that PPL_05833 exhibits rapid turn over and
high-level gene expression is followed by a prompt decline. This phenomenon may be
similarly explained as in case of PPL_05354 (Figure 33) by proposing that setting up of
endogenous glorin signalling by starving cells may result in less significant responses to
externally added glorin. Yet, a second possiblity is that product of PPL_05833 might be
required only for very short period of time during aggregation, therefore expression of
this gene declines quickly. However, it can not be ignored that mRNA of this gene might
be unstable under shaking culture conditions leading to rapid decline in transcript levels.
Induction of PPL_05833 in response to 1 μM and 100 nM glorin pulsed at 10-minute
intervals was comparable and a high-level expression was detected under both of these
conditions (Figure 34). Significant increase in gene expression was observed when cells
were treated with 1 μM glorin at 30-minute intervals. Messenger RNA of PPL_05833
accumulated to relatively lower levels in response to pulses of 100 nM glorin delivered at
30-minute intervals manifesting need of frequent pulsing with glorin to detect optimal
gene expression responses.
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Figure 34: Glorin-induced changes in expression of PPL_05833 in response to varying
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model genes PPL_05833 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated
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cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.

PPL_12271 is another glorin-induced gene that encodes putative ErkB protein. This gene
exhibited kinetics similar to PPL_05833 in this experiment. PPL_12271 was rapidly
induced by glorin within 30-minute of glorin treatment, followed by a gradual decline,
such that after 4 hours, expression of PPL_12271 droped to near background levels
even in the presence of frequent glorin pulsing. These results confirm RNA-seq data that
also indicated a rapid turn over of PPL_12271 (Figure 26 & 35). Analogous to
PPL_05833, the product of this gene seems to be required for short period during
aggregation and may play important role in intracellular cell signalling. PPL_12271 was
induced to almost comparable levels in response to 1 μM and 100 nM glorin pulsed at
10- minute intervals. 1 μM glorin added every 30-minute showed similar response as
displayed by pulses delivered more frequently. 100 nM glorin pulsed at 30-minute
intervals could induce PPL_12271 only at very low levels, pointing that induction of this
gene may require high levels of glorin (Figure 35).
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Figure 35: Glorin-induced changes in expression of PPL_12271 in response to varying
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours
of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model genes PPL_12271 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated
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cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.

An important comment to the data obtained with PPL_05833 and PPL_12271 is related
to transient expression of these genes. RNA-seq data indicated that expression of many
genes that were differentially up-regulated more than 3-fold was declined below the set
threshold (3-fold expression) 1 hour later (Table 3). It was suspected that glorin levels
may need to be elevated continually for the expression of this set of genes to be
maintained. Therefore, when expression of some of these genes (Figure 34 & 35) was
analyzed under frequent pulsing coniditons, it was found that even frequent exposure to
glorin caused decline in gene expression. This provides evidence that transient changes
in gene expression induced by glorin are an innate property of starving P. pallidum
PN500 cells.
PPL_07908 is an example of a glorin-repressed gene. As indicated in figure 28,
PPL_07908 is highly induced by starvation during the early hours of starvation but
treatment with glorin rapidly suppresses expression of this gene. Expression data of
PPL_07908 presented in Figure 36 confirmed the findings of RNA-seq analyses by
showing that expression of this gene is strongly repressed by glorin during the early
hours of development.



gene expression (fold change)
glorin treated vs. untreated cells

Expression kinetics of PPL_07908
100

1 μM glorin added every 10 min
1 μM glorin added every 30 min

100 nM glorin added every 10 min
100 nM glorin added every 30 min

10

1

0.1

0.01
0.5

1

2

3

4

time of glorin treatment (hours)





Figure 36: Glorin-induced changes in expression of PPL_07908 in response to varying
concentrations and periods of exposure to glorin. P. pallidum PN500 were developed in
shaking cultures for 5 hours in the presence or absence of exogenous glorin. In glorin treated
cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final concentration of glorin was
added at 10 or 30-minute intervals. Cell samples were collected after 0.5-, 1-, 2-, 3- and 4-hours
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of glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model genes PPL_07908 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells. Fold
change was set to 1 where values > 1 represent higher expression of the gene in glorin treated
cells than in untreated cells. Values < 1 show that expression of gene is lower in glorin treated
cells than in untreated cells. Mean values of duplicate measurements of the same cDNA ± SD
were plotted. 4 hours of glorin treatment represented total 5 hours of starvation.


When cells were treated with 1 μM or 100 nM glorin (at 10 or 30-minutes intervals) for 1
hour, expression of PPL_07908 declined to insignificant levels. As shown in Figure 36,
expression of PPL_07908 remained downregulated in response to frequent pulsing of
glorin (1 μM or 100 nM glorin pulsed at 10-minute intervals) for 4 hours, as indicated by
gene expression levels after 2-, 3- and 4- hours of glorin treatment in Figure 36.
However, when cells were pulsed with 100 nM glorin at 30-minute intervals, low level
expression of PPL_07908 was detected after 3 and 4 hours of treatment. These data
may indicate that expression of PPL_07908 is repressed by high concentrations of glorin,
whereas low level expression of this gene is recovered when intensity of glorin pulses is
reduced.
Alternatively, these results demonstrate that to maintain down-regulation of PP_07908
for longer period, comparatively higher levels of glorin are required at shorter intervals.
This gene may be an immediate early developmental gene induced by starvation and
suppression of this gene by glorin indicates that products of this gene may not be
necessary during aggregation.

3.8.3 Temporal expression pattern of glorin responsive genes during
development in shaken suspensions
After determining relationships among glorin pulse concentration, pulsing interval and
related gene expression changes, next the developmental kinetics of glorin responsive
genes were determined in P. pallidum PN500 amoebae developed in shaken cultures
over longer periods of time (i.e. more than 5 hours) to get an insight into how gene
expression patterns develop when cells are starved in buffer suspensions. For this
experiment, two different concentrations of glorin, i.e. 1 μM & 100 nM were chosen and
time-course effects of frequent glorin pulsing were examined on gene expression
patterns of selected glorin-induced genes during the first 8 hours of development. 8 hour
duration was selected to cover the complete period of early development in suspension
cultures; however, chemotactic aggregation of cells is prevented under these conditions.
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P. pallidum PN500 cells were grown in association with bacteria, harvested in the late
vegetative stage, washed and resuspended in phosphate buffer at a concentration of
2x107cells/ml. A pellet of 2x107cells was collected for total RNA isolation that represented
‘growing cells control’ for subsequent gene expression analyses. Cells in suspension
cultures were pre-starved for 1 hour under slow shaking conditions (i.e. 100 rpm) at 22oC
to initiate development. After 1 hour of starvation, cell suspension was divided into 3
parts. One culture served as ‘untreated control’ and did not receive glorin treatment.
Second culture was treated with 1 μM glorin every 10-minutes, whereas in third culture
100 nM glorin was added at 10-minute intervals. These cultures were developed under
shaking conditions at 22oC for 8 additional hours. Samples (each containing 2x107 cells)
were collected from glorin-treated cultures starting at 0.5 hour of glorin treatment until
total 8 hours for RNA extraction. Samples were collected from untreated cell cultures at
the same time points. Cell samples were generally collected 30- minutes after a pulse of
glorin was delivered. cDNA was syntheiszed and gene expression analyses were carried
out using quantitative RT-PCR. Relative gene expressions of selected glorin-induced
genes PPL_09347, PPL_05354, PPL_05833, PPL_12271 and a glorin repressed gene
PPL_07908 were determined and fold changes were calculated compared to expression
in growing cells. 8 hours of glorin treatment corresponded to 9 hours of starvation (1 hour
pre-starvation + 8 hours glorin treatment).

3.8.3.1 Class I: Genes stably induced by glorin in shaking cultures
3.8.3.1.1 Expression profile of PPL_09347
When expression kinetics of model gene PPL_09347 were analyzed in cells developed in
the absence of glorin treatment, only basal level expression of this gene could be
detected at 1.5 hour of development. Expression was then maintained at low levels for
the next 4 hours (Figure 37).
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Figure 37: Time course of glorin effects on PPL_09347 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final
concentration of glorin was added at 10-minute intervals. Cell samples were collected at
indicated time points after glorin treatment for total RNA extraction to analyse gene expression.
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were
collected from untreated cells at the same time points. As a control, expression of house keeping
gene gpdA was examined. Relative expression of model genes PPL_09347 was determined by
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ±
SD were plotted.

Levels of PPL_09347 mRNA started to rise in untreated cells after 5 hours of
development and continued to increase gradually for the next hours of observation.
These time points may correspond to aggregation time during normal development on
agar. Only basal level expression of PPL_09347 during the first 4 hours of development
may indicate that product of this gene is not needed in the first few hours of starvation.
When cells were pulsed with glorin every 10 minutes, mRNA of PPL_09347 accumulated
rapidly within 30-minutes (0.5 hour of glorin treatment; Figure 37) and 265- and 136.32fold induction was detected in response to 1 μM and 100 nM glorin pulses, respectively,
delivered at 10-minute intervals. In the presence of glorin stimulus, high-level expression
of PPL_09347 was maintained in the next 8 hours of observation. Gene induction in
response to both concentrations of glorin used (1 μM & 100 nM) was comparable at all
time points. These data indicate that PPL_09347 is constantly induced by glorin to high
levels. These results also show that within a few hours of development in suspensions,
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cells may establish endogenous glorin signalling (referred to the expression kinetics of
PPL_09347 in untreated control shown in Figure 37) and start to secrete glorin
themselves; however, these signalling may not reach the same level as in glorin-pulsed
cultures (Figure 37).

3.8.3.1.2 Expression profile of PPL_05354
When gene expression data collected from P. pallidum PN500 cells starved in shaking
suspensions for 8 hours was analyzed, it was noticed that in the absence of glorin
pulses, PPL_05354 exhibited nearly negligible expression during the first 6 hours of
development in shaking suspensions. A slight increase in the expression was observed
starting at 7 hours of starvation, while 3.03-, 5.5-, and 10.7-fold expression levels were
detected at 7-, 8- and 9-hour of development, respectively (Figure 38). These results
suggest that PPL_05354 is gradually induced in the course of development.
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Figure 38: Time course of glorin effects on PPL_05354 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of
glorin was added at 30-minute intervals and cell samples were collected at indicated time points
after glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model gene PPL_05354 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold
change was set to 1 where values > 1 represent higher expression of the gene in starving cells
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted.
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When cells were treated with 1 μM glorin at 30-minute intervals, PPL_05354 was induced
rapidly, such that 48.5-fold expression (compared to growing cells) could be detected
within 1 hour of glorin treatment (Figure 38). After stimulation of cells with glorin for 2
hours, this gene was further up-regulated to 210.83-fold followed by a decline in
expression to 47.17-, 48.5- and 31.12-fold at 3-, 4-, and 5-hours of glorin treatment,
respectively (Figure 38). A slight increase in expression was noticed at 6- and 7-hours of
glorin treatment, whereas 82.13-fold expression was detected in cells treated with glorin
for 8 hours (Figure 38). Effects of pulsing 100 nM glorin were not detected. These data
indicate that PPL_05354 is rapidly induced by glorin to high levels and gene expression
in response to exogenous glorin was stable over 8 hours of observation.

3.8.3.2 Class II: Genes induced by starvation, whereas exogenous glorin
pulses resulted in their precocious expression
3.8.3.2.1 Expression profile of PPL_05833
Real-time RT-PCR data analyses showed that PPL_05833 was expressed to
insignificant levels during the first 3 hours of development in shaking culture (Table 3;
Figure 27). In response to starvation in suspension culture, a slight increase in the
expression of PPL_05833 was observed starting at 4 hours of development, whereas
10.41-fold expression was detected at 7 hours of starvation (Figure 39). Expression was
then maintained at approximately the same levels in the next hours of development
(Figure 39). It may indicate that products of this gene are not required during the early
hours of starvation. RNA-seq analyses predicted that PPL_05833 is a gene that is
transiently induced by glorin (Figure 27). This experiment verified that PPL_05833 is
rapidly induced by glorin to high levels within 30 minutes, follwed by a steep decline,
such that after 2 hours of glorin treatment only a low level expression could be detected
(Figure 39).
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Expression kinetics of PPL_05833
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Figure 39: Time course of glorin effects on PPL_05833 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final
concentration of glorin was added at 10-minute intervals. Cell samples were collected at
indicated time points after glorin treatment for total RNA extraction to analyse gene expression.
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were
collected from untreated cells at the same time points. As a control, expression of house keeping
gene gpdA was examined. Relative expression of model genes PPL_05833 was determined by
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ±
SD were plotted.

Effects of pulsing 1 μM or 100 nM glorin were comparable. These data validate
observations made in previous section of this study (Section 3.8.2; Figure 34) that
PPL_05833 is induced in response to glorin only for a short period, afterwards
expression is retained at basal levels; supporting the suggestion that products of this
gene may not be needed for long time during aggregation.

3.8.3.2.2 Expression profile of PPL_12271
PPL_12271 (erkB) is a gene that displayed kinetics similar to PPL_05833. In the
absence of glorin pulses only very few transcripts of this gene were detected during the
first 4 hours of development in suspension cultures. A low level expression was noticed
at 5 hour of starvation that was maintained almost at the same levels for the next hours
of development (Figure 40).
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Expression kinetics of PPL_12271
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Figure 40: Time course of glorin effects on PPL_12271 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final
concentration of glorin was added at 10-minute intervals. Cell samples were collected at
indicated time points after glorin treatment for total RNA extraction to analyse gene expression.
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were
collected from untreated cells at the same time points. As a control, expression of house keeping
gene gpdA was examined. Relative expression of model genes PPL_12271 was determined by
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ±
SD were plotted.

As shown in figure 40, PPL_12271 was induced within 30-minutes in the presence of 1
μM or 100 nM pulses of glorin. Expression declined briefly at 2 and 3 hours of glorin
treatment. A slight increase in expression of this gene was detected at 4 hour of
stimulation with glorin that was maintained at low levels in the next hours. 1 μM and 100
nM concentrations of glorin used for pulsing were almost equally effective. PPL_12271
exhibits rapid changes in expression during the early hours of starvation in response to
glorin treatment (Figure 26 & 40); indicating that activity of this gene may be required
only for short time during aggregation.
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3.8.3.3 Class III: Gene induced by starvation, whereas glorin pulses
repressed their expression during the early hours of development
3.8.3.3.1 Expression profile of PPL_07908
PPL_07908 is a starvation induced early gene that was shown to be repressed by glorin
treatment earlier in this study (Section 3.6.2.1.4 Figure 28; Figure 36).
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Figure 41: Time course of glorin effects on PPL_07908 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
glorin. In glorin treated cultures, beginning 1 hour after starvation, either 1 μM or 100 nM final
concentration of glorin was added at 10-minute intervals. Cell samples were collected at
indicated time points after glorin treatment for total RNA extraction to analyse gene expression.
Cells were generally harvested 30 minutes after a pulse of glorin was applied. Samples were
collected from untreated cells at the same time points. As a control, expression of house keeping
gene gpdA was examined. Relative expression of model genes PPL_07908 was determined by
real-time RT-PCR. Fold changes are shown. All data were compared to growing P. pallidum
PN500 cells. Fold change was set to 1 where values > 1 represent higher expression of the gene
in starving cells than in growing cells. Values < 1 show that expression of gene is lower in
starving cells than in growing cells. Mean values of duplicate measurements of the same cDNA ±
SD were plotted.

As shown in figure 41, this gene was rapidly induced in response to starvation in cells
developed in shaking suspensions. High expression levels of this gene were noticed for
first 2 hours of starvation followed by a steep decline, such that at 4 and 5 hours of
development (in the absence of glorin), only basal level expression was detected. A
slight increase in expression was observed beginning at 6 hours of starvation that was
then maintained at the same level in the next hours. These data add to the suggestion
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that PPL_07908 is an early developmental gene required during the initial hours of
starvation only.
Pulses of glorin delivered at 10-minutes intervals led to a rapid decline in the expression
of PPL_07908, such that only basal level of expression was detected at 3 and 4 hours of
glorin treatment. Afterwards (at 5 to 8 hours of glorin treatment) this gene was expressed
at low levels; almost similar expression levels were detected both in glorin-treated and
untreated cells at these time points (Figure 41). 1 μM and 100 nM glorin pulses were
comparably effective during the first 3 hours of glorin treatment. Responses to both
concentrations of glorin were very slightly different at later stages.

3.8.3.4 Class IV: Genes repressed by starvation, whereas glorin pulses
induce their expression in shaking cultures
3.8.3.4.1 Expression profile of PPL_12248
As shown in Figure 29, RNA-seq data indicated that PPL_12248 is a gene that is
repressed by starvation but glorin pulses induce its expression. In experiment presented
in Figure 42, when P. pallidum PN500 amoebae were starved in shaking suspensions for
8 hours, continuous down-regulation of PPL_12248 was noticed over the whole time
period confirming the results of RNA-seq analyses that this gene is negatively regulated
by starvation (Figure 29 & Figure 42).
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Figure 42: Time course of glorin effects on PPL_12248 expression. P. pallidum PN500 were
developed in shaking buffer suspensions for 8 hours in the presence or absence of exogenous
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glorin. In glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of
glorin was added at 30-minute intervals and cell samples were collected at indicated time points
after glorin treatment for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model gene PPL_12248 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold
change was set to 1 where values > 1 represent higher expression of the gene in starving cells
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted.

In comparison, when cells were pulsed with 1 μM glorin at 30-minute intervals, transient
increase in expression was noticed. Within one hour of treatment with glorin, expression
of this gene increased by 31.55-fold. Expression decreased gradually thereafter, such
that 5.93-, 4.65-, 3.13-, 3.03-, 2.12-, 1.06- and 1-fold expression was detected at 2-, 3-,
4-, 5-, 6-, 7- & 8-hours of glorin treatment, respectively (Figure 42). Effects of pulsing 100
nM glorin were not studied. These data indicate that expression of PPL_12248 is highly
induced by glorin for short time period, illustrating a possible short-term activity of this
gene during aggregation.

3.8.3.4.2 Expression profile of PPL_12249
PPL_12249 is a gene that exhibits expression kinetics similar to PPL_12248. Upon
starvation of P. pallidum PN500 amoebae in shaking cultures for 8 hours, a constant
down-regulation

of

PPL_12249

gene

expression

was

observed

(Figure

43)

demonstrating that this gene is developmentally repressed and may represent a ‘growing
stage gene’. While analyzing absolute expression levels of this gene (Table 3), it could
be noticed that PPL_12249 transcripts were present in growing cells, however, at the
onset of starvation number of transcripts declined confirming that development leads to
down-regulation of this gene.
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Figure 43: Time course of glorin effects on PPL_12249 expression. P. pallidum PN500 were
developed in shaking buffer suspensions in the presence or absence of exogenous glorin. In
glorin treated cultures, beginning 1 hour after starvation, 1 μM final concentration of glorin was
added at 30-minute intervals for an additional 8 hours and cell samples were collected at
indicated time points for total RNA extraction to analyse gene expression. Cells were generally
harvested 30 minutes after a pulse of glorin was applied. Samples were collected from untreated
cells at the same time points. As a control, expression of house keeping gene gpdA was
examined. Relative expression of model gene PPL_12249 was determined by real-time RT-PCR.
Fold changes are shown. All data were compared to growing P. pallidum PN500 cells and fold
change was set to 1 where values > 1 represent higher expression of the gene in starving cells
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in
growing cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted.

P. pallidum PN500 cells exhibited a high-level expression of PPL_12249 after 1 hour of
glorin treatment (1μM glorin delivered at 30-minute intervals) and 25.28-fold upregulation
could be observed. Gene expression declined sharply at later time points but was still
detectable until 6 hours of glorin treatment; expression was down-regulated afterwards.
4.5-, 3.97-, 2.28-, 2.56-, and 1.46-fold gene expression was detected at 2-, 3-, 4-, 5- and
6-hours of glorin treatment (Figure 43). Effects of pulsing 100 nM glorin were not tested.
Transient induction of PPL_12249 to high levels by exogenous glorin indicates that this
gene may play a short-term but rather significant role in glorin signaling during
aggregation. As shown in Figure 43, continuous supression of PPL_12249 by starvation
over the course of observation (i.e. 8 hours) indicates that this gene may be a ‘vegetative
stage gene’. However, glorin treatment transiently induced expression of PPL_12249 to
high levels; pointing to the possibility that momentary activity of this gene may be
required during aggregation also though this gene may function mainly during growth
phase of cells.
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Overall, these data suggest that suspension cultures provide an efficient setting to study
glorin-induced changes in gene expression patterns in starving P. pallidum PN500
amoebae and cells successfully complete early developmental changes.

3.8.4 Developmental time course of gene expression in cells starved on
non-nutrient agar plates
P. pallidum PN500 development is a highly synchronous process and is accompanied by
a series of coordinated morphological and physiological changes. It starts with the
transition from growth to aggregation that is induced by starvation. The major
morphological change occurs when the amoebae begin to aggregate in response to
communication with a diffusible chemoattractant that may be glorin as suggested by
experiments performed in this study (described under Section 3.4.1.1 & 3.6.2). The
activity of cells and chemotaxis to acrasin mediate the aggregation of groups of cells into
loose aggregates, followed by continuous strong streaming movements towards
aggregation centres leading to the formation of tipped aggregates (Figure 44).
After studying developmental regulation of glorin-responsive genes in P. pallidum
PN500 cells starved in shaking suspensions, the temporal expression patterns of
selected glorin-induced genes were examined in cells developing on agar surface
because development of amoebae on solid substrata is closer to the natural conditions
than developing in a shaking culture. With this approach, the aim was to analyze distinct
changes in gene expression patterns associated with morphological transitions and to
determine which developmental event correspond to maximum increase in expression of
glorin-regulated genes.
P. pallidum PN500 cells were grown in association with bacteria on 1/5 SM agar plates.
When plates were clear, cells were collected, washed and resuspended in phosphate
buffer at concentration of 2x107cells/ml. A pellet of 2x107 vegetative stage cells was
collected for total RNA extraction and served as ‘growing cells control’ for gene
expression studies. Cells were spread as monolayers on non-nutrient agar plates at a
density of 8X105cells/cm2 for development. Cells (2x107/sample) were harvested at 9
different stages of early development including initial 1-4 hours of starvation (the preaggregation stages) and distinct morphological states indicated by loose aggregates (5
hour), aggregates (6.5 hour), streaming (8.5 hour), late aggregates (10 hour) and
mounds (13.5 hour) in Figure 44.
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0 hour

Streams (8.5 h)

Ripples (3 hr)

Loose aggregates (5 h)

Late aggregation (10 h)

Mounds (13.5 h)

Figure 44: Prominent morphological states during growth-to-aggregation transition of
starving P. pallidum PN500 amoebae. A top view of cells developing on non-nutrient agar is
shown. No multicellular structures were visible at 0 hour. Ripples (3 hours), loose aggregates (5
hours), streams (8.5 hours), late aggregation (10 hours), and mounds (13.5 hours) are shown.

Using this strategy, the goal was to encompass all steps of growth-to-aggregation
transition for analyzing temporal expression of glorin responsive genes. Total RNA was
extracted from samples that were collected beginning at the onset of starvation until
formation of mounds and temporal gene expression profiles were analyzed for selected
glorin-regulated genes.
Genes including PPL_09347, PPL_05354, PPL_11763, PPL_00912, PPL_03541 and
PPL_06644 were found to be developmentally regulated exhibiting maximum changes in
gene expression between 4 and 8 hours of development; time points which correspond
to the transition from unicellular to multicellular organization and are accompanied by
most dramatic morphological changes in development of P. pallidum PN500. Genes such
as PPL_12271 and PPL_ 05833 were expressed at low levels during the early hours of
development, whereas PPL_12248 and PPL_03784 were expressed at basal levels
approximately at all 9 developmental states that were monitored in this study. It has been
suggested that individual group of genes expressed in the same manner may represent
specialized patterns in the course of development (Loomis & Shaulsky 2011). It is also
proposed that a gene whose expression increases by at least four fold during
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development probably encodes a protein that is likely to provide selective advantage
under one or another condition (Loomis & Shaulsky 2011).
The results are interpreted on gene-by-gene basis in the following sections.

3.8.4.1 Class I: Aggregation stage specific genes
3.8.4.1.1 Developmental kinetics of PPL_09347
RNA-seq data indicated that bacterially grown vegetative-stage P. pallidum PN500 cells
accumulate a low level of PPL_09347 mRNA (Table 3), however, as shown in Figure 45,
development on agar led to a gradual increase of the mRNA level which reached a peak
at 10 hour of development that corresponds to late aggregation stage (Figure 44). Within
first 3 hours of development, only basal level expression could be detected. Expression
levels increased thereafter, such that at 6.5 hours of development when aggregation
was in process, 12.89-fold expression (compared to growing cells) could be detected
that continued to increase during streaming. Maxmium level expression i.e. 30.27-fold
was noticed with the formation of late aggregates, whereas expression levels declined to

100

10

ou
nd
s
m

re
ga
te
s
st
re
am
la
in
te
g
ag
gr
eg
at
es

at
es

ag
g

4
lo

os
e

early hours of development

ag
gr
eg

3

2

1
1

gene expression (fold change)
starving vs. growing cells

22.16-fold when mounds were observed.

Figure 45: Developmental regulation of PPL_09347. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_09347 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells.
Mean values of duplicate measurements of the same cDNA ± SD were plotted.
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These data indicate that under natural conditions, the expression level of PPL_09347
starts to increase when cells shift from pre-aggregation to aggregation phase and
continues to rise during streaming until formation of tight aggregates. These data
confirm RNA-seq findings that also detected only basal level expression during the early
hours of development (Figure 25). Under shaking culture conditions, in the absence of
glorin, mRNA level of PPL_09347 started to rise at 6 hour of development and 9.18-fold
expression was detected by 8 hour of development that was maintained at the same
level in the next hour (Figure 37). No more increase in gene expression could be noticed
under shaking conditions, indicating that normal level expression of this gene (as
indicated in Figure 45) may require sufficient cell-cell contacts. Moreover, high level
induction of this gene by glorin under shaking culture conditions suggested that this
gene is developmentally regulated by glorin. On agar surface, continuous up-regulation
of PPL_09347 during the entire aggregation process further validates the indication that
cells might have fully established glorin signalling during aggregation phase leading to
maximum level induction of PPL_09347.

3.8.4.1.2 Developmental kinetics of PPL_03541
In P. pallidum PN500 amoebae developed on phosphate agar plates, basal-level
expression of PPL_03541 was detected during the first 3 hours of starvation. Moderate
increase in expression of this gene was detected at 4- and 5-hour of development
(Figure 46). Expression of this gene continued to rise, reached a peak in actively
aggregating cells and was then maintained at moderate levels in cells forming streams
and tight aggregates (Figure 46). Thus, in the early phase of development of P.
pallidum, there seems to be a close temporal correlation between accumulation of
mRNA of PPL_03541 and the appearance of aggregates. A slight decline in expression
was noticed thereafter (Figure 46). Expression levels detected in cells starved for 1-, 2and 3-hours were 1.5-, 2.43- and 2.81-fold higher, respectively, than in growing cells. At
4- and 5-hour of development 5.36- and 7.95-fold increase in expression was observed,
respectively (Figure 46). Compared to growing cells, this gene was 11.95-fold
upregulated at 6.5 hour of development. During streaming and late aggregation stages
of development 8.31- and 8.15-fold increase in expression was detected. PPL_03541
was 6.16-fold upregulated when cells had formed mounds (Figure 46).
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Figure 46: Developmental regulation of PPL_03541. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_03541 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.

Absolute expression data obtained in RNA-seq experiment showed that mRNA of
PPL_03541 was barely detectable in growing cells (Table 3). Negligible expression of
this gene was detected in amoebae developed for 2- or 3-hours in shaking cultures
(Table 3). However, when cells were treated with exogenous glorin for 1 hour, 9.44-fold
higher expression was detected than in growing cells, whereas expression of
PPL_03541 was downregulated after cells were treated with glorin for 2 hour
demonstrating that PPL_03541 is developmentally induced by glorin for relatively short
periods (Figure 26). Rapid decline of glorin-induced moderate increase in transcript
levels of this gene in shaking cultures may result from instability of mRNA under these
conditions. Maximal expression of PPL_03541 during aggregation may indicate that
PPL_03541 plays a specific role during aggregation of P. pallidum PN500 amoebae.

3.8.4.1.3 Developmental kinetics of PPL_06644
When P. pallidum PN500 amoebae were developed on non-nutrient agar and
expression profile of PPL_06644 was analyzed, it was noticed that this gene is
developmentally induced. In the first 2 hours of starvation, only basal level expression
was detected (1.1- & 1.29-fold, respectively; Figure 47). With progression of starvation,
expression of this gene increased gradually and reached a peak (23-fold higher than in
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growing cells; Figure 47) during the late aggregation stage. When cells have formed
mounds, expression of PPL_06644 declined a little indicating that activity of this gene is
required mainly during pre-aggregation and aggregation stages of development.
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Figure 47: Developmental regulation of PPL_06644. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_06644 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.

RNA-seq data indicated that PPL_06644 is moderately induced by glorin (Table 3). If
aggregating P. pallidum PN500 amoebae secrete glorin, then an induction of
PPL_06644 is anticipated during aggregation phase of development and data presented
in Figure 47 supports this assumption by indicating that PPL_06644 is upregulated
throughout the aggregation process. These features show that PPL_06644 is an
aggregation stage gene.

3.8.4.2 Class II: Genes exhibiting characteristics of both ‘early genes’ and
‘aggregation-stage genes’
3.8.4.2.1 Developmental kinetics of PPL_11763
Previously, RNA-seq data indicated that PPL_11763 is expressed in growing cells to very
low levels (Table 3 presenting absolute expression data). Also, it was noticed that
expression of PPL_11763 is gradually induced by starvation, whereas glorin treatment
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leads to transient upregulation of this gene to high levels (Figure 26). When cells were
washed free of bacteria and allowed to undergo normal development on phosphate agar
plates, transcripts of PPL_11763 were detectable by 1 hr of development, expression
levels increased gradually, while maximal expression was detected at late aggregation
stage until formation of mounds. Rapid accumulation of this gene to 2.56-, 7.31-, 8.22and 17.26-fold at 1-, 2-, 3- and 4-hours of development (time points corresponding to
pre-aggrgeation period), respectively indicates that PPL_11763 is an early gene (Figure
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Figure 48: Developmental regulation of PPL_11763. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_11763 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells.
Mean values of duplicate measurements of the same cDNA ± SD were plotted.

Further increase in expression levels of this gene was noticed during the whole process
of aggregation. At early aggregation stage 74.54-fold expression of PPL_11763 was
detected that increased to 129.78-fold in actively streaming cells (Figure 48). Expression
of this gene extends beyond the aggregation stage and a high level of transcript persists
in the postaggregation stages; 200.85- and 210.83-fold higher expression of PPL_11763
was dectected at late aggregation and mound stage, repectively (Figure 48). These data
support the indication provided by RNA-seq analyses that PPL_11763 displays
characteristics of both early gene and aggregation-stage gene. Overall, these results and
RNA-seq data may indicate that PPL_11763 is regulated both by starvation and glorin.
Rapid turn over of glorin-induced moderate-level increase in the amounts of PPL_11763
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transcripts in shaking cultures may result from instability of mRNA of this gene under
these conditions.

3.8.4.2.2 Developmental kinetics of PPL_05354
While analyzing expression pattern of PPL_05354 at various times of development, it
was found that this gene was 4.19-fold upregulated after 1 hour of starvation compared
to growing cells (Figure 49). PPL_05354 was further expressed moderately by 10.33and 12.99-fold at 2- and 3-hours of development suggesting that this gene is induced by
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starvation during the early hours of development (Figure 49).

Figure 49: Developmental regulation of PPL_05354. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_05354 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells.
Mean values of duplicate measurements of the same cDNA ± SD were plotted.

Expression levels increased to 33.22-fold at 5 hour of development; time corresponding
to early aggregation stage. A continuous rise in expression was observed at next hours
of development, such that 71.25- and 106.15-fold upregulation could be detected at
streaming and late aggregation stages (Figure 49). High level expression of PPL_05354
during the developmental hours corresponding to aggregation illustrate that this gene
may be additionally modulated by glorin secreted by aggregating cells. Expression of
PPL_05354 then declined at mound stage indicating that activity of this gene is
moderately required during pre-aggregation stages, optimally needed in the course of
aggregation and once aggregates have formed, effects of PPL_05354 decline. These
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data suggest that PPL_05354 is a gene that exhibits features of both early gene and
aggregation-stage gene. These results are in agreement with RNA-seq analysis that
showed the presence of adequate number of transcripts of PPL_05354 in amoebae that
were developed for 2 and 3 hour (Table 3) and demonstrated that this gene is
additionally strongly induced by glorin (Figure 25). Moreover, RNA-seq data favours the
assumption that activity of PPL_05354 might be required during the growth phase also
because sufficient transcripts of this gene were detected in growing cells (Table 3).

3.8.4.2.3 Developmental kinetics of PPL_00912
Accumulation of PPL_00912 was determined during the first 14 hours of development of
P. pallidum PN500 amoebae on non-nutrient agar that indicated a progressive increase
in expression levels of this gene (Figure 50). At 1 and 2 hours of development 1.49- and
4.62-fold expression was noticed, respectively. Transcript levels increased to 7.48- and
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10.5-fold in cells starved for 3 and 4 hours of development, respectively (Figure 50).

Figure 50: Developmental regulation of PPL_00912. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_00912 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells.
Mean values of duplicate measurements of the same cDNA ± SD were plotted.

Expression of this gene increased step-by-step during early aggregation and streaming
stages, peaking at late aggregation stage where 41.18-fold expression was detected,
whereas gene expression declined to relatively low-levels at mound stage (Figure 50).
These data further confirm the findings of RNA-seq analyses suggesting that

122



RESULTS

PPL_00912 is a starvation-induced gene, while expression of this gene is further
enhanced by glorin signalling (Figure 27). Therefore, in parallel with PPL_11763 and
PPL_05354, PPL_00912 also possesses characteristics of both early developmental
gene and aggregation-stage gene.

3.8.4.3 Class III: Genes nearly similarly expressed during the early stages of
development
3.8.4.3.1 Developmental kinetics of PPL_12271 (erkB)
PPL_12271 is a gene with distinct kinetics (Figure 51). RNA-seq analyses indicated that
this gene is transiently up-regulated by glorin (Figure 26). Analysing absolute expression
data of PPL_12271 showed that sufficient transcripts of this gene were present in
growing cells and cells starved for 1 hour, while transcript number declined slightly at 2
hours of development (Table 3). When P. pallidum PN500 cells were developed on agar
surface, 4.11-fold higher expression was detected in cells starved for 1 hour than in

100

10

ou
nd
s

lo
os
e

early hours of development

m

4
ag
gr
eg
at
es
ag
gr
eg
at
es
st
re
am
la
in
te
g
ag
gr
eg
at
es

3

2

1
1

gene expression (fold change)
starving vs. growing cells

growing cells (Figure 51).

Figure 51: Developmental regulation of PPL_12271 (erkB). P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_12271 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.

Expression decreased to 2.98-fold at 2 hour of development. Expression levels started
to rise afterwards, such that 6.88- and 8.28-fold expression was detected in cells forming
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early aggregates and streams, respectively. Expression reached a peak level (13.73fold) by 10 hours of development when tight aggregates of cells appeared (Figure 51). At
mound stage, 11.15-fold expression was noticed. These data indicate that PPL_12271 is
expressed in cells at moderate levels during all the stages of early development,
whereas expression levels are slightly enhanced during aggregation supporting
moderate level induction of this gene by glorin. Sufficient expression of PPL_12271 in
growing cells and at different stages of development may demonstrate important role
played by this gene during growth and development.

3.8.4.4 Class IV: Genes expressed at basal level during the early stages of
development
3.8.4.4.1 Developmental kinetics of PPL_03784
When expression profile of PPL_03784 was analyzed in cells developing on non-nutrient
agar plates, a low level expression of this gene was noticed during the first 4 hours of
starvation. A small increase in expression of PPL_03784 was detected between 5 and 10
hour of development (Figure 52). At about 5 hour of development on agar surface,
formation of early aggregates is observed followed by aggregation streams at 8.5 hour
(Figure 44). Thus, a slight increase in expression of PPL_03784 within 5 to 10 hours of
development might be connected to aggregation phase of cells. Transcripts levels of
PPL_03784 appeared to peak at late aggregation stage when 7.11-fold higher
expression was detected than in growing cells. Expression declined slightly at the mound
stage (Figure 52). Gene expression data of PPL_03784 obtained in RNA-seq experiment
indicated that PPL_03784 is a developmentally induced gene and treatment of starving
cells with exogenous glorin further increases expression of this gene (Figure 27).
Analyses of absolute expression data showed that this gene is insignificantly expressed
in growing cells, whereas starvation led to an increase in number of transcripts of this
gene at 2 and 3 hours of development (Table 3); results that correlate with the findings
depicted in Figure 52. Moreover, RNA-seq data indicated that PPL_03784 is transiently
up-regulated by glorin and 20-fold increase in expression was detected in response to
treatment with exogenous glorin for 1 hour that declined to 7.96-fold after cells were
treated with glorin for total 2 hours in shaking cultures (Table 3; Figure 27).

124



RESULTS

10

0.1

ou
nd
s

lo
os
e

early hours of development

m

4
ag
gr
eg
at
es
ag
gr
eg
at
es
st
re
am
la
in
te
g
ag
gr
eg
at
es

2

3

1
1

gene expression (fold change)
starving vs. growing cells

100

Figure 52: Developmental regulation of PPL_03784. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_03784 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change in growing cells was
defined as 1 where values > 1 represent higher expression of the gene in starving cells than in
growing cells. Values < 1 show that expression of gene is lower in starving cells than in growing
cells. Mean values of duplicate measurements of the same cDNA ± SD were plotted.

However, cells developed on agar surface exhibited maximal expression of PPL_03784
at late aggregation stage when 7.11-fold increase in expression was detected (Figure
52). The difference between induction of expression of PPL_03784 in cells developed in
shaking cultures in the presence of glorin and those starved on agar surface can be
explained by assuming that aggregating amoebae of P. pallidum PN500 excrete glorin,
nevertheless, transient changes in the expression of PPL_03784 in response to secreted
glorin were not much prominent. This phenomenon may point to the difference in the
behaviour of cells in shaking cultures and on agar surface. Another explanation could be
that rapid and transient nature of gene expression changes did not allow for detection of
short-lived, high-level upregulation of PPL_03784 by secreted glorin within the time
points when cell samples were collected for gene expression analysis. These data
suggest that PPL_03784 may play critical but short-term role during aggregation of P.
pallidum PN500 amoebae.

3.8.4.4.2 Developmental kinetics of PPL_05833
PPL_05833 is a gene that exhibits expression profile almost similar to that of
PPL_03784. When amoebae were starved on phosphate agar plates for 1 hour,
PPL_05833 displayed low level of expression and compared to growing cells, only 1.23125
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fold increase in expression was detected (Figure 53). Expression of this gene increased
to 3.05-, 3.58-, 4.14-fold at 2-, 3- and 4-hour of development, respectively (Figure 53).
During aggregation, a slight increase in expression of PPL_05833 was detected.
Messenger RNA complementary to PPL_05833 peaked at 10 hour of development and
7.51-fold higher expression of this gene was noted in cells forming tight aggregates than
in growing cells (Figure 53). At mound stage, expression declined slightly. Moderate level
expression of this gene at almost all stages of early development indicates that
PPL_05833 may perform important biological role during the initial stages of
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development of P. pallidum PN500 amoebae.

Figure 53: Developmental regulation of PPL_05833. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended
in phosphate buffer. Cells were then starved on phosphate agar plates at a density of
8X105cells/cm2. Cell samples were collected at indicated developmental stages for total RNA
extraction. Relative expression of model gene PPL_05833 was determined by real-time RT-PCR.
As a control, expression of house keeping gene gpdA was examined. Fold changes are shown.
All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1 where
values > 1 represented higher expression of the gene in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.

In RNA-seq experiment, when absolute expression data of PPL_05833 was analyzed
(Table 3), it was found that this gene is insignificantly expressed in vegetative cells. RNAseq analysis further showed that when cells are developed in shaking cultures,
PPL_05833 is induced by starvation, while stimulation of starving amoebae with
exogenous glorin further increases expression of this gene transiently. 133.2-fold
increase in expression of PPL_05833 was induced in response to stimulation with glorin
for 1 hour, while only 25.75-fold increase in expression could be detected after 2 hours of
treatment with glorin (Figure 27 A). When data obtained with cells developed on nonnutrient agar are compared with results from cells starved in shaking cultures for the
same time period, it is noticed that expression of PPL_05833 is developmentally
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regulated in both cases (Figure 39 & 53). On the other hand, high-level but transient
induction of PPL_05833 was detected when cells developing in shaking suspensions
were treated with glorin (Figure 27 & 39). Speculating that aggregating amoebae of P.
pallidum PN500 secrete glorin, a high-level expression of PPL_05833 is expected in cells
undergoing aggregation on agar surface. However, data obtained from cells developed
on non-nutrient agar do not provide such an indication and PPL_05833 is only
moderately expressed during aggregation (Figure 53). These differences can be
attributed to the rapid and transient induction of PPL_05833 by glorin. It is quite possible
that this gene is induced to high-levels in P. pallidum PN500 cells developing on agar
surface in response to glorin secreted by aggregating cells but such a change might be
so fast and short-term that could not be detected in any of the cell samples collected at
those specific stages of development shown in Figure 44. However, shaking cultures are
not comparable to the natural conditions of development of amoebae and 1 μM glorin
used to stimulate cells at 10- or 30-minute intervals is not representative of natural
pulsing frequency of glorin secreted by starving amoebae during aggregation. Therefore,
different sensitivities of cells developing in shaking cultures or on agar surface may also
explain differences in gene induction levels in response to externally added or secreted
glorin.

3.8.4.4.3 Developmental kinetics of PPL_12248
Analyses of gene expression data obtained from cells developed on phosphate agar
plates showed that PPL_12248 is expressed at basal levels throughout the early
development (Figure 54). At 1-, 2-, 3- and 4-hour of development, 1.99-, 2.18-, 1.56-, and
1.37-fold higher expression (than in growing cells) was detected, respectively (Figure 54).
At the onset of aggregation expression of this gene increased to 2.25 fold, was maintained
at 2.44-fold during streaming and reduced to 1.09-fold at mound stage (Figure 54).
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Figure 54: Developmental regulation of PPL_12248. P. pallidum PN500 cells grown in
association with bacteria were harvested in the late vegetative stage, washed, and resuspended in
phosphate buffer. Cells were then starved on phosphate agar plates at a density of 8X105cells/cm2.
Cell samples were collected at indicated developmental stages for total RNA extraction. Relative
expression of model gene PPL_12248 was determined by real-time RT-PCR. As a control,
expression of house keeping gene gpdA was examined. Fold changes are shown. All data were
compared to growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1
represented higher expression of the gene in starving cells than in growing cells. Mean values of
duplicate measurements of the same cDNA ± SD were plotted.

RNA-seq data showed that some transcripts of PPL_12248 were present in vegetative
cells that declined at the onset of starvation (Table 3), indicating that PPL_12248 may be
a ‘growth-stage-specific gene’ that is repressed by starvation. However, it was shown
that stimulation of suspension developed P. pallidum PN500 cells with exogenous glorin
led to significant level induction of expression of PPL_12248 (Figure 29), such that after
1 hour of exposure to glorin 35.62-fold increase in gene expression could be noticed
compared to expression in growing cells, whereas only 7-fold expression was detected in
cells treated with glorin for 2 hours; illustrating rapid and transient induction of
PPL_12248 in response to glorin (Figure 29). When P. pallidum PN500 cells were
developed for 8 hours in shaking cultures in the absence of glorin, a continuous downregulation of this gene was detected, however, transient and high-level induction of
PPL_12248 was noticed in the presence of exogenous glorin (Figure 42). When
amoebae are developed on non-nutrient agar, the pattern of PPL_12248 gene
expression is somewhat different from that observed in cells developed in shaking
cultures. Though PPL_12248 is constantly down-regulated under shaking culture
conditions, yet it exhibits a very low level expression in cells developing on agar surface
(Figure 42 & 54); indicating that cell-cell contacts may be required for low-level
expression of this gene. PPL_12248 shows characteristics of vegetative-stage gene but
is rapidly induced by glorin. This distinct kinetics of expression of PPL_12248 may
demonstrate that glorin is detected by growing cells also and signal is transduced to
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downstream effectors that leads to gene expression changes during growth phase. Other
justification could be that PPL_12248 is rapidly induced to moderate- or high-levels in
response to glorin secreted by cells aggregating on agar surface but induction might be
short-lived and increased levels of expression decline back to basal level in a short
period of time, therefore, could not be detected within the sampling time points as shown
in Figure 54. Transient induction of PPL_12248 by glorin may explain short-term activity
of this gene during aggregation of P. pallidum PN500 amoebae.

3.8.5 Developmental regulation of selective GPCRs
GPCRs are seven-transmembrane proteins that transduce extracellular signals inside the
cell by activating heterotrimeric G-proteins that couple receptors to effector proteins
inside the cell to trigger physiological responses (Sucgang et al. 2011). Previous studies
indicated that glorin acts by binding to cell surface G-protein coupled receptors (De Wit et
al. 1988). It was demonstrated that aggregating amoebae of P. violaceum possess cell
surface receptors for the detection of the extracellular glorin (De Wit et al. 1988).
However, it was shown that vegetatively growing amoebae of P. violaceum also expose
adequate number of glorin receptors on their cell surface that increases slightly during
aggregation (De Wit et al. 1988). In D. discoideum expression of cAR1 is induced by
pulses of extracellular cAMP during aggregation (Mu et al. 1998; Firtel 1995; Loomis
1996; Louis et al. 1993; Saxe et al. 1991a, b; Klein et al. 1988, 1987; Kimmel 1987).
RNA-seq analyses conducted in this study indicated that in P. pallidum PN500 a number
of GPCRs were positively regulated by glorin to varying degrees (Table 4). It was
suspected that gene encoding glorin receptor(s) may be among the GPCR encoding
genes differentially regulated by external glorin; similar to the induction of aggregation
stage cAR1 by extracellular pulses of cAMP in D. discoideum. It was therefore interesting
to analyze developmental kinetics of selected glorin-regulated GPCR encoding genes
during the early hours of development of P. pallidum PN500 cells. These experiments
were designed to recognize GPCR genes that were expressed in growing cells and their
expression was slightly enhanced during the process of aggregation. GPCR gene(s)
exhibiting such kinetics might represent candidate glorin receptor gene(s).
P. pallidum PN500 cells grown in association with bacteria were harvested in the late
vegetative stage, washed, and resuspended in phosphate buffer. Cells were then starved
on phosphate agar plates at a density of 8x105cells/cm2. Cell samples were collected at 9

129



RESULTS

different developmental stages for total RNA extraction (Figure 44) and developmental
kinetics of selected glorin-induced GPCR encoding genes were analyzed.

3.8.5.1 Developmental kinetics of GPCR genes induced by glorin

Developmentally regulated GPCR genes were divided into 3 major classes based on
their respective kinetics.

3.8.5.1.1 Class I: GPCR encoding genes expressed in growing amoebae,
whose expression levels are enhanced upon starvation
RNA-seq data demonstrated that PPL_00902 and PPL_05727 were two distinct GPCR
genes whose transcripts were moderately expressed in vegetative cells, whereas
stimulation of cells with glorin for 1 hour led to 2.74- and 4.15-fold increase in expression
of PPL_00902 and PPL_05727, respectively (Table 3). When P. pallidum PN500
amoebae were developed on agar, starvation moderately enhanced expression of
PPL_00902, such that at all stages of development analyzed in this experiment,
PPL_00902 was almost similarly regulated (Figure 55). Expression of PPL_05727 was
also enhanced in response to starvation but kinetics was different compared to
PPL_00902. PPL_05727 exhibited low-level increase in expression during the first 4
hours of starvation (Figure 55). At the onset of aggregation, expression of this gene
further increased and was maintained at high-levels during the whole process of
aggregation (Figure 55). PPL_00902 and PPL_05727 represent ideal candidate genes
that may encode glorin receptors because both of these genes are expressed
moderately in growing cells and their expression is further enhanced with progression of
starvation.
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Figure 55: Developmental regulation of GPCR genes PPL_00902 & PPL_05727. P. pallidum
PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9 different stages
of early development including initial 1-4 hours of starvation (the pre-aggregation stage) and
distinct morphological states indicated by number 5 (loose aggregates), 6 (aggregates), 7
(streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction. Relative expression of
PPL_00902 and PPL_05727 was determined by real-time RT-PCR. As a control, expression of
house keeping gene gpdA was examined. Fold changes are shown. All data were compared to
growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher
expression of the gene in starving cells than in growing cells. Mean values of duplicate
measurements of the same cDNA ± SD were plotted.

3.8.5.1.2 Class II: Starvation induced GPCRs encoding genes whose
expression is augmented during aggregation

Certain GPCR genes, of which PPL_ 04108 and PPL_00855 are obvious examples,
exhibited negligible expression in growing cells (referred to absolute gene expression
data presented in Table 3). Starvation caused a gradual increase in expression of
PPL_04108 and a maximal level expression was observed during aggregation that
decreased to low-levels after tight aggregates have formed (Figure 56). PPL_00855
exhibited comparatively different kinetics. This gene was moderately expressed at 1
hour of starvation, followed by a gradual decrease in expression until 4 hour of
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development on agar (Figure 56). A moderate increase in the expression of PPL_00855
was then noticed throughout the process of aggregation (Figure 56). These genes are
selectively induced in response to starvation and may play vital roles during
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Figure 56: Developmental regulation of GPCR genes PPL_04108 & PPL_00855. P. pallidum
PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9 different stages
of early development including initial 1-4 hours of starvation (the pre-aggregation stage) and
distinct morphological states indicated by number 5 (loose aggregates), 6 (aggregates), 7
(streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction. Relative expression of
PPL_04108 and PPL_00855 was determined by real-time RT-PCR. As a control, expression of
house keeping gene gpdA was examined. Fold changes are shown. All data were compared to
growing P. pallidum PN500 cells. Fold change was set to 1 where values > 1 represented higher
expression of the gene in starving cells than in growing cells. Mean values of duplicate
measurements of the same cDNA ± SD were plotted.


3.8.5.1.3 Class III: GPCR encoding genes expressed specifically during
aggregation
Some GPCR genes, such as PPL_08454, PPL_08455, and PPL_03564 were
characteristically induced at the onset of aggregation and their expression was
maintained at moderate levels during aggregation (Figure 57). Expression of these genes
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was insignificant in growing cells (Table 3). Products of these genes may play essential
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Figure 57: Developmental regulation of GPCR genes PPL_08454, PPL_08455 & PPL_03564.
P. pallidum PN500 cells were starved on non-nutrient agar. Cell samples were collected at 9
different stages of early development including initial 1-4 hours of starvation (the pre-aggregation
stage) and distinct morphological states indicated by number 5 (loose aggregates), 6
(aggregates), 7 (streaming), 8 (late aggregates) and 9 (mounds) for total RNA extraction.
Relative expression of PPL_08454, PPL_08455 and PPL_03564 was determined by real-time
RT-PCR. As a control, expression of house keeping gene gpdA was examined. Fold changes are
shown. All data were compared to growing P. pallidum PN500 cells. Fold change was set to 1
where values > 1 represent higher expression of the gene in starving cells than in growing cells.
Values < 1 show that expression of gene is lower in starving cells than in growing cells. Mean
values of duplicate measurements of the same cDNA ± SD were plotted.
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Expression kinetics of selected glorin-regulated genes in P. pallidum PN500 cells
Gene Name

Developed in shaken suspensions for 8
hours

Developed on non-nutrient
agar plates until formation of
mounds

Effects of
starvation only

Effects of glorin
treatment

PPL_09347

Only slightly
induced by
starvation during the
first 4 hours of
development,
moderately induced
afterwards

Stably induced by
glorin to highlevels

Expression increased gradually
during the early hours of
development, highly expressed
during aggregation

PPL_06644

Insignificant
expression during
the first few hours of
development

Transiently
induced by glorin,
followed by a
rapid decline in
expression

Expression increased gradually
during the early hours of
development, highly expressed
during aggregation

PPL_05357

Only slightly
induced by
starvation during the
first 4 hours of
development,
moderately induced
afterwards

Stably induced by
glorin to highlevels

Expression increased gradually
during the early hours of
development, highly expressed
during aggregation

PPL_11763

Expressed at basal
levels during the
first 3 hours of
development

Transiently
induced by glorin
to high levels,
followed by a
rapid decline in
expression

Expression increased gradually
during the early hours of
development, highly expressed
during aggregation

PPL_12271

Expressed at basal
levels during the
first 3 hours of
development,
gradual increase of
expression to
moderate levels is
observed afterwards

Transiently
induced by glorin,
followed by a
rapid decline in
expression

Basal level expression for the
first 2 hours. Expressed at low
levels during the later stages of
development investigated with
a slight increase during
aggrgeation

PPL_03541

Expressed at basal
levels during the
first 3 hours of
development

Transiently
induced by glorin
to moderate
levels, followed by
a rapid decline in
expression levels

Expression increased gradually
during the early hours of
development, moderately
expressed during aggregation

PPL_05833

Gradually induced
by starvation to
moderate levels

Glorin treatment
further enhanced
its expression
rapidly, followed
by a decline in
expression.

Basal level expression in the
first hour of starvation.
Expressed at low levels during
the later stages of development
investigated (starting from 2nd
hour of starvation until mound
formation)
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PPL_03784

Induced by
starvation

Glorin treatment
further enhanced
its expression
rapidly, followed
by a gradual
decline in
expression

Basal level expression in the
first hour of starvation.
Expressed at low levels during
the later stages of development
investigated (starting from 2nd
hour of starvation until mound
formation)

PPL_00912

Induced by
starvation

Glorin treatment
further enhanced
its expression,
follwed by a
gradual decline in
expression

Expression increased gradually
during the early hours of
development, highly expressed
during aggregation

PPL_07908

Highly induced by
starvation during the
first 2-3 hours of
starvation followed
by a rapid decline at
4-5 hours of
development.
Afterwards,
expression
increased gradually
to moderate levels

Glorin treatment
repressed its
expression during
the first 2-3 hours
of development

Not detected

PPL_05702

Induced by
starvation

Glorin treatment
repressed its
expression

Not detected

PPL_05195

Induced by
starvation

Glorin treatment
repressed its
expression

Not detected

PPL_12248

Repressed by
starvation

Stimulation of
cells with glorin
induced its
expression to high
levels for the first
hour of treatment,
followed by a
gradual decrease
in expression

Expressed at basal levels
during all the stages of
development investigated
(Figure 44)

PPL_12249

Repressed by
starvation

Stimulation of
cells with glorin
induced its
expression to high
levels for the first
hour of treatment,
followed by a
gradual decrease
in expression

Expressed at basal levels
during all the stages of
development investigated

PPL_00902

Expressed in
growing amoebae,
induced by
starvation

Expression
enhanced by
glorin

Expressed in growing
amoebae, expression
enhanced to moderate levels
during the early stages of
development

PPL_05727

Expressed in
growing amoebae,
induced by
starvation to
moderate levels

Expression
enhanced by
glorin to moderate
levels

Expressed in growing
amoebae, expression
enhanced gradually and
reached a maximum during
aggregation
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PPL_04108

Induced by
starvation to
moderate levels

Expression
enhanced by
glorin to moderate
levels

Moderately expressed during
the early hours of development,
expression enhanced gradually
and reached a maximum during
aggregation

PPL_00855

Induced by
starvation to low
levels

Expression
enhanced by
glorin to low
levels

Moderately expressed during
the early hours of development,
expression enhanced gradually
and reached a maximum during
aggregation

PPL_08454

Induced by
starvation to low
levels

Rapidly induced
by glorin to
moderate levels,
followed by a
rapid decline

Expression enhanced gradually
during the early hours of
development and reached a
maximum during aggregation

PPL_08455

Induced by
starvation to low
levels

Rapidly induced
by glorin to
moderate levels,
followed by a
rapid decline

Expression enhanced gradually
during the early hours of
development and reached a
maximum during aggregation

PPL_03564

Induced by
starvation to low
levels

Rapidly induced
by glorin to
moderate levels,
followed by a
rapid decline

Expression enhanced gradually
during the early hours of
development and reached a
maximum during aggregation

Table 5: Summarized expression kinetics of chosen glorin-regulated genes in P. pallidum PN500
cells developed in shaking cultures (in the presence or absence of glorin) and on non-nutrient agar
plates.
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3.9Glorin signalling function independent of the cAMP signaling system

Cyclic AMP signalling is used to organize the post-aggregative stages of development
throughout the Dictyostelids phylogeny (Schaap 2011a; Kawabe et al. 2009; AlvarezCurto et al. 2005). However, in younger group 4 species, secreted cAMP acts both as a
chemoattractant to mediate aggregation of starving amoebae and as a developmental
signal to trigger pre-spore differentiation (Schaap 2011a; Sucgang et al. 2011; Schaap
2007). It has been shown that cAMP is secreted by starving P. pallidum amoebae (Konijn
et al. 1968) and a pdsA gene (phosphodiesterase A) showing low affinity for cAMP is
expressed in P. pallidum PN500 cells during growth, aggregation and post-aggregation
stages (Kawabe et al. 2012). However, the ‘acrasin of aggregation’ in this species is not
cAMP (Shaffer 1962; Jones & Robertson 1976; Shimomura et al. 1982), therefore, it is
assumed that the low-affinity phosphodiesterase may not be efficacious to generate
steep cAMP gradients during aggregation (Kawabe et al. 2012). After aggregation has
completed, there is a major reorganization of the control of development in P. pallidum
where intercellular communication within the multicellular slug exploits cAMP as
chemotactic agent for the organization of post-aggregative morphogenesis. Therefore, it
was interesting to study whether there is any cross-talk between glorin and cAMP, i.e.
chemoattractant coordinating post-aggregation stages of P. pallidum development.

3.9.1 Expression patterns of components of cAMP signalling system are not
affected by glorin stimulus
First, effects of stimulating starving P. pallidum PN500 cells with glorin were studied on
expression patterns of chosen cAMP signalling system genes.
P. pallidum PN500 amoebae were harvested from bacterial growth plates, washed free
of bacteria and resuspended in phosphate buffer at cell density 2x107cells/ml. A pellet of
2x107cells served as ‘vegetative-stage growing cells control’ for subsequent gene
expression analysis. Cell suspension was then equally divided into two flasks. One
suspension culture of P. pallidum PN500 amoebae was prestarved for 1 hour, and then
treated with periodic additions of 1 μM glorin at 30-min intervals for up to 2 additional
hours to determine the influence of externally added glorin on the expression pattern of
selected genes known to be involved in cAMP signalling (Figure 58). Other culture was
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maintained in the absence of added glorin for the time period. Cells samples were taken
from glorin treated and untreated cultures at 2- and 3-hours of development for total RNA
extraction to analyse changes in gene expression. Expression patterns of adenylyl
cyclase A (acaA2; PPL_01657), phosphodiesterase A (pdsA; PPL_10234), cAMPdependent protein kinase C (pkaC; PPL_05049), and a homolog of cAMP receptor gene
named tasB are shown in Figure 58. It was noted that stimulation of starving P. pallidum
PN500 amoebae with glorin has no obvious influence on the expression patterns of all
tested genes involved in cAMP signalling demonstrating that glorin signalling may not
augument post-aggregation cAMP signalling.
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Figure 58: Expression kinetics of selected components of cAMP signalling in P. pallidum.
Fold changes are shown. All data were compared to growing P. pallidum PN500 amoebae (t0;
fold change set to 1). Values > 1 represented higher expression of the gene in starving cells than
in growing cells. As a control, expression of house keeping gene gpdA was examined. Cells were
starved in shaking cultures for 2 or 3 hours in the absence of exogenous glorin treatment (t2, t3)
or for 1 hour followed by 1 hour or 2 hours of glorin treatment (t2+glorin, t3+glorin). Relative
expression of representative genes involved in cAMP signalling was determined by real-time RTPCR. Mean values of triplicate measurements of the same cDNA ± SD were plotted.

3.9.2 P. pallidum tasA-/tasB- null mutant exhibits normal aggregation
P. pallidum PN500 genome encodes two serpentine receptor genes named tasA and
tasB that are highly homologous to D. discoideum cyclic AMP receptor genes. tasA is
expressed strictly only after aggregates have formed, whereas tasB is expressed
moderately during pre-aggregation and aggregation stages, while peak level expression
is exhibited when aggregation has completed (Kawabe et al. 2009; Figure 59). In P.
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pallidum PN500, tasB plays key role in normal fruiting body morphogenesis working
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Figure 59: Temporal expression pattern of tasB. P. pallidum PN500 cells grown in association
with bacteria were harvested in the late vegetative stage, washed, and resuspended in phosphate
buffer. Cells were then starved on phosphate agar plates at a density of 8X105cells/cm2. Cell
samples were collected at indicated developmental stages for total RNA extraction. Numbers 1, 2,
3, & 4 represent first four hours of development. Relative expression of TasB was determined by
real-time RT-PCR. As a control, expression of house keeping gene gpdA was examined. Fold
changes are shown. All data were compared to growing P. pallidum PN500 cells where fold
change was set to 1 and values > 1 represented higher expression of the gene in starving cells
than in growing cells. Mean values of duplicate measurements of the same cDNA ± SD were
plotted.

The tasA_tasB_ mutant exhibits astringent developmental aberrations; aggregation is
normal, but after that instead of normal fruiting body formation, only small club-shaped
structures are formed that are composed of thick lumpy stalks with spore heads
containing cyst like cells rather than elliptical spores characteristic of normal fruiting
bodies (Kawabe et al. 2009).

- glorin

+ glorin

Figure 60: P. pallidum PN500 tasA-/tasB- mutant exhibits normal chemotaxis towards
glorin. Cells were starved in slow shaking buffer suspensions for 3 hours before 10 μl drops
containing 2x105 cells were plated on agar without (left picture) or with 1 μM final concentration of
glorin (right picture). Pictures were taken 3 hours after plating.
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Using chemotaxis assay adapted in this study (as described in Section 3.1), it was shown
that tasA_tasB_ mutant displayed normal chemotaxis towards glorin (Figure 60) that is
assumed as aggregative chemoattractant of P. pallidum. These results suggest that a
functional cAMP signalling system is not invloved in mediating aggregation of P. pallidum
amoebae.
Taken together, these limited data lead to speculate that in P. pallidum PN500 acrasin
mediating aggregation and cAMP coordinating post-aggregation stages of development
may function independent of each other. To get further insight into possible cross-talk
between aggregation-specific glorin communication system and post-aggregative cAMP
signalling, a future line of work would be to study glorin-regulated gene expression in P.
pallidum PN500 mutants lacking individual components of cAMP signalling system.

3.10 Glorin elicits rapid changes in gene expression

Experiments conducted earlier in this study (Section 3.8.3) showed that when P.
pallidum PN500 amoebae pre-starved for 1 hour were stimulated with glorin, expression
of model genes PPL_09347 and PPL_05833 was either increased to high-levels (Figure
37 & 39) or decreased by high degree (expression kinetics of PPL_07908 shown in
Figure 41) within 30 minutes of exposure to glorin. This phenomenon indicated that
glorin induces rapid changes in gene expression in starving cells. It was therefore
intriguing to characterize more deeply how fast the molecular response to glorin
stimulation could be. In this experiment, collection of cell samples (for total RNA
extraction) was narrowed down to 5 or 10 minutes of glorin treatment to evaluate rapidity
of response.
P. pallidum PN500 amoebae grown in association with bacteria were harvested at late
vegetative stage, washed free of bacteria and resuspended in phosphate buffer at
concentration of 2x107cells/ml. A pellet of 2x107cells was stored at -80 oC that served as
‘growing cells control’ for successive gene expression analysis. Suspension of amoebae
was pre-starved for 1 hour to initiate development and then equally divided into 2 flasks.
Culture in one flask received 1 μM glorin pulses at 10-minute intervals for an additional
one hour, whereas culture in second flask received no exogenous treatment. Cell
samples were collected after 5-, 10-, 30- and 60-minutes of glorin treatment to assess
how rapidly mRNA of model genes (PPL_09347 & PPL_05833; genes shown to be
highly induced by glorin) accumulated in response to stimulation with exogenous glorin.
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Samples were collected from untreated culture at the same time points. Total RNA was
extracted to prepare cDNA for gene expression analysis using real-time RT-PCR.
Relative gene expression of model genes PPL_09347 & PPL_05833 was determined in
glorin-treated and untreated cells (Figure 61). Fold changes were calculated compared
to expression in growing cells. As a control, expression of house keeping gene gpdA
was examined.

gene expression (fold change)
starving vs. growing cells

Kinetics of induction of PPL_09347
100

- glorin
+ glorin

10

1
5

10

30

60

time of glorin treatment (min)





gene expression (fold change)
starving vs. growing cells

Kinetics of induction of PPL_05833
1000

- glorin
+ glorin

100
10
1
5

10

30

60

0.1
time of gorin treatment (min)





Figure 61: Time-course of PPL_09347 and PPL_05833 mRNA accumulation in untreated
and glorin-treated cells. P. pallidum PN500 amoebae were pre-starved for 1 hour followed by
treatment with 1 μM glorin at 10-min intervals for an additional 1 hour. Cell samples were collected
after 5, 10, 30 & 60 minutes of glorin treatment. Samples harvested after 5 & 10 minutes of glorin
treatment received only one pulse of glorin, whereas those collected at 30 & 60 minutes received
3 & 6 pulses of glorin, respectively. Cell samples were harvested from untreated cells at the same
time points. Relative expression of PPL_09347 and PPL_05833 was analyzed using real-time RTPCR. Fold changes are shown. All data were compared to growing P. pallidum PN500 cells where
fold change was set to 1 and values > 1 represent higher expression of the gene in starving cells
than in growing cells. Values < 1 show that expression of gene is lower in starving cells than in
growing cells. Mean values of triplicate measurements of the same cDNA ± SD were plotted.

It was noticed that the molecular response to glorin stimulation was very fast; within 5
minutes after addition of glorin, mRNAs of both model genes started to accumulate,
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however, maximal levels of mRNA accumulation were found at different time points for
PPL_09347 and PPL_05833 (Figure 61). Within 5 minute of glorin treatment,
PPL_05833 and PPL_09347 were induced to 38- and 5.44-fold, respectively, compared
to growing cells. PPL_09347 exhibited maximal mRNA level after 1 hour of glorin
treatment, whereas mRNA of PPL_05833 accumulated to highest levels after 10
minutes of glorin treatment (Figure 61).
As shown in Figure 61, transcripts of PPL_05833 exhibited a gradual decline at 30- and
60-minutes of glorin treatment indicating that mRNA of PPL_05833 is relatively unstable.
The non-conformity of the kinetics of PPL_09347 and PPL_05833 gene responses
suggests the possibility that variations may exist in the mechanisms of regulation of
different glorin-induced genes.

3.10.1 Pre-starvation period is not necessary to observe glorin-induced
gene expression
In all experiments aimed to investigate glorin-regulated gene expression, P. pallidum
PN500 cells were pre-starved for 1 hour prior to exposure to glorin. However, rapidity of
response to glorin treatment (Figure 61) suggested that de novo protein synthesis may
not be required to observe glorin mediated changes in gene expression in P. pallidum
PN500 amoebae. This hypothesis prompted us to investigate responses to exogenous
glorin in cells that were freshly washed free of bacteria, without any pre-starvation period,
to understand whether or not starvation is necessary to observe glorin effects.
P. pallidum PN500 cells were harvested from bacterial growth plates at late vegetative
stage, washed free of bacteria and resuspeneded in phosphate buffer at concentration of
2x107cells/ml. This suspension was equally divided into 3 flasks. Culture in one flask was
immediately pulsed with 1 μM glorin at 10-minute intervals for 1 hour without any prestarvation period. Cells in flask 2 were pre-starved for 1 hour prior to receiving glorin
pulses every 10-minute for an additional hour. Culture in flask 3 did not receive any
external treatment and served as ‘untreated control’ for the time period. Cell samples
(each containing 2x107cells) were harvested from both un-prestarved and prestarved
cultures after 10-, 30-, and 60-minute of glorin treatment for total RNA preparation.
Samples were harvested from ‘untreated’ control culture at the same time points.
Quantitative real-time PCR was employed to compare induction kinetics of PPL_09347
and PPL_05833 in un-prestarved and pre-starved cells (Figure 62).
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Figure 62: Comparison of induction kinetics of PPL_09347 and PPL_05833 in un-prestarved
and prestarved cultures of P. pallidum PN500 cells following stimulation with exogenous
glorin. Growing P. pallidum PN500 were harvested, washed to remove bacteria and resuspended
in phosphate buffer at a density of 2X 107 cells/ml. Amoebae were then developed in shaking
cultures in the presence or absence of glorin. Cells in ‘no prestarvation culture’ were immediately
treated with 1 μM glorin at 10-minute intervals for 1 hour without any pre-starvation period. Culture
labelled as ‘with pre-starvation’ was first starved for one hour before receiving glorin (1 μM)
treatment every 10 minute for an additional hour. A control culture was maintained in the absence
of glorin treatment. Cell samples were collected after 10-, 30- and 60-minutes of glorin treatment
for total RNA extraction to analyse gene expression. Samples were collected from untreated cells
at the same time points. As a control, expression of house keeping gene gpdA was examined.
Relative expression of model genes PPL_09347 and PPL_05833 was determined by real-time
RT-PCR. Fold changes are shown. All data were compared to untreated P. pallidum PN500 cells
where fold change was set to 1 and values > 1 represented higher expression of the gene in glorin
treated cells than in untreatedcells. Mean values of triplicate measurements of the same cDNA ±
SD were plotted.


As shown in Figure 62, induction of PPL_09347 in response to exogenous glorin was
comparable in both un-prestarved and 1 hr pre-starved cultures. PPL_05833 was also
induced equally well in both cultures; however, an observed difference was
comparatively higher induction of PPL_05833 after 10 minutes of glorin treatment in cells

143



RESULTS

that were pre-starved (Figure 62), indicating that starvation may increase sensitivity of
cells towards initial exposure to glorin. Nevertheless, responses observed for PPL_05833
after 30- & 60-minutes of glorin treatment were consistent in both un-prestarved and prestarved cells (Figure 62). Collectively, these data show that starvation is not required to
observe glorin-regulated gene expression and supported the idea that prior protein
sysnthesis may not required to see glorin responses. These results suggest that all
components of an intracellular glorin signalling cascade are letently present in growing P.
pallidum PN500 amoebae.

3.10.2 Glorin-regulated gene expression is not dependent on de novo
protein synthesis
To verify the possibility that protein expression is not required for detection of gene
regulatory effects of glorin, vegetative-stage P. pallidum PN500 cells were developed in
shaking cultures in the presence or absence of cycloheximide that inhibits the elongation
step of protein synthesis, followed by treatment with glorin. This approach was designed
to assess the sensitivity of ‘glorin-induced differential changes in gene expression’ to the
cycloheximide that is known to inhibit the synthesis of proteins in related species D.
discoideum (Clotworthy & Traynor 2006). In order to examine the sensitivity of P.
pallidum PN500 cells to cycloheximide, a suspension culture of these cells
(2x107cells/ml) was treated with 2 mM cycloheximide for 2 hours. A second culture was
run under similar conditions in the absence of any external treatment (no cycloheximide
added) for the time period and served as ‘control’. Cycloheximide treated and untreated
cells were then plated for development on non-nutrient agar plates at a density of
8x105cells/cm2 at 21oC. It was observed that cycloheximide-treated cells exhibited 12
hours delay in development compared to untreated cells (data not shown), indicating that
P. pallidum PN500 cells are sensitive to cycloheximide in the same manner as are the D.
discoideum amoebae.
Growing P. pallidum PN500 cells were harvested, washed and suspended in
phoshphate buffer at cell density of 2x107cells/ml. A pellet of 2x107cells was stored at 80oC and served as ‘growing cells control’ for consecutive gene expression analysis.
Cell suspension was equally splitted to 4 flasks. Culture in flask 1 did not receive any
external treatment (- cycloheximide - glorin) and acted as control for the time period.
Cells in flask 2 were incubated with 2 mM cycloheximide immediately at the onset of
starvation for 30 minutes and then maintained in the absence of glorin treatment for an
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additional 60 minutes (+ cycloheximide - glorin); this culture was prepared to detect
effects of only cycloheximide treatment. Culture 3 was pre-starved for 30-minutes in the
absence of cycloheximide treatment followed by exposure to 1 μM glorin at 10-minute
intervals for 60 minutes (- cycloheximide + glorin); this culture was prepared to observe
the effects of only glorin treatment. Flask 4 culture was incubated with 2 mM
cycloheximide instantly at the onset of starvation for 30 minutes prior to the addition of 1
μM glorin every 10 minute for an additional 60 minutes (+ cycloheximide + glorin); this
culture was prepared to examine gene regulatory effects of glorin in cells treated with
cycloheximide. All cultures were developed under slow shaking conditions (i.e. 100
rpm). Cell samples were collected from glorin treated cultures (flask 3 & 4) after 10-, 30-,
and 60-minutes of exposure to glorin. Samples were harvested from culture 1 & 2 (not
treated with glorin) at the same time points. Total RNA was extracted and quantitative
RT-PCR was employed to study induction kinetics of two model genes PPL_09347 and
PPL_05833 in untreated cells (i.e. control) and cells treated either with glorin or
cycloheximide or both glorin and cycloheximide. All data were compared to gene
expression in growing cells (Figure 63).
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Figure 63: Glorin-induced gene expression is insensitive to cycloheximide. P. pallidum
PN500 cells were harvested from bacterial growth plates, washed and resuspended in phosphate
buffer. The cell suspension was splitted into 4 flasks, each of which received one of the following
treatments: (i) no additions (ii) 2 mM cycloheximide for 30 minutes immediately at the onset of
starvation (iii) pre-starved for 30 minutes followed by addition of 1 μM pulses of glorin delivered at
10-min intervals for an additional 60 minutes (iv) pre-treatment with 2 mM cycloheximide for 30
minutes prior to addition of 1 μM glorin every 10- minutes for an additional 60 minutes. From
glorin treated cultures, cells were sampled after 10, 30 & 60 minutes of exposure to glorin. From
untreated or only cycloheximide treated cultures, cell samples were collected at the same time
points. Total RNA was extracted ans relative expression of model genes PPL_09347 and
PPL_05833 was determined by real-time RT-PCR. As a control, expression of house keeping
gene gpdA was examined. Fold changes are shown. All data were compared to growing P.
pallidum PN500 cells with fold change set to 1 where values > 1 represented higher expression
of the gene in glorin treated cells than in growing cells. Values < 1 represented lower expression
of the gene in glorin treated cells than in growing cells. Mean values of triplicate measurements
of the same cDNA ± SD were plotted.
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It was found that in control cells (shaken in the absence of added glorin and
cycloheximide), PPL_09347 was expressed to low levels, whereas PPL_05833 exhibited
only basal level expression (Figure 63). A short incubation of cells in cycloheximide (in
the absence of glorin treatment) led to down-regulation of both genes, indicating that
even slight induction of model genes in response to starvation was inhibited by
cycloheximide (demonstrating that starvation-induced expression of PPL_09347 and
PPL_05833 may require de novo protein synthesis). However, cells treated only with
glorin showed precocious induction of both PPL_09347 and PPL_05833 (Figure 63).
Interestingly, it was observed that amoebae pre-treated with cycloheximide retained their
ability to respond to externally added glorin. Cultures shaken in the presence of
cycloheximide showed no detectable changes in glorin-induced gene expression, instead
expression of PPL_09347 and PPL_05833 was somewhat enhanced in cells treated with
both cycloheximide and glorin. This phenomenon may reflect that cycloheximide
stabilizes mRNA signal that would otherwise be degraded at this time in development.
These data indicate that glorin-induced changes in gene expression do not require de
novo protein synthesis.

3.11 Glorin induces aggregation sensitivity in starving P. pallidum cells
Aggregation is the first step in the transition from growth to development of Dictyostelids.
Polysphondylium amoebae aggregate towards collecting centres that would develop
spontaneously (Shaffer 1957b). Upon starvation, a few of the randomly moving amoebae
come to rest and start acting as centres on which the others converge. Such centres are
known to secrete acrasin (Bonner 1949). Sensitivity to acrasin begins to develop slowly
throughout the population as centres appear.
In the present work, it is shown that exposure of P. pallidum PN500 cells to glorin
prepared starving cells for aggregation precociously, compared with control cells that
were not treated with glorin. To examine stimulatory effects of glorin on aggregation
capacity of amoebae, vegetatively growing P. pallidum PN500 cells were harvested,
resuspended in phosphate buffer at a cell density of 2x107cells/ml, and pre-starved for 1
hour. Suspension of amoebae was then divided into three parts. One culture was pulsed
with 100 nM glorin (final concentration) at 10 minute intervals for 2 hours. A second
culture was treated with 1 μM glorin (final concentration) added every 10-minutes for 2
hours. A control culture was run under similar conditions where cells did not receive any
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exogenous treatment. Cells were then harvested by centrifugation and plated for
development as monolayers on non-nutrient agar plates at a density of 8x105cells/cm2.

0 nM glorin

1 μM glorin

100 nM glorin

t2.5

t4.5

t5.5

Figure 64: Developmental phenotypes of glorin treated and untreated cells. P. pallidum
PN500 cells were first pre-starved for 1 hour in shaken suspensions and then stimulated with
0nM, 1 μM and 100 nM glorin at 10-min intervals for 2 hours in three separate cultures. Amoebae
were then harvested from shaking cultures and plated on non-nutrient agar plates and
photographed when first signs of aggregation were seen in glorin-treated cells (middle and right
pictures). Photographs were captured for untreated cells at the same time points, shown in the left
picture. Cells were equally sensitive to both concentrations of glorin i.e. 1 μM and 100 nM applied
as pulses. At 2.5 hours (t2.5) after plating, the centres have grown considerably in glorin stimulated
cells, though still almost devoid of streams indicating that glorin stimulates rate of aggregation in
starving cells. At the same time there was no sign of centre formation in untreated cells (t2.5; left
picture).

It was observed that glorin treatment sensitized cells and they gained ability to initiate
centres precociously as compared to untreated cells. Appearance of some primary
centres was noticed in glorin treated cells at approximately 2.5 hours (t2.5) after plating,
whereas at the same time point untreated cells showed no signs of centre formation
(Figure 64). Amoebae stimulated with glorin exhibited streams of cells converging on the
aggregation centres at 4.5 hour (Figure 64; t4.5). In comparison, centres just started to
appear in untreated cells at that time (t4.5 hour), implying that initial formation of
aggregation centers was delayed by 2 hours (Figure 64). By 5.5 hours (Figure 64; t5.5),
148



RESULTS

some more aggregation centers were visible in untreated cells. The glorin-treated cells
congregated more efficiently into aggregates, indicating that sensitizing cells with glorin
switched aggregation competence to earlier time points. No pronounced difference in
responsiveness of cells was observed with two different concentrations of glorin
employed for pulsing (i.e. 100 nM and 1 μM final concentration of glorin). At 5.5 hours
(t5.5) centres began to grow in untreated cells. These data suggest that glorin accelerates
cell aggregation; most probably by precociously inducing expression of several
aggregation specific genes.
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VLQJOH FHOOV 0LDQ

 5RVH   0XOWLFHOOXODULW\ DSSDUHQWO\ HYROYHG WKURXJK FORQDO

GHYHORSPHQW IURPDXQLFHOOXODUVSRUHRU]\JRWH RUDJJUHJDWLRQRIVFDWWHUHGFHOOV 6LXHW
DO  *URVEHUJ  6WUDWKPDQQ  %RQQHU   $JJUHJDWLYH GHYHORSPHQW RI
PXOWLFHOOXODULW\ WDNHV SODFH LQ D IHZ JURXSV RI PLFURRUJDQLVPV LQFOXGLQJ P\[REDFWHULD
P\[RP\FHWHVDQG'LFW\RVWHOLGV 6LXHWDO*URVEHUJ 6WUDWKPDQQ%RQQHU
  $ IXQGDPHQWDO UHTXLUHPHQW IRU DJJUHJDWLYH PXOWLFHOOXODU RUJDQL]DWLRQ LV FHOOFHOO
FRPPXQLFDWLRQ WKDW FRRUGLQDWHV FHOOXODU EHKDYLRXU 7KH XQLTXH OLIH F\FOH RI VRFLDO
DPRHEDH VKLIWLQJ EHWZHHQ XQLFHOOXODU DQG PXOWLFHOOXODU VWDJHV RIIHUV DQ LGHDO V\VWHP WR
VWXG\FRPSOH[SURFHVVRILQWHUFHOOXODUFRPPXQLFDWLRQ &KLVKROP )LUWHO$QQHVOH\
 )LVKHU   7KHVH RUJDQLVPV OLYH LQGHSHQGHQWO\ IRU PRVW RI WKHLU OLIH F\FOHV EXW
DJJUHJDWHWREHFRPHPXOWLFHOOXODULQUHVSRQVHWRVWDUYDWLRQFRQVWUXFWLQJDIUXLWLQJERG\
ZLWKLQKRXUV6RIDULQWHUFHOOXODUFRPPXQLFDWLRQKDVEHHQH[WHQVLYHO\VWXGLHGLQWKH
PRGHO RUJDQLVP ' GLVFRLGHXP WKDW XVHV F$03 ODQJXDJH IRU FHOOFHOO LQWHUDFWLRQ WR
RUJDQL]HWKHSURFHVVRIDJJUHJDWLRQ

*ORULQ LV D SHSWLGH FKHPRDWWUDFWDQW HPSOR\HG E\ 3 YLRODFHXP DPRHEDH IRU FHOOFHOO
FRPPXQLFDWLRQ WR FRRUGLQDWH WKH SURFHVV RI DJJUHJDWLRQ ,W ZDV SURSRVHG WKDW JORULQ
PHGLDWHG FRPPXQLFDWLRQ PLJKW EH ZLGHVSUHDG DPRQJ WKH 'LFW\RVWHOLGV 6FKDDS HW DO
 ,QWKHILUVWSDUWRIWKLVVWXG\UHVSRQVHVWRJORULQZHUHVWXGLHGLQDOOSK\ORJHQHWLF
JURXSV RI 'LFW\RVWHOLGV GHILQHG E\ 6FKDDS HW DO   WR LGHQWLI\ HYROXWLRQDU\ URRWV RI
SHSWLGHFRPPXQLFDWLRQLQ'LFW\RVWHOLGV,QWKHVHFRQGSDUWRIWKLVUHVHDUFKZRUNVSHFLILF
FHOOXODUUHVSRQVHVWRJORULQVXFKDVJORULQPHGLDWHGFKDQJHVLQJHQHH[SUHVVLRQSDWWHUQV
DQG GHYHORSPHQWDO HIIHFWV RI JORULQ ZHUH VWXGLHG LQ WKH JHQHWLFDOO\ WUDFWDEOH VSHFLHV 3
SDOOLGXP31


 *ORULQ LV DQ DQFLHQW H[WUDFHOOXODU PHVVHQJHU PROHFXOH XVHG IRU
LQWHUFHOOXODUFRPPXQLFDWLRQLQ'LFW\RVWHOLGV

3 YLRODFHXP DPRHEDH VWDUW WR VHFUHWH JORULQ ZKHQ WKH DJJUHJDWLRQ SURFHVV EHJLQV WR
VWLPXODWHVXUURXQGLQJFHOOVRIWKHVDPHVSHFLHVWKDWFDQVHQVHJORULQVLJQDOE\VSHFLILF
FHOOVXUIDFHUHFHSWRUVDQGPRYHFKHPRWDFWLFDOO\WRZDUGJORULQJUDGLHQWVJHQHUDWHGE\WKH
JORULQDVH DFWLYLW\ RI WKHVH FHOOV 'H :LW HW DO  :XUVWHU HW DO   7KXV 3
YLRODFHXPFHOOVSRVVHVVWKHUHTXLVLWHELRFKHPLFDOPDFKLQHU\WRXVHJORULQDVDFUDVLQ7R
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H[SORUH KRZ RXWVSUHDG JORULQ FRPPXQLFDWLRQ LV DPRQJ 'LFW\RVWHOLGV D PRGLILHG VPDOO
SRSXODWLRQ FKHPRWD[LV DVVD\ ZDV XVHG 6HFWLRQ   DQG UHVSRQVHV WR JORULQ RI D
FROOHFWLRQ RI VSHFLHV WKDW VSDQ WKH GLFW\RVWHOLG SK\ORJHQ\ ZHUH H[DPLQHG 7DEOH   $OO
WHVWHG3RO\VSKRQG\OLGVSHFLHVIURPHDUO\GLYHUJHGJURXSUHDFWHGZHOO WRJORULQLQWKLV
VWXG\ )LJXUH 7ZRGLFW\RVWHOLGWD[D'JORHRVSRUXPDQG'RFXODUHSODFHGLQJURXS
ZHUHDOVRHTXDOO\UHVSRQVLYHWRJORULQ )LJXUH 7KLVVWXG\IXUWKHUVKRZHGIRUWKHILUVW
WLPH WKDW JURXS  'LFW\RVWHOLGV DUH FKHPRWDFWLFDOO\ UHDFWLYH WR JORULQ LQ D YHU\ VLPLODU
PDQQHU DV WKH 3RO\VSKRQG\OLGV )LJXUH   +RZHYHU QRQH RI WKH WHVWHG $F\WRVWHOLXP
VSHFLHVUHVSRQGHGWRJORULQ




)LJXUH   $ VLPSOLILHG SK\ORJHQHWLF WUHH VXPPDUL]LQJ JORULQ FKHPRWD[LV E\ VRFLDO
DPRHEDH 7KLV WUHH LV URRWHG DFFRUGLQJ WR 6FKDDS HW DO   DQG LV QRW GUDZQ WR VFDOH 7KH
IRXU PDMRU JURXSV RI VRFLDO DPRHEDH DUH LOOXVWUDWHG E\ D VLQJOH UHSUHVHQWDWLYH VSHFLHV
LQYHVWLJDWHG LQ WKLV VWXG\ H[FHSW IRU 'LFW\RVWHOLXP FDYHDWXP ZKLFK ZDV UHSRUWHG WR UHVSRQG WR
JORULQE\:DGGHOO  6SHFLHVWKDWVKRZFKHPRWD[LVWRJORULQDUHLQGLFDWHGLQEROG


7KXV WKLV VWXG\ XQFRYHUHG WKDW JORULQEDVHG FHOOFHOO VLJQDOOLQJ LV D FRPPRQ IHDWXUH RI
VSHFLHVIURPWKHHDUO\GLYHUJLQJJURXSDQGRI'LFW\RVWHOLGVDQGWKHUHIRUHWKHROGHVW
IRUP RI LQWHUFHOOXODU FRPPXQLFDWLRQ XVHG DW WKH WUDQVLWLRQ IURP JURZWK WR PXOWLFHOOXODU
GHYHORSPHQW RI VRFLDO DPRHEDH 3UHYLRXVO\ ' FDYHDWXP EHORQJLQJ WR JURXS  LQ WKH
PROHFXODU SK\ORJHQ\ RI 'LFW\RVWHOLGV 6FKDDS HW DO   KDV EHHQ QRWHG WR UHVSRQG
FKHPRWDFWLFDOO\ WR JORULQ :DGGHOO E  &KHPRWDFWLF DJJUHJDWLRQ RI LQGLYLGXDO
DPRHEDH RI 3 YLRODFHXP ZKLFK LV PRUH UHODWHG WR WKH PRVW GHULYHG JURXS  VSHFLHV
5RPHUDORHWDOE6FKDDSHWDO WKDQWRRWKHUJURXS3RO\VSKRQG\OLGVZDV
VKRZQ WR EH PHGLDWHG E\ JORULQ 6KLPRPXUD HW DO   1HYHUWKHOHVV QRQH RI WKH
WHVWHG JURXS  VSHFLHV ZDV UHDFWLYH WR JORULQ 7KXV D VWULNLQJ ILQGLQJ RI WKLV UHVHDUFK
ZRUNLVWKDWLQWKHFRXUVHRIHYROXWLRQVRFLDODPRHEDHHLWKHUORVWRUDEDQGRQHGWKHXVH
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RI JORULQ DV LQWHUFHOOXODU FRPPXQLFDWLRQ PROHFXOH LQ JURXS  $F\WRVWHOLD VRPH JURXS 
VSHFLHVDQGDOOJURXS'LFW\RVWHOLGV )LJXUH 

,Q VRPH RI WKHVH WD[D JORULQPHGLDWHG FHOOFHOO VLJQDOOLQJ ZDV UHSODFHG E\
FRPPXQLFDWLRQ V\VWHPV EDVHG RQ FHOOXODU PHWDEROLWHV VXFK DV F$03 DQG IRODWH
GHULYDWLYHV 7KH PROHFXODU SK\ORJHQ\ LQWURGXFHG E\ 6FKDDS HW DO 6FKDDS HW DO  
DQWLFLSDWHGWKDWJURXS'LFW\RVWHOLGVSUHFHGHGJURXSWD[DWKRXJKDQDOWHUQDWLYHURRW
RUJDQL]LQJJURXSòDQGôLQDSDUDSK\OHWLFFODGHFDQQRWEHUXOHGRXW&RPSOHWHQXFOHDU
JHQRPHVHTXHQFHVRI'GLVFRLGHXP3SDOOLGXP31DQG'IDVFLFXODWXP +HLGHOHW
DO   DQG WKH PLWRFKRQGULDO JHQRPHV RI WKHVH VSHFLHV +HLGHO  *O|FNQHU  
HQFRXUDJHWKHODWWHUSRVVLELOLW\:KDWHYHUWKHRULJLQRI'LFW\RVWHOLGVLVGDWDSUHVHQWHGLQ
WKLVGLVVHUWDWLRQVWUHQJWKHQWKHDVVXPSWLRQWKDWWKHXQNQRZQODVWFRPPRQDQFHVWRURIDOO
VRFLDODPRHEDHXVHGJORULQWRFRRUGLQDWHWKHWUDQVLWLRQIURPXQLWRPXOWLFHOOXODULW\

&ULWLFDOHYDOXDWLRQRIWKHSRVLWLYHFKHPRWDFWLFUHVSRQVHRIJURXSDQGVSHFLHV H[FHSW
$F\WRVWHOLGV  WR JORULQ VXJJHVWV WKDW WKH FHOOV RI WKHVH VSHFLHV DUH FDSDEOH RI VHQVLQJ
FKHPRDWWUDFWDQWDQGGHWHFWLWVJUDGLHQW,WLVLQWULJXLQJWKDWVHQVLWLYLW\WRJORULQLVKLJKHVW
MXVWEHIRUHDJJUHJDWLRQRIUHVSRQGLQJVSHFLHV7KHVHIDFWVVXSSRUWWKDWJORULQPD\EHWKH
DFUDVLQ RI UHVSRQGLQJ VSHFLHV +RZHYHU DW WKLV VWDJH RI UHVHDUFK FKHPRWD[LV RI
DPRHEDH WRZDUGV JORULQ GRHV QRW LGHQWLI\ WKLV GLSHSWLGH DV WKH FKHPLFDO PHVVHQJHU
UHVSRQVLEOH WR RUJDQL]H DJJUHJDWLRQ 7KHUHIRUH IXWXUH VWXGLHV VKRXOG IRFXV RQ WKH
LVRODWLRQ RI JORULQ IURP DJJUHJDWLQJ DPRHEDH RI JURXS  DQG  VSHFLHV WR FRQILUP WKH
SUHVXPSWLRQWKDWJORULQLVLQGHHGWKHDFUDVLQRIWKHVHVSHFLHV7KHLGHQWLILFDWLRQRIVRPH
FRPSRQHQWV RI WKH JORULQ VLJQDOOLQJ SDWKZD\ PRVW LPSRUWDQWO\ JORULQDVH V  FHOO VXUIDFH
JORULQUHFHSWRUDQGHQ]\PHVLQYROYHGLQJORULQELRV\QWKHVLVLQWKHJHQHWLFDOO\DPHQDEOH
VSHFLHV3SDOOLGXP31PD\OHDGWRIXUWKHUHOXFLGDWLRQRIWKHSURFHVVRIFKHPRWD[LV
DQGFHOODJJUHJDWLRQLQWKLVVSHFLHVZKHUHDVFRPSDULVRQZLWKRWKHUJHQHWLFDOO\WUDFWDEOH
GLFW\RVWHOLGVSHFLHVZLOOSURYLGHLQWHUHVWLQJLQIRUPDWLRQDERXWSRVVLEOHIXQFWLRQVRIJORULQ
VLJQDOOLQJV\VWHPJHQHVLQVSHFLHVWKDWQRORQJHUXVHJORULQDVDFUDVLQ


6WDJHVSHFLILFUHVSRQVHVRI3SDOOLGXP31FHOOVWRH[RJHQRXVJORULQ

,Q VRPH H[SHULPHQWV WKDW ZHUH GHVLJQHG WR VWXG\ JHQH UHJXODWRU\ HIIHFWV RI JORULQ
FRQVLGHUDEOHYDULDWLRQVZHUHQRWLFHGLQWKHFHOOXODUUHVSRQVHVWRH[RJHQRXVJORULQZKHQ
GLIIHUHQW EDWFKHV RI 3 SDOOLGXP 31 FHOOV ZHUH FRPSDUHG ZLWK HDFK RWKHU FRPSDUH
H[SUHVVLRQOHYHOVRI33/BDIWHUKRXUVRIJORULQWUHDWPHQWLQ)LJXUH )LJXUH
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  7KLV SKHQRPHQRQ FDQ EH H[SODLQHG E\ WKH IDFW WKDW GHVSLWH JUHDW FDUH WKH
SRSXODWLRQV RI FHOOV XVHG LQ WKHVH H[SHULPHQWV ZHUH QHYHU FRPSOHWHO\ V\QFKURQL]HG
,QVXIILFLHQW V\QFKURQL]DWLRQ UHVXOWV LQ VXEVWDQWLDO YDULDELOLW\ LQ WKH QXPEHU RI JORULQ
UHFHSWRUV SHU FHOO 'H :LW HW DO   WKHUHIRUH UHVSRQVHV WR H[WHUQDOO\ DGGHG JORULQ
YDULHG VLJQLILFDQWO\ EHWZHHQ H[SHULPHQWV ,W ZDV DOVR REVHUYHG WKDW 3 SDOOLGXP 31
FHOOVZHUHVHQVLWLYHWRWKHHIIHFWVRIH[RJHQRXVJORULQRQO\ZLWKLQDFHUWDLQSHULRGGXULQJ
HDUO\ KRXUV RI GHYHORSPHQW ZKHUHDV UHVSRQVHV GHFOLQH RQFH FHOOV KDYH FURVVHG WKDW
VHQVLWLYLW\ VWDJH GDWD QRW VKRZQ  PRVW SUREDEO\ EHFDXVH FHOOV HVWDEOLVK HQGRJHQRXV
JORULQ VLJQDOOLQJ ZLWK SURJUHVVLRQ LQ GHYHORSPHQW WKHUHIRUH UHVSRQVHV WR H[RJHQRXV
JORULQGLPLQLVK


 *ORULQ PHGLDWHV UDSLG FKDQJHV LQ JHQH H[SUHVVLRQ GXULQJ HDUO\
GHYHORSPHQWRI3SDOOLGXP

'GLVFRLGHXPFHOOVH[KLELWSURIRXQGFKDQJHVLQWUDQVFULSWLRQDVWKH\XQGHUJRJURZWKWR
DJJUHJDWLRQWUDQVLWLRQ ,UDQIDUHWDO9DQ'ULHVVFKHHWDO ([WUDFHOOXODUF$03
SXOVHV QRW RQO\ DFW DV D FKHPRDWWUDFWDQW WR RUJDQL]H DJJUHJDWLRQ EXW DOVR WR LQGXFH
RSWLPDOH[SUHVVLRQRIJHQHVZKRVHDFWLYLW\LVUHTXLUHGIRUWKHDJJUHJDWLRQSURFHVVVXFK
DV JHQHV HQFRGLQJ DJJUHJDWLRQVWDJH F$03 UHFHSWRUV DGHQ\ODWH F\FODVH $
H[WUDFHOOXODUF$03SKRVSKRGLHVWHUDVH3GV$ 6FKDDSD$OYDUH]&XUWR3LWWHW
DO'DUPRQHWDO*HULVFKHWDO DQGWKHFHOODGKHVLRQPROHFXOHJS
'HVEDUDWV HW DO   .XPDJDL HW DO  0D DQG 6LX  0DQQ  )LUWHO 
.XPDJDLHWDO.DPERMHWDO0DQQ )LUWHO1RHJHOHWDO
:RQJ 6LX ZKHUHDVPDQ\SUHDJJUHJDWLRQVWDJHJHQHVDUHUHSUHVVHGE\F$03
SXOVHV 0DQQ )LUWHO 

,QWKLVVWXG\XVLQJKLJKWKURXJKSXW51$VHTWHFKQRORJ\LWZDVVKRZQWKDWWKHWUHDWPHQW
RI 3 SDOOLGXP 31 FHOOV ZLWK JORULQ OHG WR GUDPDWLF FKDQJHV LQ JHQH H[SUHVVLRQ
SDWWHUQV GXULQJ ILUVW IHZ KRXUV RI VWDUYDWLRQ 6HFWLRQ  )LJXUH   ,W ZDV REVHUYHG
WKDW JORULQ QRW RQO\ LQGXFHG H[SUHVVLRQ RI D QXPEHU RI JHQHV EXW DOVR HQKDQFHG
H[SUHVVLRQ RI PDQ\ VWDUYDWLRQLQGXFHG JHQHV +RZHYHU VHYHUDO RWKHU JHQHV ZHUH
UHSUHVVHG LQ UHVSRQVH WR JORULQ WUHDWPHQW LQFOXGLQJ VRPH RI WKH JHQHV WKDW ZHUH
RWKHUZLVH LQGXFHG E\ VWDUYDWLRQ 3URGXFWV RI JHQHV ZKRVH H[SUHVVLRQ ZDV LQGXFHG RU
HQKDQFHGE\JORULQPLJKWSOD\LPSRUWDQWUROHVLQWKHDJJUHJDWLRQSURFHVV6HDUFKRIWKH
SXWDWLYHPROHFXODUIXQFWLRQVIRUJORULQLQGXFHGJHQHVEDVHGRQKRPRORJLHVWRDQQRWDWHG
'GLVFRLGHXPJHQHVLQGLFDWHGWKDWPDQ\JHQHVXSUHJXODWHGE\JORULQPD\SOD\UROHVLQ
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VLJQDO WUDQVGXFWLRQ SDWKZD\V UHRUJDQL]DWLRQ RI DFWLQ F\WRVNHOHWRQ GXULQJ FKHPRWD[LV
UHSURJUDPPLQJ RI WKH PHWDEROLF PDFKLQHU\ JHQH WUDQVFULSWLRQ DQG SURWHLQ WUDQVODWLRQ
FHOO DGKHVLRQ GHJUDGDWLRQ RI QXFOHDU '1$ VHFUHWRU\ SDWKZD\V WUDQVSRUWDWLRQ RI
PHWDEROLF SURGXFWV OLSLGV DQG WR[LQV DFURVV H[WUD DQG LQWUDFHOOXODU PHPEUDQHV FHOO
UHFRJQLWLRQDQGWUDQVFULSWLRQUHSUHVVLRQ 7DEOHVHFWLRQ 


5DSLGWXUQRYHURIWUDQVFULSWVRIJORULQLQGXFHGJHQHV

51$VHT DQDO\VLV GHPRQVWUDWHG WKDW JORULQPHGLDWHG LQGXFWLRQHQKDQFHPHQW RI
H[SUHVVLRQRIVHYHUDOJHQHVZDVWUDQVLHQW 6HFWLRQ :KHQVKDNHQVXVSHQVLRQVRI
3 SDOOLGXP 31 FHOOV ZHUH VWLPXODWHG ZLWK JORULQ IRU  KRXU D PRUH WKDQ IROG
GLIIHUHQWLDOH[SUHVVLRQRIJHQHVRIZKLFKZHUHXSUHJXODWHGE\WRIROGZDV
REVHUYHG :KHQ FHOOV ZHUH WUHDWHG ZLWK JORULQ IRU DQ DGGLWLRQDO KRXU  JHQHV ZHUH
GLIIHUHQWLDOO\H[SUHVVHGEXWRQO\RIWKHPZHUHXSUHJXODWHGPRUHWKDQIROG 6HFWLRQ
)LJXUH ,WZDVQRWLFHGWKDW IROGLQFUHDVHLQWKHP51$OHYHOVRI
33/B )LJXUH   33/B DQG 33/B )LJXUH   UHVSHFWLYHO\ VHHQ
DIWHU  KRXU RI JORULQ WUHDWPHQW ZDV QRW PDLQWDLQHG HYHQ LI SXOVHV RI JORULQ ZHUH JLYHQ
IUHTXHQWO\ DW VKRUW LQWHUYDOV )LJXUH  )LJXUH  )LJXUH   &RQVHTXHQWO\ WUDQVFULSW
OHYHOV RI WKHVH JHQHV GHFOLQHG VLJQLILFDQWO\ DIWHU  KRXUV RI H[SRVXUH WR H[RJHQRXV
JORULQ 7KLV EHKDYLRXU LQGLFDWHV D UDSLG P51$ WXUQRYHU RI JORULQLQGXFHG JHQH
WUDQVFULSWV 6WXGLHV VXJJHVW WKDW LQ PDPPDOLDQ FHOOV D ODUJH SHUFHQWDJH RI DFWLYDWLRQ
LQGXFHG WUDQVFULSWV KDYH VKRUWP51$ KDOIOLYHV 5DJKDYDQ  %RKMDQHQ  )UHYHO HW
DO 7HER HW DO  5DJKDYDQ HW DO  /DP HW DO   GHPRQVWUDWLQJ WKDW
FHOOV KDYH D FRRUGLQDWHG VWUDWHJ\ WR UDSLGO\ PRGXODWH WKH P51$ OHYHOV RI WKHVH JHQHV
/DP HW DO   $ VLPLODU VLWXDWLRQ ZDV GHVFULEHGIRUWKHUHJXODWLRQ RI SURODFWLQJHQH
WUDQVFULSWLRQ E\ WK\URWURSLQUHOHDVLQJ KRUPRQH 75+  LQ WKH *+ UDW SLWXLWDU\ FHOO OLQH
ZKHUHP51$OHYHOVVWDUWHGWRGHFOLQHZLWKLQKRXUDIWHULQLWLDOUDSLGLQGXFWLRQRISURODFWLQ
JHQHH[SUHVVLRQE\75+DQGIXUWKHUDGGLWLRQRIWK\URWURSLQUHOHDVLQJKRUPRQHUHVXOWHG
LQQRDGGLWLRQDOUHVSRQVHGXULQJWKLVWLPH 6DVNLHWDO0XUGRFKHWDO 7KH
µEXUVWDWWHQXDWLRQ¶NLQHWLFVRIH[SUHVVLRQRIJHQHVLQUHVSRQVHWRJORULQPD\EHGXHWRD
FRPPRQPROHFXODUPHFKDQLVPDWWKHJHQHOHYHO7KHLQGXFLELOLW\RIPDQ\RIWKHVHJHQHV
PD\EHGXHWRWUDQVFULSWLRQDODFWLYDWLRQRIWKHLUSURPRWHUVDQGWKHUDSLGGHJUDGDWLRQRI
WKHVH WUDQVFULSWV SHUPLWV WKHLU OHYHOV WR UDSLGO\ GURS ZKHQ WUDQVFULSWLRQDO DFWLYDWLRQ LV
WHUPLQDWHG $VVXPLQJ WKDW JORULQ LV WKH DFUDVLQ RI 3 SDOOLGXP DQG WKHQ XQGHU QDWXUDO
FRQGLWLRQVH[SUHVVLRQRIWKHVHJHQHVPLJKWEHVWDEO\LQGXFHGHQKDQFHGE\JORULQLQWKH
DJJUHJDWLRQ SURFHVV ZKHQ SURGXFWV RI WKHVH JHQHV DUH DFWXDOO\ UHTXLUHG 7KLV
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DVVXPSWLRQZDVYHULILHGE\H[DPLQLQJGHYHORSPHQWDOH[SUHVVLRQNLQHWLFVRIDQXPEHURI
JORULQUHJXODWHGJHQHVLQFHOOVVWDUYHGRQDJDUVXUIDFH7KHVHH[SHULPHQWVVKRZHGWKDW
PRVW RI WKH JHQHV µWUDQVLHQWO\ XSUHJXODWHG E\ JORULQ XQGHU VKDNLQJ FRQGLWLRQV¶ ZHUH
VWDEO\ H[SUHVVHG LQ DJJUHJDWLQJ FHOOV GXULQJ GHYHORSPHQW RQ DJDU )LJXUH   
)LJXUH )LJXUH )LJXUH )LJXUH ([SUHVVLRQNLQHWLFVRI
33/B GHSLFWHG LQ )LJXUH   7DEOH   LQGLFDWLQJ WKDW FHOOFHOO FRQWDFWV PD\ EH
QHFHVVDU\ IRU VWDEOH H[SUHVVLRQ RI WKHVH JHQHV 8QGHU DUWLILFLDO VKDNLQJ FXOWXUH
FRQGLWLRQV H[WHUQDOO\ DSSOLHG JORULQ LQGXFHG WKHVH JHQHV RU HQKDQFHG WKHLU H[SUHVVLRQ
SUHFRFLRXVO\ EHIRUHFHOOVKDYHJDLQHGDJJUHJDWLRQFRPSHWHQFH WKHUHIRUHDWWKLVWLPHLQ
GHYHORSPHQWWUDQVFULSWVRIPRVWRIWKHVHJHQHVZHUHXQVWDEOHDQGGHJUDGHGSURPRWLQJ
UDSLG WXUQRYHU RI WKHVH JHQHV 5HFHQWO\ LW ZDV UHSRUWHG WKDW P51$ GHFD\ SOD\V DQ
LPSRUWDQW UROH LQ UHJXODWLQJ WUDQVLHQW JHQH H[SUHVVLRQ HYHQWV LQ PDPPDOLDQ FHOOV
5DJKDYDQ  %RKMDQHQ   $QRWKHU H[SODQDWLRQ RI UDSLG GHFUHDVH LQ FHUWDLQ P51$
DEXQGDQFHV PD\ EHWKDW H[FHVV RI WKHVHWUDQVFULSWV DUH DFFXPXODWHG LQ P51$SURWHLQ
FRPSOH[HVDWWKLVVWDJHRIGHYHORSPHQWWKRXJKP51$VHTXHVWUDWLRQKDVQRWJHQHUDOO\
EHHQUHFRJQL]HGDVDPDMRUIDFWRULQWKHG\QDPLFVRIP51$DEXQGDQFH $UDJRQHWDO
 <HWDQRWKHUMXVWLILFDWLRQRIWKHUDSLGFKDQJHVLQP51$OHYHOVRIPDQ\JHQHVPD\
EHWKDWLQFUHDVHVLQWUDQVODWLRQUDWHVOHDGWRGHFUHDVHVLQWUDQVFULSWDEXQGDQFH $UDJRQ
HW DO   +HQFH E\ UHJXODWLQJ P51$ WXUQRYHU FHOOV FDQ VHOHFWLYHO\ DQG HIILFLHQWO\
PDLQWDLQRUGLPLQLVKWKHLUJHQHH[SUHVVLRQSURJUDPPHDSSURSULDWHIRUDVSHFLILFVWDJHRI
GHYHORSPHQW


*ORULQPHGLDWHGJHQHUHSUHVVLRQ

:KHQ 3 SDOOLGXP 31 FHOOV LQ VKDNHQ VXVSHQVLRQV ZHUH VWLPXODWHG ZLWK H[RJHQRXV
JORULQ IRU  KRXU  JHQHV ZHUH GRZQUHJXODWHG EHWZHHQ  DQG IROG )LJXUH 
6HFWLRQ   +RZHYHU DIWHU  KRXUV RI H[SRVXUH WR JORULQ  JHQHV ZHUH GRZQ
UHJXODWHG )LJXUH6HFWLRQ $UHDVRQDEOHMXVWLILFDWLRQRIWKLVGLIIHUHQFHPD\EH
WKH UDSLG NLQHWLFV RI JORULQ HIIHFWV 6LPLODU SKHQRPHQRQ ZDV REVHUYHG LQ PLFURDUUD\
EDVHGVWXGLHVRISULPDU\KXPDQ7FHOOVZKHUHDOPRVWWUDQVFULSWVWKDWZHUHVWDEOHLQ
UHVWLQJ7FHOOVEHFDPHGHVWDELOLVHGIROORZLQJ7FHOOUHFHSWRUPHGLDWHGVWLPXODWLRQRIFHOOV
DQGWKHLUVWHDG\VWDWHOHYHOVZHUHUHSUHVVHG 5DJKDYDQHWDO ,WZDVQRWLFHGWKDW
 RI WKH JHQHV GRZQUHJXODWHG DIWHU WZR KRXUV RI JORULQ WUHDWPHQW ZHUH DFWXDOO\
GRZQUHJXODWHGRQHKRXUHDUOLHUDOVREXWWKH\GLGQRWUHDFKWKHIROGFKDQJHWKUHVKROG
6HFWLRQ 6WLPXODWLQJ3SDOOLGXPFHOOVZLWKH[RJHQRXVJORULQVWDUWLQJDWKRXURI
VWDUYDWLRQ ZDV DQ XQQDWXUDO H[SHULPHQWDO DUUDQJHPHQW $SSDUHQWO\ WKLV DSSURDFK
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LQWHUIHUHG ZLWK WKH QRUPDO GHYHORSPHQWDO F\FOH DQG WKH DVVRFLDWHG JHQH H[SUHVVLRQ
FKDQJHV,QZLOGW\SHFHOOVXQGHUQDWXUDOFRQGLWLRQVJORULQPD\EHVHFUHWHGE\FHOOVDW
WKH RQVHW RI WKH DJJUHJDWLRQ SURFHVV WR PHGLDWH UHOHYDQW JHQH H[SUHVVLRQ FKDQJHV
LQFOXGLQJUHSUHVVLRQRIHDUO\GHYHORSPHQWDOJHQHVLQGXFWLRQRIDJJUHJDWLRQVWDJHJHQHV
DQGHQKDQFHPHQWRIH[SUHVVLRQRIPDQ\RWKHUVWDUYDWLRQLQGXFHGJHQHV+RZHYHUZKHQ
3 SDOOLGXP 31 FHOOV LQ VKDNLQJ FXOWXUHV ZHUH WUHDWHG ZLWK  0 JORULQ DW PLQXWH
LQWHUYDOV GXULQJ YHU\ HDUO\ KRXUV RI VWDUYDWLRQ 6HFWLRQ   QRUPDO SK\VLRORJLFDO
FRQFHQWUDWLRQVRIDFUDVLQDQGQDWXUDOWLPLQJVRILWVHIIHFWVGRQRWH[LVWZKHQFRUUHODWHGWR
ZLOGW\SHFHOOV0RVWSUREDEO\WUHDWLQJ3SDOOLGXPDPRHEDHZLWKJORULQFRQGLWLRQHGWKHP
LQ D ZD\ WKDW HLWKHU WKH VWDUYDWLRQ UHVSRQVHV RI WKH VLJQDOOLQJ FRPSHWHQW FHOOV ZHUH
HQKDQFHG SUHFRFLRXVO\ RU WKHVH UHVSRQVHV ZHUH VKLIWHG WR HDUOLHU WLPH SRLQWV LQ WKH
GHYHORSPHQWDO F\FOH 7KHUHIRUH UHSUHVVLRQ RI PDQ\ JHQHV REVHUYHG LQ UHVSRQVH WR
JORULQ WUHDWPHQW GXULQJ HDUO\ KRXUV RI VWDUYDWLRQ PD\ EH UHTXLUHG IRU SURFHHGLQJ WR
DJJUHJDWLRQ XQGHU QRUPDO SK\VLRORJLFDO FRQGLWLRQV $SSDUHQWO\ VWLPXODWLRQ RI FHOOV ZLWK
JORULQWULJJHUHGVLJQDOVWKDWDOWHUHGWKHFHOOXODUP51$GHJUDGDWLRQPDFKLQHU\OHDGLQJWR
VSHFLILFWUDQVFULSWGHVWDELOLVDWLRQ5HFHQWO\LW ZDVVXJJHVWHGWKDWP51$GHFD\PD\EH
DQ LPSRUWDQW PHFKDQLVP IRU JHQH UHSUHVVLRQ LQ DQ DFWLYDWLRQGHSHQGHQW PDQQHU
5DJKDYDQ  %RKMDQHQ   $ UHFHQW VWXG\ E\ )UHYHO DQG FROOHDJXHV )UHYHO HW DO
 VXJJHVWHGWKDWSPLWRJHQDFWLYDWHGSURWHLQNLQDVH 0$3. SOD\VFULWLFDOUROHLQ
WKHUHJXODWLRQRIWKHGHFD\RIDYDULHW\RIWUDQVFULSWVLQ7+3PRQRF\WHV$QQRWDWLRQRI
*2 WHUPV WR JORULQUHSUHVVHG JHQHV ZDV QRW YHU\ H[SODQDWRU\ EHFDXVH PDQ\ RI WKHVH
JHQHVKDYHQRW\HWEHHQDVVLJQHGWRDQ\VSHFLILFIXQFWLRQV 6HFWLRQ +RZHYHUD
QXPEHU RIJHQHV UHSUHVVHG E\ JORULQPD\ HQFRGH SURGXFWV WKDW DUH FRQVWLWXHQWV RI WKH
PHWDEROLF PDFKLQHU\ $SSHQGL[ 7DEOH $ DQG $  )XWXUH VWXGLHV IRFXVLQJ RQ WKH
LGHQWLILFDWLRQ DQG VXEFHOOXODU ORFDOL]DWLRQ RI WKH SURWHLQV HQFRGHG E\ JORULQ UHSUHVVHG
JHQHVZLOOKHOSWRXQGHUVWDQGWKHIXQFWLRQDOUROHVRIWKHVHJHQHV


 $OORVWHULF RU FRYDOHQW PRGLILFDWLRQ RI H[LVWLQJ SURWHLQV PD\ PHGLDWH
UDSLGHIIHFWVRIJORULQ

,Q WKLV VWXG\ LW LV VKRZQ WKDW P51$V RI PRGHO JORULQLQGXFHG JHQHV VWDUWHG WR
DFFXPXODWHZLWKLQPLQXWHDIWHUWKHDGGLWLRQRIJORULQ )LJXUH6HFWLRQ 6LPLODU
UDSLG NLQHWLFV RI LQGXFWLRQ KDV EHHQ UHSRUWHG IRU 3HQROS\UXYDWH FDUER[\NLQDVH JHQH
WUDQVFULSWLRQ LQ +,,( FHOOV GLIIHUHQWLDWHG UDW OLYHU FHOOV  LQ UHVSRQVH WR VWLPXODWLRQ ZLWK
F$03 DQDORJV 6DVDNL HW DO   WUDQVFULSWLRQ RI PXOWLSOH JHQHV DIWHU WKH DGGLWLRQ RI
EHWDLQWHUIHURQWRKXPDQILEUREODVWVRUWR+H/DFHOOV /DUQHUHWDO SURODFWLQJHQH
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WUDQVFULSWLRQ LQ SLWXLWDU\ FHOOV RQ H[SRVXUH WR F$03 3UHVWRQ HW DO  6DVDNL HW DO
0XUGRFK 5RVHQIHOGE DQGWKH\HDVW6DFFKDURP\FHVFHUHYLVLDHUHVSRQGLQJ
WRGLYHUVHHQYLURQPHQWDOWUDQVLWLRQV $UDJRQHWDO0DUWLQH]HWDO1HZFRPE
HWDO 

$SSDUHQWUDSLGLQFUHDVHLQVWHDG\VWDWHP51$OHYHOVRIDQXPEHURIJHQHVLQUHVSRQVH
WR JORULQ WUHDWPHQW )LJXUH  $SSHQGL[ 7DEOH $ $

 $  PD\ UHVXOW IURP D

FRPELQDWLRQ RI GH QRYR WUDQVFULSWLRQ VWDELOL]DWLRQ RI P51$ RU SRWHQWLDO UHOHDVH RI
H[WUDFWLRQUHVLVWDQWPDWXUHP51$SUHVHQWLQFHOOVLQDUDSLGO\UHOHDVDEOHIRUPSRVVLEO\
VHTXHVWHUHG LQ SURWHLQ FRPSOH[HV )RUPDWLRQ RI VXFK P51$SURWHLQ FRPSOH[HV KDV
EHHQ UHSRUWHG LQ \HDVW PDPPDOLDQ DQG SODQW FHOOV $UDJRQ HW DO  .HGHUVKD 
$QGHUVRQ   5HOHDVH RI WKH VHTXHVWHUHG P51$V XSRQ H[SRVXUH RI FHOOV WR JORULQ
PD\EHDPHFKDQLVPWKDWDOORZVFHOOVWRUHVSRQGWRHQYLURQPHQWDOFRQGLWLRQVDVTXLFNO\
DVSRVVLEOHLQSUHSDUDWLRQIRUWKHDFWLYDWLRQRIWUDQVFULSWLRQDQGWUDQVODWLRQ

5HJXODWHGP51$WXUQRYHUXSRQH[WUDFHOOXODUVWLPXODWLRQLVDFULWLFDOSURFHVVLQFRQWURORI
JHQHH[SUHVVLRQLQHXNDU\RWLFFHOOV5HFHQWO\LWKDVEHHQVKRZQWKDWP51$VWDELOLW\LV
PRGXODWHGE\VLJQDOWUDQVGXFWLRQSDWKZD\VLQYROYLQJSKRVSKRU\ODWLRQHYHQWV 6LQVLPHUHW
DO  .QDSLQVND HW DO  6KLP  .DULQ   ,Q PDPPDOLDQ FHOOV VHYHUDO
VLJQDOOLQJSDWKZD\VDUHLQYROYHGLQUHJXODWLQJWKHVWDELOLW\RIP51$VLQFOXGLQJDFWLYDWLRQ
RI SURWHLQ NLQDVH & 3KRVSKDWLG\OLQRVLWRO NLQDVH 3,.  DQG WKH PLWRJHQ DFWLYDWHG
SURWHLQNLQDVHVHOHYDWLRQRILQWUDFHOOXODU&DF-XQ1WHUPLQDOSURWHLQNLQDVH -1. DQG
S 6KLP .DULQ ,Q'GLVFRLGHXP<DN$SURWHLQNLQDVHUHJXODWHVVWDELOL]DWLRQRI
SND&P51$E\LQKLELWLQJWKHH[SUHVVLRQRI3XI$SURWHLQ 6RX]DHWDO 

6HHPLQJO\WKHUDSLGLW\RIWKHHIIHFWVRIJORULQDQGWKHREVHUYDWLRQWKDWGHQRYRSURWHLQ
V\QWKHVLV LV QRW UHTXLUHG PD\ LQGLFDWH WKDW JORULQ LV GLUHFWO\ DIIHFWLQJ WUDQVFULSWLRQ RI
µJORULQUHJXODWHG JHQHV¶ DQG WKH VLJQDO JHQHUDWHG E\ ELQGLQJ RI JORULQ WR FHOO VXUIDFH
UHFHSWRUVUDSLGO\UHDFKHVWKHFHOOQXFOHXV$SURWHLQSKRVSKRU\ODWLRQGHSKRVSKRU\ODWLRQ
PHFKDQLVPDSSHDUVWREHDQREYLRXVSRVVLELOLW\WKDWPD\UHTXLUHHLWKHUWKHWUDQVORFDWLRQ
RIDSURWHLQNLQDVHDQGRUSURWHLQSKRVSKDWDVHIURPWKHF\WRSODVPWRWKHQXFOHXVRUWKH
WUDQVORFDWLRQRIDUHJXODWRU\SKRVSKRSURWHLQWRWKHQXFOHXVRUWKHSUHVHQFHRIDF$03
GHSHQGHQWSURWHLQNLQDVHSURWHLQSKRVSKDWDVHV\VWHPLQWKHQXFOHXV,WKDVEHHQVKRZQ
WKDWLQPDPPDOLDQFHOOVKRUPRQHVRUQHXURWUDQVPLWWHUVDFWLQJWKRXJK*SURWHLQFRXSOHG
UHFHSWRUVDFWLYDWHVHFRQGPHVVHQJHUSDWKZD\VWKDWLQWXUQUHJXODWHWKHSKRVSKRU\ODWLRQ
RI VSHFLILF QXFOHDU SURWHLQV OHDGLQJ WR FKDQJH LQ JHQH H[SUHVVLRQ 'H &HVDUH ' 
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6DVVRQH&RUVL 3  0RQWPLQ\  /DOOL  6DVVRQH&RUVL  6DVVRQH&RUVL
 3UHYLRXVO\LWZDVSURSRVHGE\-XQJPDQQDQGFROOHDJXHV -XQJPDQQHWDO 
WKDW LVRSURWHUHQRO LQGXFHV D F$03GHSHQGHQW SURWHLQ NLQDVH WR WUDQVORFDWH LQWR WKH
QXFOHXV RI & JOLRPD FHOOV WKDW UHVXOWV LQ WKH SKRVSKRU\ODWLRQ RI KLVWRQHV DQGRU 51$
SRO\PHUDVH,,,IVXFKDPHFKDQLVPLVLQYROYHGWKHQWKHVXEVWUDWHRISKRVSKRU\ODWLRQLV
RISULQFLSOHLPSRUWDQFH5RVHQIHOGDQGFRZRUNHUVUHSRUWHGWKDWVWLPXODWLRQRI*+FHOOV
ZLWK F$03 RU WK\URWURSLQUHOHDVLQJ KRUPRQH OHDGV WR UDSLG SKRVSKRU\ODWLRQ RI D
FKURPDWLQDVVRFLDWHGEDVLFSURWHLQDQGWKLVPRGLILFDWLRQRFFXUVSULRUWRWKHLQFUHDVHRI
SURODFWLQ JHQH WUDQVFULSWLRQ 0XUGRFK HW DO  0XUGRFK HW DO D 0XUGRFK 
5RVHQIHOGE ,WKDVEHHQVKRZQWKDWDGGLWLRQRI&37F$03WR+,,(UDWSLWXLWDU\
FHOOVFDXVHVIXOODFWLYDWLRQRISURWHLQNLQDVHLQOHVVWKDQPLQXWH 0XUGRFK 5RVHQIHOG
E  WKHUHIRUH RQ NLQHWLF JURXQGV SURWHLQ NLQDVH DFWLYDWLRQ PD\ EH LQYROYHG LQ
PHGLDWLQJ HIIHFWV RI H[WUDFHOOXODU JORULQ RQ JHQH H[SUHVVLRQ +RZHYHU WUDQVFULSWLRQ
LQGXFWLRQ PHFKDQLVP PD\ DOVR LQYROYH SURWHLQV WKDW SRVVHVV GRPDLQV FRQWDLQLQJ
LQWUDFHOOXODUF$03LQGXFLEOHDFWLYLWLHVZKLFKDUHLQGHSHQGHQWRIGLUHFWSKRVSKRU\ODWLRQE\
SURWHLQNLQDVH$ 3.$ 

5HVXOWVRIWKLVUHVHDUFKZRUNSRLQWHGWKDWVWLPXODWLRQRI3SDOOLGXPFHOOVZLWKJORULQQRW
RQO\UDSLGO\LQGXFHGDQXPEHURIJHQHVEXWDOVRSUHGRPLQDQWO\µHQKDQFHG¶H[SUHVVLRQRI
PDQ\ JHQHV WKDW ZHUH QRUPDOO\ LQGXFHG E\ VWDUYDWLRQ WR YHU\ ORZ OHYHOV 6HFWLRQ
)LJXUH GXULQJYHU\HDUO\KRXUVRIGHYHORSPHQW,IGHQRYRWUDQVFULSWLRQLV
LQYROYHG LQ LQFUHDVLQJ WUDQVFULSW OHYHOV RI JORULQUHJXODWHG JHQHV WKHQ JORULQPHGLDWHG
WUDQVFULSWLRQDO DFWLYDWLRQ DSSHDUV WR EH D KLJKO\ RUGHUHG SURFHVV ,W LV SODXVLEOH WKDW DQ
LQDFWLYH 51$ SRO\PHUDVH ,, KRORHQ]\PH FRPSOH[ LV FRQVWLWXWLYHO\ SRVLWLRQHG DQG
PDLQWDLQHG RQ WKH SURPRWHUV RI PDQ\ JHQHV WKDW DUH UDSLGO\ LQGXFHG LQ UHVSRQVH WR
JORULQVWLPXODWLRQ7KHUHIRUH3SDOOLGXPFHOOVDSSHDUWREHSURJUDPPHGWRLQFUHDVHWKH
DEXQGDQFHRIWUDQVFULSWVRIWKHVHJHQHVLQUHVSRQVHWRJORULQXQGHUDQ\FRQGLWLRQ7KLV
UHVHDUFKZRUNOHGXVWRSURSRVHWKDWVWLPXODWLRQRIFHOOVZLWKH[RJHQRXVJORULQWULJJHUVD
FDVFDGHRILQWUDFHOOXODUSKRVSKRU\ODWLRQHYHQWVZKLFKPD\OHDGWRSKRVSKRU\ODWLRQDQG
VXEVHTXHQWWUDQVORFDWLRQRIDUHJXODWRU\SURWHLQIURPWKHF\WRSODVPWRWKHQXFOHXVZKHUH
LW ELQGV WR VHTXHQFHVSHFLILF HQKDQFHU HOHPHQWV LQ WKH SURPRWHUHQKDQFHU UHJLRQV RI
JORULQUHJXODWHG JHQHV 7KH DVVHPEOHG µHQKDQFHRVRPH¶ PD\ WKHQ UHFUXLW WKH
WUDQVFULSWLRQDO FRDFWLYDWRU ZKLFK ELQGV LQ D FRPSOH[ ZLWK WKH 51$ SRO\PHUDVH ,,
KRORHQ]\PHDOORZLQJUDSLGWUDQVFULSWLRQDOLQGXFWLRQLQUHVSRQVHWRJORULQ,WLVVXJJHVWHG
WKDW WKH QXFOHDU UHJXODWRU\ SURWHLQ PD\ EH FRQVWLWXWLYHO\ H[SUHVVHG EXW LWV IXQFWLRQ LV
DFXWHO\VHQVLWLYHWRJORULQPHGLDWHGLQWUDFHOOXODUVLJQDOOLQJFDVFDGH'XULQJJURZWKRUODWH




',6&866,21

GHYHORSPHQW ZKHQ JORULQ VLJQDOOLQJ GRHV QRW RFFXU WKH WUDQVDFWLQJ SURWHLQ PD\ EH
TXLHVFHQW


'RVHUHVSRQVHHIIHFWVRIJORULQRQJHQHLQGXFWLRQ

7R GHWHUPLQH ZKHWKHU VWDUYLQJ DPRHEDH DUH FDSDEOH RI GHWHFWLQJ GLIIHUHQFHV LQ WKH
VWUHQJWK RI WKH JORULQ VWLPXODWLRQ P51$ OHYHOV RI PRGHO JORULQLQGXFHG JHQHV ZHUH
FRPSDUHGLQFHOOVWKDWZHUHVXEMHFWHGWRLQFUHDVLQJGRVHVRIJORULQ,QFUHDVHGGRVHVRI
H[RJHQRXV JORULQ UHVXOWHG LQ UHODWLYH LQFUHDVHG OHYHOV RI WUDQVFULSWV RI 33/B DQG
33/BJHQHV )LJXUH 7KHUHIRUHWKHDELOLW\WRGHWHFWWKHVWUHQJWKRIVWLPXODWLRQ
DQGWRWUDQVPLWTXDQWLWDWLYHO\YDULDEOHVLJQDOVLVDIHDWXUHH[SHFWHGRIWKHPDFKLQHU\WKDW
SHUFHLYHVJORULQVWLPXOXV0RUHRYHUWKHUHJXODWRU\PHFKDQLVPJRYHUQLQJWKHH[SUHVVLRQ
RI 33/B DQG 33/B GRHV QRW VHHP WR EH DQ RQRII VZLWFK EXW PXVW DFW
SURSRUWLRQDOO\WRDTXDQWLWDWLYHVLJQDO


*HQHUDONLQHWLFVRIJHQHLQGXFWLRQLQUHVSRQVHWRUHSHWLWLYHVWLPXODWLRQ
RI3SDOOLGXP31FHOOVZLWKJORULQUHPDLQVWKHVDPH

([SHULPHQWVDLPHGWRGHWHUPLQHWKHRSWLPDOJORULQFRQFHQWUDWLRQDQGSXOVLQJIUHTXHQF\
UHTXLUHG WR REVHUYH PD[LPDO UHVSRQVH E\ 3 SDOOLGXP 31 FHOOV LQGLFDWHG WKDW WKH
JHQHUDO WLPHFRXUVH RI JORULQ DFWLYLW\ ZDV QRW GHSHQGHQW RQ WKH JORULQ FRQFHQWUDWLRQ RU
SXOVLQJ IUHTXHQF\ DSSOLHG RQO\ WKH OHYHO RI LQGXFWLRQ ZDV ORZHU DW UHGXFHG JORULQ
FRQFHQWUDWLRQVDQGYLFHYHUVD:KHQ3SDOOLGXP31FHOOVZHUHWUHDWHGZLWK
RU  Q0 JORULQ DW  PLQ LQWHUYDOV LW ZDV IRXQG WKDW  Q0 JORULQ ZDV VXIILFLHQW WR
LQGXFH H[SUHVVLRQ RI PRGHO JHQHV 33/B DQG 33/B )LJXUH   ,QGXFWLRQ
ZDVVLJQLILFDQWO\VWURQJHUDWQ0EXWPRVWSURQRXQFHGDWQ0JORULQ )LJXUH 
,Q RUGHU WR HYDOXDWH ZKHWKHU WKH IUHTXHQF\ RI JORULQ SXOVHV LQIOXHQFHG WKH LQGXFWLRQ RI
PRGHO JHQHV ZKHQ  0 RU  Q0 RI JORULQ ZDV DSSOLHG IRU  KRXUV DW  DQG 
PLQXWHLQWHUYDOVLWZDVIRXQGWKDWUHSHWLWLYHSXOVLQJUHVXOWHGRQO\LQDVWURQJHUUHVSRQVH
ZKHUHDVJHQHUDONLQHWLFVRILQGXFWLRQUHPDLQHGWKHVDPH )LJXUH  $OVRLWZDV
QRWLFHGWKDWHYHQDVLQJOHSXOVHRIJORULQFRXOGLQGXFHPRGHOJHQHVOLNH33/BDQG
33/B WR DOPRVW WKH VDPH OHYHO DV REVHUYHG DIWHU UHSHDWHG SXOVLQJ )LJXUH  
 *HQHUDOO\UHSHWLWLYHVWLPXODWLRQLVVXSSRVHGWRUHVXOWLQDUHVSRQVHWKDWLVVWURQJHU
DQG PRUH SURQORQJHG DQG WKRXJK DPRHEDH DUH FDSDEOH WR UHVSRQG WR LQWHUPLWWHQW
UHSLWLWLYHVWLPXODWLRQSDUWLDOGHVHQVLWL]DWLRQRUKDELWXDWLRQPD\RFFXU
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 6WLPXODWLRQ RI 3 SDOOLGXP 31 FHOOV ZLWK JORULQ LQGXFHV SUHFRFLRXV
DJJUHJDWLRQ

,W ZDV QRWLFHG WKDW 3 SDOOLGXP 31 FHOOV WUHDWHG ZLWK JORULQ GLVSOD\HG DFFHOHUDWHG
DJJUHJDWLRQ )LJXUH   $SSDUHQWO\ H[RJHQRXV JORULQ VLJQDO WULJJHUHG D FDVFDGH RI
LQWUDFHOOXODUELRFKHPLFDOHYHQWVWKDWOHGWRWKHSUHFRFLRXVLQGXFWLRQRIDQXPEHURIJHQHV
ZKRVHSURGXFWVPD\SDUWLFLSDWHLQWKHDJJUHJDWLRQSURFHVVZKLOHUHSUHVVLQJH[SUHVVLRQ
RI VHYHUDO RWKHU HDUO\ GHYHORSPHQWDO JHQHV &RQVLGHUDEOH QXPEHU RI JORULQLQGXFHG
JHQHV PD\ IDFLOLWDWH FHOOFHOO LQWHUDFWLRQV FDXVLQJ IRUPDWLRQ RI PDQ\ VPDOO DJJUHJDWHV
HDUOLHU WKDQ XQGHU QDWXUDO FRQGLWLRQV &RUUHVSRQGLQJO\ SUHYLRXV VWXGLHV UHSRUWHG
SUHFRFLRXVDJJUHJDWLRQRI'GLVFRLGHXPFHOOVWKDWZHUHWUHDWHGZLWKQ0F$03IRU
KRXUVWRPLPLFWKHQRUPDORVFLOODWRU\SXOVHVRIF$03WKDWRFFXUGXULQJDJJUHJDWLRQ 0X
HW DO  0D HW DO  ,QVDOO HW DO  /RXLV HW DO  6D[H HW DO DE
0DQQ HW DO  .LPPHO  0DQQ  )LUWHO  -DQVVHQV  YDQ +DDVWHUW 
'HYUHRWHV  -XOLDQL HW DO  'DUPRQ HW DO  *HULVFK HW DO E *HULVFK
 


 3UHVWDUYDWLRQ LV QRW QHHGHG WR REVHUYH JORULQLQGXFHG FKDQJHV LQ
JHQHH[SUHVVLRQ

,Q YHJHWDWLYHO\ JURZLQJ ' GLVFRLGHXP DPRHEDH WKH F$03 VLJQDOOLQJ V\VWHP LV
H[SUHVVHGDWYHU\ORZOHYHOV,WKDVEHHQNQRZQIRUVRPHWLPHWKDW'GLVFRLGHXPFHOOV
H[SUHVVPDQ\GHYHORSPHQWDOJHQHVZKLOHVXVSHQGHGLQEXIIHUDQGWUHDWHGZLWKSXOVHVRI
F$03 DW PLQ LQWHUYDOV IRU  KRXUV ,UDQIDU HW DO  /RXLV HW DO  3LWW HW DO
 0DQQ  )LUWHO  .XPDJDL HW DO  0DQQ  )LUWHO   UHIOHFWLQJ WKDW
GHYHORSPHQWDOO\ UHJXODWHG V\QWKHVLV RI D SURWHLQ V  LV UHTXLUHG IRU LQGXFWLRQ RI WKHVH
JHQHV &RQWUDULO\ LQ 3 SDOOLGXP 31 DPRHEDH DOO FRPSRQHQWV RI JORULQ VLJQDOOLQJ
DSSHDUWRH[LVWLQFHOOVSULRUWRWKHRQVHWRIVWDUYDWLRQEHFDXVHHYHQIUHVKO\ZDVKHGFHOOV
ZLWKRXWDQ\SUHVWDUYDWLRQSHULRGVLJQLILFDQWO\UHVSRQGHGWRH[RJHQRXVJORULQSXOVHVDQG
DFFXPXODWLRQ RIP51$ RI PRGHOJORULQLQGXFHGJHQHV ZDV REVHUYHG ZLWKLQ  PLQXWHV
SRVWWUHDWPHQW )LJXUH 7KLVSHULRGRIWLPHGRHVQRWDSSHDUVXIILFLHQWHQRXJKIRUGH
QRYR H[SUHVVLRQ RI D UHJXODWRU\ SURWHLQ RU WUDQVFULSWLRQ IDFWRU WKDW ZRXOG WKHQ
GLIIHUHQWLDOO\UHJXODWHWKHREVHUYHGWDUJHWJHQHV
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 *ORULQPHGLDWHG FKDQJHV LQ JHQH H[SUHVVLRQ GR QRW GHSHQG RQ GH
QRYRSURWHLQH[SUHVVLRQ

*ORULQLQGXFHG FKDQJHV LQ JHQH H[SUHVVLRQ ZHUH QRW IRXQG WR EH VHQVLWLYH WR
F\FORKH[LPLGH WUHDWPHQW FRQILUPLQJ WKDW GH QRYR SURWHLQ V\QWKHVLV LV QRW UHTXLUHG WR
REVHUYH JORULQ HIIHFWV $GGLWLRQ RI F\FORKH[LPLGH WR 3 SDOOLGXP DPRHEDH LPPHGLDWHO\
DIWHU ZDVKLQJ DZD\ EDFWHULDO IRRG GLG QRW DIIHFW JORULQPHGLDWHG JHQH H[SUHVVLRQ
YDOLGDWLQJ WKDW DOO SURWHLQV FRQVWLWXWLQJ LQWUDFHOOXODU JORULQ VLJQDOOLQJ FDVFDGH DUH ODWHQWO\
SUHVHQW LQ JURZLQJ FHOOV )LJXUH   5DWKHU H[SUHVVLRQ RI PRGHO JORULQLQGXFHG JHQHV
33/B DQG 33/B DFWXDOO\ VOLJKWO\ HQKDQFHG LQ FHOOV WUHDWHG ZLWK ERWK
F\FORKH[LPLGHDQGJORULQ )LJXUH PDQLIHVWLQJDVWDELOL]LQJHIIHFWRIF\FORKH[LPLGHRQ
WUDQVFULSWV &\FORKH[LPLGH &+;  LQKLELWV WKH HORQJDWLRQ VWHS RI SURWHLQ V\QWKHVLV
9D]TXH]   WKHUHIRUH LQ &+; WUHDWHG FHOOV ULERVRPHV GR QRW WHUPLQDWH QRUPDOO\
DQG QHZ ULERVRPHV HQWHU WKH SRO\VRPH XOWLPDWHO\ VDWXUDWLQJ WKH P51$ 6LQFH WKH
VWDELOLW\RIP51$PD\GHSHQGXSRQWKHDYDLODELOLW\RIVLWHVIRULQDFWLYDWLRQE\QXFOHDVHV
LW VHHPV SUREDEOH WKDW LQ WKH SUHVHQFH RI F\FORKH[LPLGH WKHVH VLWHV DUH SURWHFWHG
EHFDXVH LQ &+; WUHDWHG FHOOV WKH P51$V DUH ERXQG WR ULERVRPHV WKDW RFFXS\ WKHVH
QXFOHDVH VHQVLWLYH VLWHV UHQGHULQJ WKH P51$ VWDEOH .HOO\ HW DO   +RZHYHU
VWDUYDWLRQPHGLDWHGH[SUHVVLRQRIWKHVHJHQHV LQWKHDEVHQFHRIH[RJHQRXVJORULQ ZDV
VHQVLWLYH WR F\FORKH[LPLGH WUHDWPHQW )LJXUH   VXJJHVWLQJ WKDW LQGXFWLRQ RI WKHVH
JHQHVLQUHVSRQVHWRVWDUYDWLRQPD\GHSHQGRQSURWHLQH[SUHVVLRQ,QVKRUWWKHVHGDWD
LQGLFDWHWKDWWKHPHFKDQLVPRIJORULQPHGLDWHGLQGXFWLRQRIJHQHVSUHH[LVWVLQJURZLQJ
FHOOVDQGLVGLVWLQFWIURPWKHVWDUYDWLRQLQGXFWLRQPHFKDQLVPIRUWKHVHJHQHV


 3RVVLEOH PROHFXODU PHFKDQLVPV E\ ZKLFK JORULQ PD\ PRGXODWH JHQH
H[SUHVVLRQFKDQJHV

,Q ' GLVFRLGHXP F$03 SOD\V D GXDO UROH DV LW VHUYHV ERWK DV FKHPRWDFWLF DJHQW WR
FRRUGLQDWHDJJUHJDWLRQRIVWDUYLQJDPRHEDHDQGDVVHFRQGDU\PHVVHQJHUWRHOLFLWVLJQDO
WUDQVGXFWLRQ SDWKZD\V %LQGLQJ RI H[WUDFHOOXODU F$03 WR F$5 UHFHSWRU OHDGV WR WKH
DFWLYDWLRQRI$&$DQG(5.ZKLFKWRJHWKHUSURPRWHDGUDPDWLFLQFUHDVHLQLQWUDFHOOXODU
F$03 WKDW DFWLYDWHV F$03GHSHQGHQW SURWHLQ NLQDVH 3.$  3.$ LQWXUQ UHJXODWHV WKH
H[SUHVVLRQRIDJJUHJDWLRQVWDJHJHQHV =KDQJHWDO,UDQIDUHWDO0DQQHW
DO  6FKXONHV  6FKDDS   'LFW\RVWHOLXP F$03 GHSHQGHQW SURWHLQ NLQDVH $
3.$ LVDFRPSOH[FRPSRVHGRIDQLQKLELWRU\UHJXODWRU\VXEXQLW 3.$5 DQGDFDWDO\WLF
VXEXQLW 3.$&  )XQDPRWRHWDO0DQQHWDO0DQQHWDO+RSSHUHW
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DOD+DUZRRGHWDOD0DQQHWDO%XUNLHWDO)LUWHO &KDSPDQ
 7KHSULPDU\WDUJHWIRULQWUDFHOOXODUF$03LVWKHUHJXODWRU\VXEXQLWRI3.$ZKLFK
XSRQF$03ELQGLQJGLVVRFLDWHVIURPWKHFDWDO\WLFVXEXQLWWKDWOHDGVWRLWVDFWLYDWLRQ

,Q 3 SDOOLGXP XQOLNH ' GLVFRLGHXP F$03 LV QRW WKH FKHPRDWWUDFWDQW PHGLDWLQJ
DJJUHJDWLRQ +RZHYHU RFFXUUHQFH RI D GHYHORSPHQWDOO\ UHJXODWHG F$03GHSHQGHQW
SURWHLQNLQDVHKDVEHHQUHSRUWHGLQ3SDOOLGXPWKDWLVVLPLODULQLWVSURSHUWLHVZLWK3.$
LVRODWHGIURP'GLVFRLGHXP )UDQFLVHWDO )XQDPRWRDQGFROOHDJXHV )XQDPRWR
HW DO   VKRZHG WKDW 'LFW\RVWHOLXP 3.$ VXEXQLWV LQWURGXFHG LQWR 3RO\VSKRQG\OLXP
DPRHEDH ZHUH IXQFWLRQDO DV VLJQDO FRPSRQHQWV GHPRQVWUDWLQJ WKDW D ELRFKHPLFDOO\
VLPLODU3.$VLJQDOOLQJSDWKZD\ ZRUNVLQ3RO\VSKRQG\OLXP7KHDXWKRUVVKRZHGWKDW3
SDOOLGXPFHOOVRYHUH[SUHVVLQJGRPLQDQWQHJDWLYHPXWDQWRIWKHUHJXODWRU\VXEXQLW WKDWLV
XQDEOH WR ELQG F$03  IURP 'LFW\RVWHOLXP GLG QRW IRUP W\SLFDO DJJUHJDWLRQ VWUHDPV
UDWKHU PDQ\ VPDOO FOXPSV ZHUH IRUPHG WKDW HYHQWXDOO\ GLIIHUHQWLDWHG WR VPDOO PRXQGV
DQG ILQDOO\ YHU\ VPDOO IUXLWLQJ ERGLHV ZHUH IRUPHG ZLWKRXW EUDQFKLQJ RI VHFRQGDU\
VRURJHQV )XQDPRWRHWDO 3SDOOLGXP31FHOOVRYHUH[SUHVVLQJWKHFDWDO\WLF
VXEXQLW 3.$&  RI 'LFW\RVWHOLXP GHYHORSHG SUHFRFLRXVO\ DQG UDSLGO\ IRUPHG PDQ\
VPDOOVL]HGPRXQGV,Q3SDOOLGXPWKHUHLVGHYHORSHPHQWDOO\UHJXODWHGLQFUHDVHLQWKH
DFWLYLW\ RI F$03GHSHQGHQW SURWHLQ NLQDVH 3.$  EHIRUH DJJUHJDWHV DUH IRUPHG
)XQDPRWR HW DO   LQGLFDWLQJ WKDW 3.$ PD\ EH UHTXLUHG IRU WKH DJJUHJDWLRQ RI 3
SDOOLGXP

' GLVFRLGHXP $&$ $GHQ\O\O F\FODVH $  LV D GHYHORSPHQWVSHFLILF PHPEUDQFHERXQG
HQ]\PH DFWLYDWHG E\ H[WUDFHOOXODU F$03 WKURXJK F$5V WR V\QWKHVL]H F$03 LQ WKH
DJJUHJDWLRQ SURFHVV 0RVW RI WKH V\QWKHVL]HG F$03 LV VHFUHWHG WR FRRUGLQDWH FHOOFHOO
FRPPXQLFDWLRQ KRZHYHU VRPH F$03 LV UHWDLQHG LQWUDFHOOXODUO\ DQG DFWLYDWHV 3.$ '
GLVFRLGHXP DFD$ QXOO PXWDQWV DFD$  H[KLELW GHIHFWLYH FKHPRWDFWLF F$03 VLJQDO UHOD\
DQGLQHIILFLHQWDJJUHJDWLRQ *DODUGL&DVWLOODHWDO$OYDUH]&XUWRHWDO3LWWHW
DO3LWWHWDO *ORULQLVVXSSRVHGWREHWKHDFUDVLQRI3SDOOLGXPWKHUHIRUH
QRUPDODJJUHJDWLRQLQWKLVVSHFLHVLVDVVXPHGWRUHTXLUHJORULQLQGXFHGFKDQJHVLQJHQH
H[SUHVVLRQ5HFHQWO\6FKDDSDQGFROOHDJXHV SHUVRQDOFRPPXQLFDWLRQ VKRZHGWKDW3
SDOOLGXP 31 PXWDQWV ODFNLQJ WZR SXWDWLYH DJJUHJDWLRQDGHQ\O\O F\FODVHV ZHUH VWLOO
DEOHWRDJJUHJDWHWKHUHE\GHPRQVWUDWLQJWKDWLQFUHDVHVLQLQWHUQDOOHYHOVRIF$03PD\
QRW EH UHTXLUHG WR DFWLYDWH 3.$ IRU JORULQLQGXFHG FKDQJHV LQ JHQH H[SUHVVLRQ
$OWHUQDWLYHO\ LI LQWUDFHOOXODU F$03 UHJXODWHVJHQH H[SUHVVLRQ E\ WULJJHULQJ 3.$ DFWLYLW\
WKHQFRQVWLWXWLYH3.$DFWLYLW\VKRXOGEHVXIILFLHQWIRUIXOOJHQHH[SUHVVLRQLQGHSHQGHQWRI
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F$03V\QWKHVLV3.$&LVLQKLELWHGZKHQDVVRFLDWHGZLWKLWVUHJXODWRU\VXEXQLWEXWJHWV
DFWLYDWHGZKHQLQWUDFHOOXODUF$03ELQGVWRWKH3.$5,WZDVVKRZQWKDWLQ'LFW\RVWHOLXP
WKH 3.$5 DQG 3.$& VXEXQLWV DUH RQO\ ORRVHO\ FRQQHFWHG 3LWW HW DO  'H
*XQ]EXUJHWDO DQGZKHQ3.$&RXWQXPEHUVWKHUHJXODWRU\VXEXQLWVRPHRIWKH
FRQVWLWXWLYH DQG LQWUDFHOOXODU F$03LQGHSHQGHQW 3.$ DFWLYLW\ LV VSHFXODWHG 6FKDDS
E3LWWHWDO$QMDUGHWDO $QRWKHUSRVVLELOLW\LVWKDW3SDOOLGXP3.$&
PD\EHDFXWHO\VHQVLWLYHWRDFHOOVXUIDFHJORULQUHFHSWRUPHGLDWHGLQWUDFHOOXODUVLJQDOOLQJ
FDVFDGH DQG FHOOV FDQ SURGXFH DQ H[FHVV RI & RYHU 5 $OWHUQDWLYHO\ 3.$ PD\ EH
DFWLYDWHGE\DJHQWVRWKHUWKDQF$03 3LWWHWDO $QRWKHUH[SODQDWLRQFRXOGEHWKDW
F*03 LQGXFHV VRPH 3.$ DFWLYDWLRQ EHFDXVH EDVDO F*03 PD\ EH SUHVHQW DW KLJKHU
OHYHOV WKDQ F$03 3LWW HW DO   ,Q PDPPDOLDQ FHOOV LW KDV EHHQ VKRZQ WKDW F*03
UHJXODWHV JHQH H[SUHVVLRQ ERWK DW WUDQVFULSWLRQDO DQG SRVWWUDQVFULSWLRQDO OHYHOV 3LO] 
&DVWHHO   0RUHRYHU LQ 3 SDOOLGXP PXWDQW FHOOV ODFNLQJ WZR SRWHQWLDO DFD JHQHV
JORULQVWLPXODWLRQPHGLDWHGLQFUHDVHVLQF*03DFFXPXODWLRQPD\EHQRUPDOOHDGLQJWR
UHJXODUFKDQJHVLQJHQHH[SUHVVLRQ+RZHYHUWKHSUHVHQFHRIDWKLUGDGHQ\O\OF\FODVH
HQ]\PH LV VXVSHFWHG LQ 3 SDOOLGXP 31 WKDW PD\ EH UHVSRQVLEOH WR SURYLGH
LQWUDFHOOXODU F$03 IRU DFWLYDWLRQ RI 3.$ LQ WKH DEVHQFH RI RWKHU WZR $&$ HQ]\PHV
3DXOLQH6FKDDS3HUVRQDOFRPPXQLFDWLRQ 




)XUWKHUPRUHLWZDVVKRZQWKDWLQ3SDOOLGXPWKHUHLVD3.$GHSHQGHQWDQGDQRQ3.$
GHSHQGHQW LQWUDFHOOXODU VLJQDOOLQJ SDWKZD\ UHJXODWLQJ HDUO\ GHYHORSPHQWDO JHQHV
)XQDPRWR HW DO   $GGLWLRQDOO\ UHVXOWV SUHVHQWHG LQ WKLV WKHVLV VKRZHG WKDW
H[RJHQRXV JORULQ SXOVHV KDYH QR LQIOXHQFH RQ SND& H[SUHVVLRQ )LJXUH   +RZHYHU
H[SUHVVLRQRIHUN% 33/BDOVRNQRZQDVHUN ZDVHQKDQFHGE\JORULQWUHDWPHQW
)LJXUH   ,Q ' GLVFRLGHXP 3.$UHTXLULQJ F$03SXOVHLQGXFHG JHQH F3,* 
H[SUHVVLRQUHTXLUHV(5.RZLQJWRWKHDELOLW\RI(5.WRLQKLELW5HJ$+RZHYHU(5.
LV DOVR UHTXLUHG IRU LQGXFWLRQ RI QRQ3.$UHTXLULQJ F3,* H[SUHVVLRQ LQ ' GLVFRLGHXP
LQGLFDWLQJ WKDW (5. UHJXODWHV 3.$LQGHSHQGHQW SXOVHLQGXFHG JHQHV E\ D GLVWLQFW
PHFKDQLVP ,W LV SRVVLEOH WKDW LQ 3 SDOOLGXP (5. PD\ JRYHUQ JORULQUHJXODWHG JHQH
H[SUHVVLRQ E\ WKH GLUHFW SKRVSKRU\ODWLRQ DQG DFWLYDWLRQ RI D WUDQVFULSWLRQ IDFWRU RU D
QXFOHDU UHJXODWRU\ SURWHLQ D UROH H[KLELWHG E\ 0$3 NLQDVHV LQ RWKHU V\VWHPV UDQJLQJ
IURP\HDVWVWRPDPPDOV :KLWPDUVK 'DYLV .QHWVFKDQGFROOHDJXHV .QHWVFKHW
DO   VKRZHG WKDW LQ ' GLVFRLGHXP URXJKO\  RI (5. WUDQVORFDWHV WR WKH
QXFOHXV XSRQ F$03 VWLPXODWLRQ KRZHYHU D GLUHFW UROH RI (5. LQ WUDQVFULSWLRQDO
UHJXODWLRQ VWLOO UHPDLQV WR EH HVWDEOLVKHG %HVLGHV 5HJ$ DQRWKHU SXWDWLYH VXEVWUDWH RI
(5. LV (SS$ WKDW LV UHTXLUHG IRU FKHPRWD[LV DQG F$03 SURGXFWLRQ GXULQJ HDUO\
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GHYHORSPHQWDOVWDJHVLQ'GLVFRLGHXP +DGZLJHU 1JX\HQ&KHQ 6HJDOO 
1HYHUWKHOHVV(SS$GRHVQRWVHHPWRVHUYHDVWUDQVFULSWLRQIDFWRUIRU3.$LQGHSHQGHQW
JHQHH[SUHVVLRQEHFDXVHRILWVF\WRVROLFORFDOL]DWLRQDQGDEVHQFHRINQRZQ'1$ELQGLQJ
PRWLIV ' GLVFRLGHXP HUN% FHOOV DUH LPSDLUHG LQ GHYHORSPHQW DQG IDLO WR DJJUHJDWH
6HJDOOHWDO SRVVLEO\GXHWRWKHIDLOXUHWRLQGXFH3.$LQGHSHQGHQWF$03SXOVH
LQGXFHGJHQHVZKLFKDUHFULWLFDOIRUF$03VLJQDOOLQJ

$ FOHDU XQGHUVWDQGLQJ RI ZKHWKHU RU QRW JORULQ LQGXFHV FKDQJHV LQ JHQH H[SUHVVLRQ
WKURXJK D SDWKZD\ LQGHSHQGHQW RI 3.$ DFWLYDWLRQ ZRXOG UHTXLUH VWXG\LQJ WKH JHQH
H[SUHVVLRQFKDQJHVLQUHVSRQVHWRH[RJHQRXVJORULQLQYDULRXVPXWDQWVDOWHUHGLQ3.$
VLJQDOOLQJLH3SDOOLGXP31FHOOVRYHUH[SUHVVLQJ3.$&DQG3.$5PFHOOVODFNLQJ
ERWKDJJUHJDWLRQVWDJHDGHQ\O\OF\FODVHVDQGWKH0$3NLQDVH(5. HUN% WKDWH[KLELW
ODFNRILQWUDFHOOXODUF$03DQG3.$DFWLYLW\


 'LIIHUHQFHV EHWZHHQ JORULQVLJQDOOLQJ V\VWHP DQG F$03 DFUDVLQ
V\VWHPRI'GLVFRLGHXP

$OWKRXJK WKH JORULQ VLJQDOOLQJ V\VWHP VKDUHV PDQ\ SDUDOOHOV ZLWK WKH F$03 DFUDVLQ
V\VWHP RI ' GLVFRLGHXPWKHUH DUH DOVR FRQVLGHUDEOH GLIIHUHQFHV7KHF$03 VLJQDOOLQJ
V\VWHP LV GHYHORSPHQWDOO\ UHJXODWHG LQ ' GLVFRLGHXP FHOOV DQG FDVFDGHV RI SURWHLQ
V\QWKHVLVDUHUHTXLUHGWRLQGXFHPRVWRIF$03GHSHQGHQWJHQHV7KHUHVXOWVSUHVHQWHG
LQWKLVGLVVHUWDWLRQVXJJHVWWKDWLQ3SDOOLGXPFHOOVDOOEDVLFHOHPHQWVRIJORULQVLJQDOOLQJ
DUH ODWHQWO\ SUHVHQW LQ JURZLQJ FHOOV 6WXGLHV RI WKH JORULQ VLJQDOOLQJ V\VWHP LQ 3
YLRODFHXP FHOOV UHYHDOHG WKDW DPRHEDH SRVVHVV D FRQVLGHUDEOH QXPEHU RI JORULQ
UHFHSWRUV GXULQJ WKH JURZWK SKDVH ZLWK RQO\ D VOLJKW LQFUHDVH GXULQJ HDUO\ DJJUHJDWLRQ
'H:LWHWDO )XUWKHUPRUH'GLVFRLGHXPFHOOVVHFUHWHF$03WRWKHH[WUDFHOOXODU
VSDFHLQUHVSRQVHWRDF$03VWLPXOXVWKHUHE\UHOD\LQJWKHVLJQDOLQWRWKHVXUURXQGLQJ
UHJLRQWKDWFDXVHVDPRHEDHWRDJJUHJDWHLQVWUHDPSDWWHUQ&RQYHUVHO\JORULQLQGXFHG
JORULQ VHFUHWLRQ KDV QRW EHHQ GHWHFWHG LQ DJJUHJDWLQJ 3 YLRODFHXP FHOOV 'H:LW HW DO
  KRZHYHU 3 YLRODFHXP RU 3 SDOOLGXP DPRHEDH MRLQ WRJHWKHU WR IRUP PRYLQJ
VWUHDPVRIFHOOVWKDWFRQYHUJHDWDJJUHJDWLRQFHQWUHV1HYHUWKHOHVVLWVWLOOUHPDLQVWREH
DQVZHUHG ZKHWKHU DJJUHJDWLRQ RI 3 YLRODFHXP RU 3 SDOOLGXP DPRHEDH LQYROYHV DQ\
NLQGRIVLJQDOUHOD\,WFDQQRWEHUXOHGRXWWKDWJORULQVWLPXOXVPD\LQGXFHWKHH[SRUWRID
VLJQDOPROHFXOHRWKHUWKDQJORULQLWVHOIWRSURSDJDWHVLJQDOLQQHLJKERXULQJFHOOV3UHYLRXV
VWXGLHV UHSRUWHG GHYHORSPHQWDOO\ UHJXODWHG JORULQLQGXFHG F*03 DFFXPXODWLRQ LQ 3
YLRODFHXPFHOOVWKDWUHDFKHGWRLWVPD[LPXPGXULQJDJJUHJDWLRQEXWGHFOLQHGDWWKHRQVHW
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RI FXOPLQDWLRQ 'H :LW HW DO   ,QWHUHVWLQJO\ LW KDV EHHQ VKRZQ WKDW F*03 WKH
VHFRQGDU\ PHVVHQJHU LV YLJRURXVO\ H[SRUWHG IURP PDQ\ PDPPDOLDQ FHOO W\SHV LQ
TXDQWLWLHV WKDW H[FHHG WKDW RI F$03 +RIHU  /HINLPPLDWLV  $QGULF HW DO 
6DJHU 6RIDULQPDPPDOLDQFHOOVVSHFLILFPROHFXODUUHFHSWRUVIRUF*03KDYHQRW
\HW EHHQ LGHQWLILHG +RZHYHU LQ ' GLVFRLGHXP FHOOV DW FRQFHQWUDWLRQ RI  0 F*03
ELQGV WR WKH DJJUHJDWLRQ VWDJH F$03 UHFHSWRU 0DWR HW DO   /DWHU .OHLQ HW DO
 PHQWLRQHGWKDWF\FOLF*03FDQDOVREHKDYHDVFKHPRDWWUDFWDQWIRU'GLVFRLGHXP
FHOOV DW KLJK FRQFHQWUDWLRQV DQG FRXOG WULJJHU FHOO GLIIHUHQWLDWLRQ WR DJJUHJDWLRQ
FRPSHWHQFHVLPLODUWRH[WUDFHOOXODUF$03 .OHLQHWDO ,QDQRWKHUVWXG\ZKHQ'
GLVFRLGHXPDQG'ODFWHXPFHOOVZHUHVWLPXODWHGZLWKWKHLUUHVSHFWLYHFKHPRDWWUDFWDQWV
 RI WKH LQWUDFHOOXODUO\ DFFXPXODWHG F*03 ZDV VHFUHWHG 9DQ +DDVWHUW HW DO  
6HYHUDOELRORJLFDOUROHVRIH[WUDFHOOXODUF*03KDYHEHHQGHVFULEHGIRUPDPPDOLDQFHOOV
+RIHU  /HINLPPLDWLV  6DJHU   +RZHYHU LQ 'LFW\RVWHOLGV SXWDWLYH UROHV RI
H[WUDFHOOXODU F*03 LQ WUDQVIHUULQJ LQIRUPDWLRQ WR QHLJKERXULQJ FHOOV KDYH QRW \HW EHHQ
LGHQWLILHG

0RUHRYHU LW FDQ QRW EH LJQRUHG WKDW µUHOD\¶ PD\ EH UHTXLUHG WR SURSDJDWH WKH VLJQDO
H[WHQVLYHO\LQWRWKHILHOGRIVWDUYLQJFHOOVOHDGLQJWRDJJUHJDWLRQRIPRUHFHOOVDWFHQWUDO
FROOHFWLRQ SRLQWV WKDW PD\ IDYRXU ELJJHU DJJUHJDWH VL]H DQG WKHUHIRUH IRUPDWLRQ RI WKH
ODUJHUIUXLWLQJERGLHVWKDWDUHFKDUDFWHULVWLFRIJURXSVSHFLHV+RZHYHUWKHIRUPDWLRQRI
VPDOOHUIUXLWLQJERGLHVW\SLFDOIRUJURXSVSHFLHVVXFKDV3SDOOLGXPPD\EHDFTXLUHG
ZLWKRXWDQ\VLJQDOUHOD\


+RZGLGWKHJORULQDFUDVLQV\VWHPHYROYH"

$ IHZ K\SRWKHVHV FDQ EH SUHVHQWHG UHJDUGLQJ HYROXWLRQ RI JORULQ DFUDVLQ V\VWHP )LUVW
DWWUDFWLYH LGHD LV WKDW JORULQ PD\ EH VHFUHWHG E\ VRPH NLQG RI EDFWHULD DQG DPRHEDH
LQYHQWHGFHOOVXUIDFHUHFHSWRUVWRGHWHFWJORULQSURGXFLQJEDFWHULDDVIRRG,QWKHFRXUVH
RIHYROXWLRQDPRHEDHFRQYHUWHGWKLVIRRGVHHNLQJPHFKDQLVPLQWRDQDFUDVLQV\VWHPWR
FRRUGLQDWH WKHLU RZQ DJJUHJDWLRQ E\ LQYHQWLQJ IHZ PRUH SURWHLQV +RZHYHU WKLV
DVVXPSWLRQ LV FRQIURQWHG E\ WKH FRQVLGHUDWLRQ WKDW JORULQ DSSHDUV WR EH D SURGXFW RI
VHFRQGDU\PHWDEROLVPDQGWKHQLWVHHPVUDWKHUSRLQWOHVVWKDWVRFLDODPRHEDHZLOODGDSW
IRRGVHHNLQJV\VWHPLQWRDQDFUDVLQV\VWHPEHFDXVHWKHQDPRHEDHZRXOGKDYHUHTXLUHG
WKH LQYHQWLRQ RI DQ HQWLUHO\ QHZ ELRV\QWKHWLF PDFKLQHU\ WR V\QWKHVL]H JORULQ $ VHFRQG
SRVVLELOLW\ LV WKDW DOO DFUDVLQ V\VWHP JHQHV DUH FORVHO\ OLQNHG RQ D FKURPRVRPH LQ
EDFWHULDRUVRPHRWKHUVRLOPLFURRUJDQLVPDQGWKDWWKHUHKDVEHHQDKRUL]RQWDOWUDQVIHU
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RIDVHJPHQWRI'1$FRQWDLQLQJWKLVHQWLUHJHQHWLFPDWHULDOIURPEDFWHULDWRDPRHEDH,W
LV QRZ NQRZQ WKDW VXFK WUDQVIHUV HYHQWV DUH HQWLUHO\ SRVVLEOH DQG LQ ' GLVFRLGHXP 
JHQHV KDYH EHHQ UHFRJQL]HG DV KRUL]RQWDO JHQH WUDQVIHU +*7  HYHQWV 6XFJDQJ HW DO
 

&RQWUDULO\ %RQQHU   K\SRWKHVL]HG WKDW DQ DFUDVLQ FDQ EH DQ\ VPDOO UHDGLO\
GLIIXVLEOH PROHFXOH UHJXODUO\ V\QWKHVL]HG DQG GHJUDGHG LQ WKH FHOO DQG ZLWK D UHFHSWRU
DQG RWKHU DVVRFLDWHG SURWHLQV DOUHDG\ SUHVHQW %RQQHU   7KLV LGHD VHHPV TXLWH
UHDVRQDEOH EHFDXVH NQRZQ DFUDVLQ V\VWHPV LQ 'LFW\RVWHOLGV XVLQJ F$03 IROLF DFLG RU
SWHULQV DV DJJUHJDWLRQ PHGLDWRUV HPSOR\ H[LVWLQJ FHOOXODU ELRFKHPLFDO PDFKLQHU\ WR
H[SORLW WKHVH SULPDU\ PHWDEROLWHV DV DFUDVLQV ,QWHUHVWLQJO\ FKHPLFDO VWUXFWXUH RI JORULQ
VKDUHVVRPHVLPLODULWLHVZLWKWKDWRIJOXWDWKLRQH *6+ DVVKRZQLQ)LJXUH






)LJXUH&KHPLFDOVWUXFWXUHRIJORULQ OHIW DQGJOXWDWKLRQH ULJKW *ORULQLVDGLSHSWLGHRI
JOXWDPDWHDQGRUQLWKLQHLQZKLFKDPLQRJURXSDQGDFDUER[\OJURXSRIWKHJOXWDPDWHDUHEORFNHG
E\DSURSLRQ\OJURXSDQGDQHWK\OHVWHUUHVSHFWLYHO\$QDPLQRJURXSLQWKHRUQLWKLQHPRLHW\LV
EORFNHGE\WKHIRUPDWLRQRIDODFWDPULQJ


*OXWDWKLRQHLVDXELTXLWRXVWULSHSWLGHZLWKDQXQXVXDOSHSWLGHOLQNDJHEHWZHHQWKHDPLQH
JURXS RI F\VWHLQH ZKLFK LV DWWDFKHG E\ QRUPDO SHSWLGH OLQNDJH WR D JO\FLQH  DQG WKH
FDUER[\OJURXSRIWKHJOXWDPDWHVLGHFKDLQ,WSOD\VFULWLFDOUROHVLQDQWLR[LGDQWGHIHQVH
UHJXODWLRQ RI FHOOXODU HYHQWV LQFOXGLQJ JHQH H[SUHVVLRQ QXWULHQW PHWDEROLVP '1$ DQG
SURWHLQ V\QWKHVLV DPLQR DFLG WUDQVSRUW HQ]\PH DFWLYDWLRQ FHOO SUROLIHUDWLRQ DSRSWRVLV
DQG VLJQDO WUDQVGXFWLRQ .LP HW DO :X HW DO   7KH JOXWDWKLRQH ELRV\QWKHWLF
PDFKLQHU\LVIRXQGLQVRPHEDFWHULDLQFOXGLQJF\DQREDFWHULDDQGSURWHREDFWHULD (FROL
6DOPRQHOOD 9LEULR +HOLFREDFWHU  +RZHYHU PRVW HXNDU\RWHV V\QWKHVL]H JOXWDWKLRQH
LQFOXGLQJ'LFW\RVWHOLGVDQGKXPDQV6RPHSUHYLRXVVWXGLHVUHSRUWHGWKDWWKHDGGLWLRQRI
JOXWDWKLRQH WR $PRHED SURWHXV HOLFLWV SVHXGRSRG IRUPDWLRQ DFWLYDWHV FKHPRWDFWLF
PRYHPHQW WRZDUGV IRRG VRXUFH DQG SURPRWHV SKDJRF\WRVLV 3UXVFK  0LQHN  
VXJJHVWLQJ WKDW JOXWDWKLRQHUHODWHG VXEVWDQFHV UHOHDVHG E\ FHUWDLQ EDFWHULD RU RWKHU
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PLFURRUJDQLVPVPD\DFWDVFKHPLFDOFXHVWKDWKHOSDPRHEDHWRUHFRJQL]HDQGORFDWHD
VXLWDEOHSUH\RUJDQLVP

,QWKHFHOOVRIFHQWUDOQHUYRXVV\VWHPJOXWDWKLRQHDFWLQJDVDQHXURPRGXODWRUH[HUWVLWV
DFWLRQ E\ ELQGLQJ WR JOXWDPDWH UHFHSWRUV ,QWHUHVWLQJO\ VHYHUDO SXWDWLYH PHWDERWURSLF
JOXWDPDWH UHFHSWRUV DUH HQFRGHG E\ 3 SDOOLGXP 31 JHQRPH +HLGHO HW DO  
0RUHRYHUKRPRORJVRIDOOJHQHVHQFRGLQJFRPSRQHQWVRIJOXWDWKLRQHELRV\QWKHVLVDQG
GHJUDGDWLRQ DSSHDU WR EH SUHVHQW LQ 3 SDOOLGXP 31 FHOOV 6RFLDO $PRHEDV
&RPSDUDWLYH *HQRPH %URZVHU KWWSVDFJEIOLOHLEQL]GHFJLLQGH[SO  5HFHQWO\ LW KDV
EHHQVKRZQWKDWJOXWDWKLRQHLVHVVHQWLDOIRU'LFW\RVWHOLXPJURZWKDQGGHYHORSPHQW .LP
HWDO ,WVHHPVSUREDEOHWKDWJOXWDWKLRQHLVDFFXPXODWHGLQ3RO\VSKRQG\OLXPFHOOV
GXULQJWKHVWUHVVUHVSRQVHDQGDVXVSHFWHGFRUUHODWLRQEHWZHHQJOXWDWKLRQHPHWDEROLVP
DQG JORULQ V\QWKHVLV FDQ QRW EH HQWLUHO\ H[FOXGHG 7KLV K\SRWKHVLV LV VXSSRUWHG E\ WKH
IDFWWKDWGHYHORSPHQWDOF$03VLJQDOOLQJLQWKH'LFW\RVWHOLGVKDVDOVRHYROYHGIURPVWUHVV
UHVSRQVH 5LWFKLHHWDO DQGIDYRXUVWKHFRQFHSWWKDWRSSRUWXQLVWLFH[SORLWDWLRQRI
H[LVWLQJJHQHVLVDPDMRUSKHQRPHQRQLQWKHHPHUJHQFHRIQRYHOFKDUDFWHUV .DZDEHHW
DO ,IWKLVLVWKHFDVHWKHQDOOWKHPDMRUFRPSRQHQWVRIDQDFUDVLQV\VWHPVHHPWR
EHHQFRGHGLQWKHJHQRPHDQGDOUHDG\SUHVHQWLQWKHFHOO:KHWKHUVWUXFWXUDOVLPLODULW\
EHWZHHQ JORULQ DQG JOXWDWKLRQH RIIHUV VRPH PHDQLQJV LQ WKH FRQWH[W RI PROHFXODU
IXQFWLRQVRIWKHVHWZRVXEVWDQFHVQHHGVWREHFDUHIXOO\LQYHVWLJDWHG

1HYHUWKHOHVV SUHYLRXV VWXGLHV VKRZLQJ WKDW JURZLQJ 3RO\VSKRQG\OLXP DPRHEDH
SRVVHVV DOPRVW DV PDQ\ JORULQ UHFHSWRUV RQ WKHLU FHOO VXUIDFH DV GR DJJUHJDWLQJ FHOOV
.RSDFKLN'H:LWHWDO DQGWKHUHVXOWVSUHVHQWHGLQWKLVGLVVHUWDWLRQSURYLGH
DEDVLVWRDVVXPHWKDWJORULQPD\EHDVLJQDOPROHFXOHXVHGE\DQFLHQW'LFW\RVWHOLGVQRW
RQO\WRILQGIRRGEXWDOVRWRFRRUGLQDWHWKHSURFHVVRIFHOODJJUHJDWLRQ7KXVIDUIROLFDFLG
DQGSWHULQVZHUHUHFRJQL]HGDVFKHPRDWWUDFWDQWVZLWKGXDOIXQFWLRQVLHIRRGGHWHFWLRQ
DQGRUJDQL]DWLRQRIDJJUHJDWLRQ 'H:LW .RQLMQ9DQ+DDVWHUWHWDO3DQHW
DO 7KHIDFWWKDWIRRGVHHNLQJDQGFHOODJJUHJDWLRQPDNHXVHRIVDPHRUUHODWHG
VLJQDOOLQJ PROHFXOHV PD\ LOOXVWUDWH DQ HYROXWLRQDU\ FRQQHFWLRQ EHWZHHQ WKHVH WZR
SURFHVVHV


6\QWKHVLVVWRUDJHDQGVHFUHWLRQRIJORULQ

$ UHFHQW UHYLHZ E\ +RRN HW DO   GLVFXVVHV IXQFWLRQ RI EUDLQ QHXURSHSWLGHV LQ
PHGLDWLQJ FKHPLFDO FHOO±FHOO FRPPXQLFDWLRQV DPRQJ QHXURQV LQ WKH FHQWUDO QHUYRXV
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V\VWHP +RRN HW DO   1DVFHQW SUHFXUVRUVRI WKHVH SHSWLGHWUDQVPLWWHUVNQRZQ DV
SURQHXURSHSWLGHV DUH SDFNDJHG ZLWKLQ WKH QHZO\ IRUPHG VHFUHWRU\ YHVLFOHV LQ WKH FHOO
ERG\3URWHRO\WLFSURFHVVLQJRIWKHSUHFXUVRUSURWHLQRFFXUVGXULQJD[RQDOWUDQVSRUWDQG
PDWXUDWLRQRIWKHVHFUHWRU\YHVLFOH +RRNHWDO 0DWXUHSURFHVVHGQHXURSHSWLGHV
DUH VWRUHG ZLWKLQ VHFUHWRU\ YHVLFOHV DW WKH V\QDSVH ZKHUH DFWLYLW\GHSHQGHQWUHJXODWHG
VHFUHWLRQ RI SHSWLGH WUDQVPLWWHU RFFXUV WR PHGLDWH QHXURWUDQVPLVVLRQ ZKHQ SHSWLGHUJLF
UHFHSWRUVDUHDFWLYDWHGE\QHXURSHSWLGHV +RRNHWDO ,WPD\QRWEHSUHVXPSWXRXV
WRK\SRWKHVL]HWKDWV\QWKHVLVVWRUDJHDQGVHFUHWLRQRIJORULQLQ3SDOOLGXPPD\IROORZD
VLPLODU PHFKDQLVP EHFDXVH JORULQ LV DQ XQXVXDO SHSWLGH DQG LWV V\QWKHVLV PD\ LQYROYH
FRPSOH[ELRV\QWKHWLFVWHSV0RUHRYHULWGRHVQRWVHHPUHDOLVWLFWKDWFHOOVPLJKWKDYHWR
V\QWKHVL]H DQG VHFUHWH JORULQ VLPXOWDQHRXVO\ DV VRRQ DV WKH SURFHVV RI DJJUHJDWLRQ
EHJLQV)XUWKHUPRUHUHVXOWVSUHVHQWHGLQWKLVGLVVHUWDWLRQVXJJHVWWKDWDOOFRPSRQHQWVRI
JORULQVLJQDOOLQJDUHSUHVHQWLQWKHJURZLQJFHOOVWKHUHIRUHLWLVUHDVRQDEOHWRVSHFXODWH
WKDW LQ 3 SDOOLGXP FHOOV JORULQ LV FRQVWLWXWLYHO\ V\QWKHVL]HG DQG DFFXPXODWHG LQWR
µYDFXRODU PHPEUDQH YHVLFOHV¶ RU µVHFUHWRU\ JUDQXOHV¶ 6XEVHTXHQWO\ DW WKH RQVHW RI
DJJUHJDWLRQ LQWUDFHOOXODUO\ FRPSDUWPHQWHG JORULQ LV HOLPLQDWHG E\ H[RF\WRVLV YLD
YHVLFXODU VHFUHWRU\ SDWKZD\ 6LPLODU µVWRUDJHH[FUHWLRQ PHFKDQLVPV¶ DUH XVHG E\
PDPPDOLDQDQG\HDVWFHOOVWRHOLPLQDWHDEURDGUDQJHRIOLSRSKLOLFWR[LQVIURPWKHF\WRVRO
DIWHUWKHLUFRQMXJDWLRQZLWKJOXWDWKLRQH /LHWDO 


3HUVSHFWLYHV


 'HWHUPLQDWLRQ RI PHFKDQLVPV UHJXODWLQJ JORULQLQGXFHG JHQH
H[SUHVVLRQ

'RHVJORULQVWLPXODWHGHQRYRWUDQVFULSWLRQ"

7R LQYHVWLJDWH ZKHWKHU WKH VWLPXODWLRQ RI JHQH H[SUHVVLRQ E\ JORULQ SXOVHV LV DW WKH
WUDQVFULSWLRQDOOHYHOIROORZLQJDSSURDFKHVDUHVXJJHVWHG

$FRPELQDWLRQRIDFWLQRP\FLQ'DQGGDXQRP\FLQUDSLGO\LQKLELWVV\QWKHVLVRIP51$
LQ'GLVFRLGHXP )LUWHOHWDO 6DPHGUXJVPD\EHWHVWHGLQ3SDOOLGXP31WR
H[DPLQHZKHWKHUGHQRYRWUDQVFULSWLRQLVUHVSRQVLEOHIRUWKHUDSLGLQFUHDVHLQWUDQVFULSW
DEXQGDQFHLQUHVSRQVHWRJORULQWUHDWPHQW
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,QYLWUR1XFOHDUUXQRQDVVD\V3SDOOLGXP31FHOOVFDQEHGHYHORSHGLQOLTXLG
FXOWXUHV ZLWK RU ZLWKRXW H[RJHQRXV JORULQ SXOVHV IRU  KRXUV IROORZHG E\ LVRODWLRQ RI
WUDQVFULSWLRQDOO\ DFWLYH QXFOHL IURP FHOOV DW  KUDQG  KU 1XFOHDU UXQRQ DVVD\V ZLOO EH
FDUULHGRXWDVGHVFULEHGE\1HOOHQHWDO  LQYROYLQJLQFXEDWLRQRIVWDQGDUGUHDFWLRQ
PL[WXUHVFRQWDLQLQJUHDFWLRQEXIIHUHDFKRI$73*73&73DQG>Į3@87351$DVH
*XDUG DQG LVRODWHG QXFOHL DW URRP WHPSHUDWXUHIRU  PLQXWHV /DEHOOHG 51$ FDQ WKHQ
EHFROOHFWHGGHQDWXUHGDWR&DQGSODFHGRQLFH6DPSOHVRISODVPLG'1$FRQWDLQLQJ
VHTXHQFHV FRUUHVSRQGLQJ WR UHVSHFWLYH F'1$ SUREHV RI UHSUHVHQWDWLYH JORULQLQGXFHG
JHQHV 33/B RU 33/B  ZLOO EH OLQHDUL]HG DQG DSSOLHG RQWR +\ERQG1 Q\ORQ
PHPEUDQH XVLQJ D VORW EORW DSSDUDWXV 3UHK\EULGL]DWLRQ SURFHGXUH ZLOO EH IROORZHG E\
K\EULGL]DWLRQXVLQJODEHOOHG51$VDPSOHV7KHPHPEUDQHZLOOEHDLUGULHGDQGH[SRVHG
WR ;UD\ ILOP 7R HVWLPDWH WKH UHODWLYH UDWH RI WUDQVFULSWLRQ DXWRUDGLRJUDP FDQ EH
TXDQWLILHG DQG YDOXHV ZLOO EH QRUPDOL]HG WR WKH LQWHQVLW\ RI WKH DFWLQ EDQG DIWHU
EDFNJURXQGVXEWUDFWLRQ7KHLQWHQVLWLHVRIVLJQDOVREWDLQHGZLOOJLYHLQGLFDWLRQRILQFUHDVH
LQ QXFOHDU WUDQVFULSWLRQ7UDQVFULSWLRQ UDWH ZLOO EH FRPSDUHG ZLWK WKH UDWH RI LQFUHDVH LQ
F\WRSODVPLFP51$OHYHOV

 $OSKDDPDQLWLQ WUHDWPHQW 1XFOHDU UXQRQ H[SHULPHQWV FDQ EH SHUIRUPHG LQ WKH
SUHVHQFH DQG DEVHQFH RI  0 DOSKDDPDQLWLQ 51$ SRO\PHUDVH ,, LQKLELWRU  WR
GHWHUPLQH ZKHWKHU WUDQVFULSWLRQ RI JORULQUHJXODWHG JHQHV LV FDWDO\]HG E\ 51$
SRO\PHUDVH,,


3RVVLEOHSRVWWUDQVFULSWLRQDOUHJXODWLRQRIJORULQLQGXFHGJHQHH[SUHVVLRQ

6LJQDO WUDQVGXFWLRQ SDWKZD\V LQIOXHQFH WKH VWDELOLW\ RI VSHFLILF WUDQVFULSWV E\ UDSLGO\
PRGXODWLQJ WKH IXQFWLRQ RI 51$ ELQGLQJ SURWHLQV WKDW UHJXODWH P51$ GHFD\ 3RVVLEO\
P51$ RIPDQ\ JHQHV WKDW DUH HIILFLHQWO\ LQGXFHG E\ JORULQ DUH V\QWKHVL]HG LQ WKH FHOOV
IURPWKHYHU\EHJLQQLQJRIGHYHORSPHQWEXWWKHVHWUDQVFULSWVGRQRWDFFXPXODWHEHFDXVH
WKH\ PD\ EH YHU\ XQVWDEOH XQWLO DJJUHJDWLRQ SURFHVV VWDUWV +RZHYHU JORULQ VLJQDOOLQJ
PD\ OHDG WR SRWHQWLDO VWDELOLVDWLRQ RI WKHVH VSHFLILF WUDQVFULSWV WKHUHE\ HQKDQFLQJ WKHLU
OHYHOUDSLGO\

3RO\DGHQ\ODWLRQ RI PHVVDJH LV RQH RI WKH SRVWWUDQVFULSWLRQDO PHFKDQLVPV WKDW
FRQWULEXWHWRWKHVWDELOL]DWLRQRIP51$5DSLGSRO\DGHQ\ODWLRQLVUHSRUWHGWRRFFXUGXULQJ
;HQRSXV RRF\WH GHYHORSPHQW DV ZHOO DV GXULQJ WKH GRUVDO YHQWUDO SDWWHUQLQJ RI WKH
'URVRSKLODHPEU\R 5LFKWHU 7RWHVWWKHK\SRWKHVLVWKDWWUDQVFULSWVPD\EHSUHVHQW
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LQLVRODWHGWRWDO51$EXWODFNSRO\ $ WDLOVDQGLQFUHDVHGP51$DEXQGDQFHFRXOGEHD
UHVXOWRIUDSLGSRO\DGHQ\ODWLRQTXDQWLWDWLYH573&5DQDO\VLVFDQEHSHUIRUPHGRQF'1$
VDPSOHVV\QWKHVL]HGXVLQJROLJRG7 WKDWZRXOG QRWSULPHF'1$V\QWKHVL]HGIURPQRQ
DGHQ\ODWHG WUDQVFULSWV  RU UDQGRP KH[DPHU SULPHUV IROORZHG E\ FRPSDULVRQ RI IROG
FKDQJHVEHWZHHQKH[DPHUSULPHGDQGROLJRG7SULPHGF'1$V

7R GHWHUPLQH ZKHWKHU SDUWLDO WUDQVFULSWV ZHUH SUHVHQW LQ LVRODWHG WRWDO 51$ SULPHU
SDLUVWKDWZRXOGDPSOLI\VPDOOIUDJPHQWVIURPHLWKHU RU HQGVRIWUDQVFULSWVRIPRGHO
JORULQLQGXFHGJHQHV33/BRU33/BFDQEHXVHGDQGWKHGLIIHUHQFHVLQIROG
FKDQJHVEHWZHHQWKH RU HQGRIDQ\RIWKHWZRWUDQVFULSWVFDQEHPHDVXUHG

7RH[DPLQHZKHWKHUP51$DUHSUHVHQWDVLQWDFWPHVVDJHVERXQGWRSURWHLQVLQ3
SDOOLGXP 31 DPRHEDH FHOOIUHH O\VDWHV FDQ EH LQFXEDWHG ZLWK GLIIHUHQW SURWHDVHV
VXFK DV WU\SVLQ SURWHLQDVH . RU 4LDJHQ SURWHDVH SULRU WR SURWHLQ SUHFLSLWDWLRQ GXULQJ
51$ H[WUDFWLRQ 6XEVHTXHQWO\ WKH UHOHDVH RI WUDQVFULSWV E\ SURWHDVH WUHDWPHQW FDQ EH
GHWHFWHGE\UHDOWLPH573&5

,Q VKRUW DQ LQVLJKW LQWR WKH PHFKDQLVPV E\ ZKLFK JORULQ UHJXODWHV JHQH H[SUHVVLRQ
FKDQJHV PD\ SURYLGH DQ XQGHUVWDQGLQJ RI WKH PRGXODWLRQ RI JHQH H[SUHVVLRQ E\ RWKHU
FKHPRWDFWLFIDFRUVLQHXNDU\RWHV


,GHQWLILFDWLRQRIJORULQVWLPXOXVLQGXFLEOHSURPRWHUVE\&KL3RQFKLS

5HFHQWO\ LW ZDV UHSRUWHG WKDW NLQDVHV LQFOXGLQJ 3.$ DQG (5.V  DUH SK\VLFDOO\
DVVRFLDWHG ZLWK SURPRWHUV WKH\ UHJXODWH 3RNKRORN HW DO   *ORULQLQGXFHG JHQH
H[SUHVVLRQPD\EHUHJXODWHGGLUHFWO\E\(5.RU3.$RUERWK7KHUHIRUH&KL3RQFKLS
WHFKQLTXH WKDW FRPELQHV FKURPDWLQ LPPXQRSUHFLSLWDWLRQ &K,3  ZLWK PLFURDUUD\
WHFKQRORJ\ FKLS XVLQJDQWLERGLHVDJDLQVW(5.DQG3.$PD\LQGLFDWHDVHWRIJORULQ
VWLPXOXVLQGXFHGSURPRWHUV,IWKHDYDLODEOHDQWLERGLHVDUHQRWFRPSDWLEOHZLWKFKURPDWLQ
LPPXQRSUHFLSLWDWLRQ WDJJHG 3.$ DQG (5. ZRXOG EH DQ DSSURSULDWH DOWHUQDWLYH 7KH
UHVXOWLQJ JURXS RI VLPLODUO\ UHJXODWHG SURPRWHUV FDQ WKHQ EH XVHG WR UHFRJQL]H FULWLFDO
'1$ELQGLQJHOHPHQWVDQGPD\IDFLOLWDWHWRGHWHUPLQHWKHIDFWRUVWKDWUHJXODWHWKHJORULQ
VWLPXOXVLQGXFLEOHSURPRWHUV
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 ,GHQWLILFDWLRQ RI FLVDFWLQJ '1$ HOHPHQWV WKDW PD\ EH UHVSRQVLYH WR
JORULQVLJQDOOLQJLQWKHSURPRWHUUHJLRQRIJORULQUHJXODWHGJHQHV

7RXQGHUVWDQGPROHFXODUEDVLVIRUWKHGHYHORSPHQWDOUHJXODWLRQRIHDUO\JHQHH[SUHVVLRQ
E\ JORULQ LW ZRXOG EH LQWHUHVWLQJ WR DQDO\]H SURPRWHU RI D PRGHO JORULQLQGXFHG JHQH
VXFK DV 33/B )RU WKLV SXUSRVH UHSRUWHUJHQH FRQVWUXFWV ZLOO EH SUHSDUHG E\
IXVLQJSURPRWHU aESESXSVWUHDPRIWUDQVFULSWLRQVWDUWVLWH RI33/BZLWK
DWUDQVFULSWLRQXQLWWKDWFDQH[SUHVVDUHSRUWHUSURWHLQVXFKDVOXFLIHUDVH7KLVVWUDWHJ\
ZLOO KHOS WR GHWHUPLQH ZKHWKHU WKLV SURPRWHU UHJLRQ FDQ UHJXODWH WKH H[SUHVVLRQ RI D
UHSRUWHUJHQHLQWKHVDPHPDQQHUDVLWGRHVIRUWKHHQGRJHQRXVJHQH LH33/B 
LQ UHVSRQVH WR JORULQ VWLPXODWLRQ ,I UHSRUWHU JHQH UHVSRQGV WR JORULQ VLJQDO LQ D VLPLODU
ZD\ LW ZLOO LQGLFDWH WKDW WKLV SURPRWHU IUDJPHQW FRQWDLQV JORULQ UHVSRQVH DFWLYLWLHV DQG
FDQEHXVHGWRIXUWKHUGHILQHJORULQUHVSRQVLYHHOHPHQWV7RGHWHUPLQHWKHPDMRUJORULQ
UHVSRQVHHOHPHQWZLWKLQWKH33/BSURWRW\SHSURPRWHUUHJLRQVHTXHQWLDOGHOHWLRQV
ZLOOEHPDGHLQWKLVUHJLRQXVLQJHLWKHU3&5DPSOLILFDWLRQRUH[LVWLQJUHVWULFWLRQHQ]\PH
VLWHV7KHGHOHWLRQFRQVWUXFWVFRQWDLQLQJ¶IODQNLQJVHTXHQFHVRI33/BVWDUWLQJDW
GLIIHUHQW SRVLWLRQV ZLOO EH FORQHG LQWR H[SUHVVLRQ YHFWRUV DQG XVHG WR WUDQVIRUP 3
SDOOLGXP31FHOOV7UDQVIRUPDQWVZLOOEHVHOHFWHGSRROHGDQGDVVD\HGIRUOXFLIHUDVH
DFWLYLW\ LQ UHVSRQVH WR JORULQ SXOVLQJ 2WKHU WHFKQLTXHV WKDW FDQ EH XVHG WR DQDO\]H
SURPRWHU UHJLRQV LQFOXGH UHSODFLQJ WKH IXOO OHQJWK SURPRWHU RI 33/B ZLWK
WUXQFDWLRQV DQG VLWHGLUHFWHG PXWDWLRQV 7KHVH DSSURDFKHV ZLOO KHOS WR LGHQWLI\ D
µVHTXHQFH HOHPHQW¶ ZLWKLQ SURPRWHU UHJLRQ RU WUDQVFULSWLRQDO HQKDQFHU UHJLRQ XSVWUHDP
RIWKH33/BSURPRWHUWKDWPD\EHQHFHVVDU\IRUJORULQLQGXFHGJHQHH[SUHVVLRQ
2QFH UHFRJQL]HG WKH FRQVHQVXV VHTXHQFH ZLOO EH VHDUFKHG LQ WKH SURPRWHUV RI RWKHU
JORULQUHJXODWHGJHQHV


 ,GHQWLILFDWLRQ RI WUDQVDFWLQJ IDFWRUV LQWHUDFWLQJ ZLWK SURPRWHUV RI
JORULQLQGXFHGJHQHV

7KHODUJHVWFKDQJHVLQWUDQVFULSWLRQDUHLQWHUYHQHGE\YDULDWLRQVLQWKHOHYHOVRUDFWLYLWLHV
RIWUDQVFULSWLRQIDFWRUV6RPHWUDQVFULSWLRQIDFWRUVKDYHEHHQLGHQWLILHGLQ'GLVFRLGHXP
:LOOLDPV(LFKLQJHUHWDO WKDWDUHUHTXLUHGIRUWKHFHOOVWRSURJUHVVWKURXJK
GHYHORSPHQW VXFK DV &EI$ &PRGXOH ELQGLQJ IDFWRU $ QHFHVVDU\ IRU DJJUHJDWLRQ
:LQFNOHU HW DO   *ER[ %LQGLQJ )DFWRU *%) QHFHVVDU\ IRU SRVWDJJUHJDWLRQ
GHYHORSPHQWGXHWRLWVFULWLFDOUROHLQH[SUHVVLRQRISRVWDJJUHJDWLYHJHQHV6FKQLW]OHUHW
DO 0\ESURWHLQV WKDWSOD\LPSRUWDQWUROHDWFXOPLQDWLRQ7VXMLRNDHWDO DQG
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'1* +RZHYHU WUDQVFULSWLRQ IDFWRUV GLUHFWO\ LQYROYHG LQ F$03SXOVH LQGXFHG JHQH
H[SUHVVLRQ LQ ' GLVFRLGHXP KDYH QRW \HW EHHQ UHFRJQL]HG $OVR QR 3.$DFWLYDWHG
WUDQVFULSWLRQIDFWRUKDVEHHQLGHQWLILHGWKDWFRXOGEHUHVSRQVLEOHIRUF$03SXOVHLQGXFHG
3.$GHSHQGHQW JHQH H[SUHVVLRQ 7KHUHIRUH LQYHVWLJDWLRQ RI WUDQDFWLQJ WUDQVFULSWLRQ
IDFWRUV DQG WKHLU VSHFLILF FLVDFWLQJ ELQGLQJ VLWHV LV RI XWPRVW LPSRUWDQFH IRU
XQGHUVWDQGLQJJORULQPRGXODWHGGHYHORSPHQWDOUHVSRQVHVLQ3SDOOLGXP

,QRUGHUWRXQGHUVWDQGZKHWKHUDWUDQVFULSWLRQIDFWRULVLQYROYHGLQJORULQUHJXODWHGJHQH
H[SUHVVLRQSURPRWHUUHJLRQV XSVWUHDPRIWKHWUDQVFULSWLRQDOVWDUWVLWH RI3SDOOLGXP
31 JHQHV KLJKO\ XSUHJXODWHG E\ JORULQ ZHUH VHDUFKHG WR LGHQWLI\ D VSHFLILF
QXFOHRWLGH VHTXHQFH HOHPHQW FRPPRQ WR DOO WKHVH JHQHV ZKHUH D VHTXHQFHVSHFLILF
JORULQDFWLYDWHG WUDQVFULSWLRQ IDFWRU FRXOG ELQG 6XUSULVLQJO\ QR REYLRXV VHTXHQFH PRWLI
ZDVIRXQGWKDWZDVFRPPRQWRDOOJHQHV6RPH&ULFKER[HVZHUHIRXQGEXWWKH\DOVR
DSSHDUHG LQ JHQHV QRW UHJXODWHG E\ JORULQ LQGLFDWLQJ WKDW JORULQ VLJQDOOLQJ PD\ QRW
GLUHFWO\ DFWLYDWH D WUDQVFULSWLRQ IDFWRU WR UHJXODWH JHQH H[SUHVVLRQ UDWKHU D QXFOHDU
IDFWRU V FRXOGEHWULJJHUHGE\JORULQVLJQDOOLQJ,WLVOLNHO\WKDWDVHTXHQFHVSHFLILFSURWHLQ
LQWHUDFWLRQZLWKDWUDQVFULSWLRQDOHQKDQFHULVLQYROYHGLQWKHJORULQGHSHQGHQWUHJXODWLRQ
RI JHQH H[SUHVVLRQ 1HYHUWKHOHVV FKURPDWLQ VWUXFWXUH DQG KLVWRQH PRGLILFDWLRQ DOVR
H[HUWHIIHFWVRQJHQHH[SUHVVLRQ

 *HO PRELOLW\ VKLIW DVVD\V ,W ZRXOG EH LQWHUHVWLQJ WR UHVHDUFK IRU WKH QXFOHDU
SURWHLQ WKDW PD\ LQWHUDFW ZLWK VSHFLILF VHTXHQFHV ZLWKLQ SURPRWHU RI JORULQUHJXODWHG
JHQHV WR PRGXODWH JORULQPHGLDWHG JHQH H[SUHVVLRQ *HO PRELOLW\ VKLIW DVVD\V FDQ EH
SHUIRUPHG XVLQJ WKH '1$IUDJPHQW RI WKH ¶IODQNLQJ VHTXHQFH RIPRGHO JORULQLQGXFHG
JHQH VXFK DV 33/B '1$ IUDJPHQW ZLOO EH REWDLQHG E\ 3&5 DQG ODEHOOHG IRU WKH
EDQGVKLIWDVVD\1XFOHDUH[WUDFWVSUHSDUHGIURP3SDOOLGXPFHOOVGHYHORSHGIRUKRXUV
LQ WKH SUHVHQFH RU DEVHQFH RI JORULQ SXOVLQJ ZLOO EH LQFXEDWHG ZLWK WKH ODEHOOHG
IUDJHPHQWV '1$SURWHLQ FRPSOH[HV ZLOO EH VHSDUDWHG E\ QDWLYH SRO\DFU\ODPLGH JHO
HOHFWURSKRUHVLVDQGPRELOLWLHVRI'1$IUDJPHQWVFDQEHYLVXDOL]HGE\DXWRUDGLRJUDSK\,W
ZRXOG EH H[SHFWHG WKDW SUREHV IRUP D VSHFLILF EDQG ZLWK QXFOHDU IDFWRU V  UHVXOWLQJ LQ
VKLIWLQJRIWKHQXFOHDUSURWHLQV6LQFHWKH33/BLVLQGXFHGE\JORULQSXOVHVLWZLOO
EH RI LQWHUHVW WR GHWHUPLQH ZKHWKHU WKH VKLIWHG QXFOHDU IDFWRU LV DOVR DIIHFWHG E\ JORULQ
SXOVHV$Q\SRVVLEOHLQFUHDVHLQWKHQXFOHDUIDFWRUZRXOGVXJJHVWWKDWJORULQPRGXODWHG
LQGXFWLRQ RI WKH 33/B JHQH FRXOG LQ SDUW EH WKURXJK D GLUHFW LQFUHDVH LQ WKH
DPRXQWRIWKHVSHFLILFWUDQVDFWLYDWLQJIDFWRURUWKURXJK'1$ELQGLQJIXQFWLRQRIVXFKD
IDFWRU,GHQWLILFDWLRQRIDQ\'1$SURWHLQLQWHUDFWLRQZLOOEHIROORZHGE\DIILQLW\SXULILFDWLRQ
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RI LQWHUDFWLQJ SURWHLQ IURP QXFOHRSURWHLQ FRPSOH[HV 2QFH D VSHFLILF UHJLRQ LQ WKH
¶IODQNLQJ VHTXHQFH RI VHOHFWHG JORULQ UHVSRQVLYH JHQH LV LGHQWLILHG DV ³SXWDWLYH JORULQ
UHVSRQVH HOHPHQW´ LW ZRXOG EH LQWHUHVWLQJ WR FUHDWH PXWDWLRQV LQ D IHZ EDVHV DQG
DQDO\]H ZKHWKHU QXFOHDU SURWHLQ KDV VWULQJHQW QXFOHRWLGH VHTXHQFH UHTXLUHPHQW IRU
ELQGLQJ)RUWKLVSXUSRVHJHOPRELOLW\VKLIWDVVD\VFDQEHFDUULHGRXWXVLQJERWKZLOGW\SH
DQG PXWDQW IRUPV RI ³JORULQ UHVSRQVH HOHPHQWV´ )XWXUH ZRUN XVLQJ '1$ PHWK\ODWLRQ
LQWHUIHUHQFHDVVD\VZLOOKHOSWRIXUWKHUSLQSRLQWVSHFLILFEDVHVWKDWDUHLQYROYHGLQSURWHLQ
ELQGLQJ


,GHQWLILFDWLRQRIJORULQDVHDQGHQ]\PHDFWLYLW\DVVD\

8QH[SHFWHGO\SURWHRPLFVH[SHULPHQWVFRQGXFWHGLQWKLVUHVHDUFKZRUNFRXOGQRWGHWHFW
DQ\ SXWDWLYH µODFWDPDVH¶ SURWHLQ WKDW FRXOG RSHQ RUQLWKLQH ODFWDP ULQJ RI JORULQ WR
GHJUDGH WKH VLJQDO  LQ WKH H[WUDFHOOXODU ILOWUDWHV RI 3 SDOOLGXP 31 FHOOV VXJJHVWLQJ
WKDW WKH H[SHULPHQWDO VWUDWHJ\ VKRXOG EH PRGLILHG ,Q RUGHU WR LGHQWLI\ JORULQDVH DQ
DOWHUQDWLYH DSSURDFK VKRXOG LQFOXGH FRPSDULVRQ RI SURWHLQV VHFUHWHG E\ ZLOG W\SH 3
SDOOLGXP 31 FHOOV ZLWK WKDW RI JORULQWUHDWHG FHOOV EHFDXVH JORULQ PD\ GLUHFWO\ RU
LQGLUHFWO\ LQGXFH WKH JHQH HQFRGLQJ JORULQDVH 3URWHLQV WKDW DUH REVHUYHG LQ WKH
H[WUDFHOOXODU ILOWUDWH RI JORULQ WUHDWHG FHOOV EXW QRW LQ WKDW RI XQWUHDWHG FHOOV PD\ LQFOXGH
SXWDWLYH JORULQDVH SURWHLQ $V D QH[W VWHS ELRFKHPLFDO FKDUDFWHUL]DWLRQ RI WKHJORULQDVH
FDQGLGDWH SURWHLQV XVLQJ V\QWKHWLF JORULQ DV VXEVWUDWH ZLOO SURYLGH LQIRUPDWLRQ DERXW
HQ]\PHVSHFLILFLW\

$QDOWHUQDWLYHVWUDWHJ\WRLGHQWLI\JORULQDVHPD\LQFOXGHIROORZLQJVWHSV  IUDFWLRQDWLRQ
RI H[WUDFHOOXODU SURWHLQV VHFUHWHG E\ 3 SDOOLGXP 31 FHOOV E\ XOWUDILOWUDWLRQ  
'HWHUPLQDWLRQ RI JORULQ GHJUDGLQJ DFWLYLW\ RI DOO IUDFWLRQV   )XUWKHU FKDUDFWHUL]DWLRQ RI
KLJKO\ DFWLYH IUDFWLRQ WR SXULI\ ³DFWLYH IDFWRU´ XVLQJ FKURPDWRJUDSKLF PHWKRGV  
&RQFHQWUDWLRQ RI KLJKO\ DFWLYH IUDFWLRQ XVLQJ XOWUDILOWUDLRQ   )UDFWLRQDWLRQ RI KLJKO\
DFWLYH IUDFWLRQ RQ D JHO ILOWUDWLRQ FROXPQ DQG DFWLYLW\ WHVWLQJ   &RQFHQWUDWLRQ RI DFWLYH
IUDFWLRQHOXWHGIURPJHOILOWHUDWLRQFROXPQXVLQJXOWUDILOWUDWLRQ  )UDFWLRQDWLRQRIDFWLYH
IUDFWLRQ RQ DQLRQ H[FKDQJH FROXPQ   6HSHUDWLRQ RI GLIIHUHQW SURWHLQV LQ WKH DFWLYH
IUDFWLRQ HOXWHG IURP DQLRQ H[FKDQJH FROXPQ E\ ³DQDO\WLFDO K\GURSKRELF LQWHUDFWLRQ
H[FKDQJH FROXPQ´   )UDFWLRQDWLRQ RI DFWLYH IUDFWLRQV REWDLQHG IURP DQLRQ H[FKDQJH
FROXPQ RQ D QDWLYH SRO\DFU\ODPLGH JHO   )XUWKHU IUDFWLRQDWLRQ RI DFWLYH IUDFWLRQV
REWDLQHG IURP QDWLYH SRO\DFU\ODPLGH JHO RQ D GHQDWXULQJ 6'6 SRO\DFU\ODPLGH JHO WR
GHWHUPLQH 1WHUPLQDO VHTXHQFH RI SURWHLQV   ([SUHVVLRQ RI LGHQWLILHG SURWHLQV LQ
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EDFWHULD   *ORULQDVH DFWLYLW\ WHVWLQJ E\ LQFXEDWLQJ SXWDWLYH JORULQDVH SURWHLQ ZLWK
GLIIHUHQWFRQFHQWUDWLRQVRIJORULQIROORZHGE\+3/&DQDO\VLVRIGHJUDGDWLRQSURGXFWV


,GHQWLILFDWLRQFHOOVXUIDFHRIJORULQUHFHSWRU

3UHYLRXVO\ LW ZDV UHSRUWHG WKDW JORULQ DFW E\ ELQGLQJ WR FHOOVXUIDFH *SURWHLQ FRXSOHG
UHFHSWRU 'H :LW HW DO   6DPH DXWKRUV VKRZHG WKDW JURZLQJ 3RO\VSKRQG\OLXP
DPRHEDH SRVVHVV DGHTXDWH QXPEHU RI JORULQ UHFHSWRUV WKDW LQFUHDVH VOLJKWO\ LQ
DJJUHJDWLQJ FHOOV .RSDFKLN  'H:LW HW DO   5HVXOWV SUHVHQWHG LQ WKLV WKHVLV
SRLQWWRWZRSXWDWLYH*SURWHLQFRXSOHGUHFHSWRUJHQHVLH33/BDQG33/B
WKDW DUH H[SUHVVHG LQ JURZLQJ FHOOV ZKHUHDV WKHLU H[SUHVVLRQ OHYHOV DUH PRGHUDWHO\
HQKDQFHG LQ DJJUHJDWLQJ FHOOV ,Q ' GLVFRLGHXP DJJUHJDWLRQ VWDJH F$5 UHFHSWRU LV
LQGXFHGE\QDQRPRODUF$03SXOVHV 0XHWDO)LUWHO/RRPLV/RXLVHW
DO6D[HHWDODE.OHLQHWDO.LPPHO 51$VHTDQDO\VLV
LQGLFDWHG WKDW ERWK RI WKHVH JHQHV DUH LQGXFHG LQ UHVSRQVH WR JORULQ VWLPXODWLRQ
7KHUHIRUH WKHVH WZR JHQHV PD\ EH SRWHQWLDO FDQGLGDWHV IRU JORULQ UHFHSWRU DQG IXWXUH
UHVHDUFKVKRXOGIRFXVRQVWXG\LQJWKHLUIXQFWLRQDOUROHVE\JHQHUDWLQJNQRFNRXWPXWDQWV
LQ3SDOOLGXP312WKHUDSSURDFKWRLGHQWLI\JORULQUHFHSWRUZLOOPDNHXVHRIµDIILQLW\
ODEHOOLQJ¶ WHFKQLTXH XVLQJ D GHULYDWLYH RI JORULQ WKDW FDQ IRUP D FRYDOHQW OLQNDJH RQFH
ERXQGWRWKHUHFHSWRU$OWHUQDWLYHO\5(0,PXWDQWVRI3SDOOLGXPFDQEHJHQHUDWHGDQG
)$&6 IOXRUHVFHQFHDFWLYDWHGFHOOVRUWLQJ DQDO\VLVFDQEHSHUIRUPHGWRVRUWRXWPXWDQWV
GHIHFWLYHLQELQGLQJIOXRUHVFHQWGHULYDWLYHVRIJORULQ


 'HWHUPLQDWLRQ RI WKH ELRORJLFDO UROHV SOD\HG E\ JORULQUHJXODWHG
JHQHV

)XWXUH VWXGLHV VKRXOG IRFXV WR XQUDYHO WKH IXQFWLRQV RI JORULQUHJXODWHG JHQHV E\
JHQHUDWLQJNQRFNRXWPXWDWLRQVLQWKHJHQHVRILQWHUHVWIROORZHGE\GHWHUPLQDWLRQRIWKH
FHOOXODUSURFHVVHVZKLFKKDYHEHHQGLVUXSWHGRUFRPSURPLVHGLQVXFKPXWDQWV3URGXFWV
RIWKHJHQHVGLIIHUHQWLDOO\PRGXODWHGE\JORULQPD\EHLQYROYHGQRWRQO\LQWKHUHFHSWLRQ
DQGWUDQVGXFWLRQRIH[WUDFHOOXODUJORULQVLJQDOEXWDOVRLQWKHV\QWKHVLVDQGGHJUDGDWLRQRI
WKLVGLSHSWLGHFKHPRDWWUDFWDQW
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6XPPDU\

7KH H[FOXVLYH OLIH F\FOH RI VRFLDO DPRHEDH ZLWK WKH IUHTXHQW VKLIWLQJ EHWZHHQ XQL DQG
PXOWLFHOOXODUVWDJHVRIIHUVDQLGHDOV\VWHPWRVWXG\WKHFRPSOH[SURFHVVRILQWHUFHOOXODU
FRPPXQLFDWLRQ 'LFW\RVWHOLGV OLYH DV VLQJOH FHOOV IRU PRVW RI WKHLU OLIH WLPH EXW XQGHU
XQIDYRXUDEOHFRQGLWLRQVWKH\FDQDJJUHJDWHWRIRUPPXOWLFHOOXODUIUXLWLQJERGLHVWKDWKROG
GRUPDQW VSRUHV $ IXQGDPHQWDO UHTXLVLWH IRU DJJUHJDWLYH PXOWLFHOOXODU GHYHORSPHQW LV
FHOOFHOOFRPPXQLFDWLRQ$YDULHW\RIFKHPLFDOVLJQDOVLQFOXGLQJF$03IROLFDFLGSWHULQV
DQGJORULQDUHXVHGE\'LFW\RVWHOLGVWRPHGLDWHFHOOFHOOFRPPXQLFDWLRQLQWKHSURFHVVRI
DJJUHJDWLRQ

7KH DJJUHJDWLYH FKHPRDWWUDFWDQW JORULQ 1SURSLRQ\OȖ/JOXWDP\O/RUQLWKLQHįODFWDP
HWK\O HVWHU  ZDV RULJLQDOO\ LVRODWHG IURP 3RO\VSKRQG\OLXP YLRODFHXP ,Q WKLV VWXG\ D
FKHPRWD[LV DVVD\ ZDV HVWDEOLVKHG WR VWXG\ UHVSRQVHV RI VRFLDO DPRDEDH WR JORULQ
&KHPRWD[LV RI FHOOV WR JORULQ ZDV IRXQG LQ VSHFLHV IURP DOO IRXU PDMRU SK\ORJHQHWLF
JURXSVRI'LFW\RVWHOLGV3UHYLRXVO\VRPHDVSHFWVRIJORULQVLJQDOOLQJZHUHVWXGLHGLQWKH
VSHFLHV 3 YLRODFHXP EXW WKH SXWDWLYH UROH RI JORULQ LQ PHGLDWLQJ FKDQJHV LQ JHQH
H[SUHVVLRQUHPDLQHGXQH[SORUHG,QWKLVVWXG\HIIHFWVRIJORULQDVDPRGXODWRURIJHQH
UHJXODWLRQ LQ WKH HDUO\ PXOWLFHOOXODU GHYHORSPHQW ZHUH VWXGLHG LQ WKH VSHFLHV
3RO\VSKRQG\OLXPSDOOLGXP31ZKRVHJHQRPHKDVUHFHQWO\EHHQVHTXHQFHGDQGWKDW
LVFKHPRWDFWLFDOO\UHVSRQVLYHWRJORULQ8VLQJ,OOXPLQD51$VHTXHQFLQJWHFKQRORJ\LWZDV
VKRZQWKDWJORULQPHGLDWHVUDSLGFKDQJHVLQJHQHH[SUHVVLRQLQHDUO\GHYHORSPHQWRI3
SDOOLGXP7KHRSWLPDOJORULQFRQFHQWUDWLRQDQGWKHSXOVLQJIUHTXHQF\UHTXLUHGWRREVHUYH
PD[LPDOUHVSRQVHE\3SDOOLGXP31ZDVGHWHUPLQHGWREH0JORULQDSSOLHGDW
PLQXWHLQWHUYDOV+RZHYHUJORULQHIIHFWVRQJHQHH[SUHVVLRQ ZHUHURXJKO\LQGHSHQGHQW
RI WKH JORULQ FRQFHQWUDWLRQ DSSOLHG RQO\ WKH OHYHO RI LQGXFWLRQ ZDV KLJKHU DW KLJK JORULQ
FRQFHQWUDWLRQV XVHG ZKHUHDV SDWWHUQV RI H[SUHVVLRQ UHPDLQHG XQFKDQJHG XQGHU D
YDULHW\ RI SXOVLQJ FRQGLWLRQV *ORULQLQGXFHG JHQHV VWDUWHG WR DFFXPXODWH ZLWKLQ 
PLQXWHVRIJORULQWUHDWPHQWDQGSUHVWDUYDWLRQZDVQRWUHTXLUHGWRGHWHFWJORULQLQGXFHG
JHQH H[SUHVVLRQ LQGLFDWLQJ WKDW DOO EDVLF FRPSRQHQWV RI JORULQ VLJQDOOLQJ DUH DOUHDG\
SUHVHQWLQDODWHQWVWDWHLQJURZLQJDPRHEDH'HYHORSPHQWDONLQHWLFVRIVHOHFWHGJORULQ
LQGXFHGJHQHVVKRZHGWKDWPRVWRIWKHJORULQLQGXFHGJHQHVZHUHPD[LPDOO\H[SUHVVHG
DWWKHDJJUHJDWLRQVWDJHLQWKHGHYHORSPHQWRI3SDOOLGXPFHOOV3SDOOLGXPFHOOVWUHDWHG
ZLWKJORULQH[KLELWHGDFFHOHUDWHGDJJUHJDWLRQZKHQSODWHGIRUGHYHORSPHQWRQDJDUPRVW
SUREDEO\EHFDXVHJORULQLQGXFHGSUHFRFLRXVH[SUHVVLRQRIDJJUHJDWLRQVSHFLILFJHQHV
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7KHVHUHVXOWVLPSO\WKDWJORULQLVWKHPRVWDQFLHQWLQWHUFHOOXODUFRPPXQLFDWLRQPROHFXOH
WKDW PHGLDWHV QRW RQO\ FKHPRWDFWLF DJJUHJDWLRQ EXW DOVR SUHSDUHV FHOOV WR SRVW
DJJUHJDWLYHGHYHORSPHQWE\LQGXFLQJJHQHVUHTXLUHGIRULQWUDDQGLQWHUFHOOXODUVLJQDOLQJ
LQ WKH PXOWLFHOOXODU RUJDQLVP ,QWHUHVWLQJO\ KRZHYHU WKH JORULQEDVHG FRPPXQLFDWLRQ
GXULQJ DJJUHJDWLRQ KDV EHHQ UHSODFHG VHYHUDO WLPHV E\ RWKHU FRPPXQLFDWLRQ V\VWHPV
GXULQJGLFW\RVWHOLGHYROXWLRQ
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=XVDPPHQIDVVXQJ

'HU H[NOXVLYH /HEHQV]\NOXV VR]LDOHU $P|EHQ GHU KlXILJ ]ZLVFKHQ HLQ XQG
PHKU]HOOLJHQ 6WDGLHQ ZHFKVHOW ELHWHW HLQ LGHDOHV 6\VWHP IU GDV 6WXGLXP NRPSOH[HU
3UR]HVVH GHU LQWHU]HOOXOlUHQ .RPPXQLNDWLRQ 6R]LDOH $P|EHQ OHEHQ DOV HLQ]HOOLJH
2UJDQLVPHQ N|QQHQ DEHU XQWHU XQJQVWLJHQ 8PZHOWEHGLQJXQJHQ YLHO]HOOLJH
)UXFKWN|USHU PLW DXVGDXHUQGHQ 6SRUHQ ELOGHQ (LQH 9LHO]DKO FKHPLVFKHU 6LJQDOH
HLQVFKOLHOLFK ]\NOLVFKHP $03 )ROVlXUH 3WHULQH'HULYDWHQ XQG *ORULQ ZHUGHQ YRQ
VR]LDOHQ $P|EHQ YHUZHQGHW XP GLH =HOO=HOO.RPPXQLNDWLRQ ZlKUHQG GHU $JJUHJDWLRQ
]XYHUPLWWHOQ

'DV FKHPRWDNWLVFK ZLUNHQGH 0ROHNO *ORULQ 13URSLRQ\OȖ/JOXWDP\O/RUQLWKLQį
ODFWDPHWK\OHVWHU ZXUGHXUVSUQJOLFKDXV3RO\VSKRQG\OLXPYLRODFHXPLVROLHUW,QGLHVHU
6WXGLHZXUGH]XQlFKVWHLQ&KHPRWD[LV7HVWHQWZLFNHOWGHUHVHUODXEWGLH5HDNWLRQYRQ
=HOOHQ DXI *ORULQ ]X XQWHUVXFKHQ (V ZXUGH JH]HLJW GDVV &KHPRWD[LV DXI *ORULQ LQ
VR]LDOHQ $P|EHQ DOOHU YLHU  SK\ORJHQHWLVFK YHUZDQGWHU *UXSSHQ GHU VR]LDOHQ $P|EHQ
YRUNRPPW  (LQLJH $VSHNWH GHU *ORULQEDVLHUWHQ LQWHU]HOOXOlUHQ .RPPXQLNDWLRQ ZXUGHQ
IUKHU LQ 3 YLRODFHXP VWXGLHUW DOOHUGLQJV EOLHE GLH P|JOLFKH 5ROOH YRQ *ORULQ LQ GHU
5HJXODWLRQGHU*HQH[SUHVVLRQ ZHLWJHKHQGXQHUIRUVFKW,QGLHVHU6WXGLHZXUGHQ(IIHNWH
YRQ *ORULQ DXI GLH *HQH[SUHVVLRQ LQ GHU IUKHQ (QWZLFNOXQJ GHU 6SH]LHV
3RO\VSKRQG\OLXP SDOOLGXP XQWHUVXFKW GHVVHQ *HQRP NU]OLFK VHTXHQ]LHUW ZXUGH XQG
GLHHLQHFKHPRWDNWLVFKH5HDNWLRQYRQ*ORULQ]HLJW0LWWHOV,OOXPLQD51$6HTXHQ]LHUXQJ
ZXUGH JH]HLJW GDVV *ORULQ UDVFKH 9HUlQGHUXQJHQ LQ GHU *HQH[SUHVVLRQ LQ GHU IUKHQ
(QWZLFNOXQJ YRQ 3 SDOOLGXP EHZLUNW (V ZXUGH JHIXQGHQ GDVV GLH RSWLPDOH
.RQ]HQWUDWLRQ XQG 3XOVIUHTXHQ] ]XU 6WLPXODWLRQ GHU *HQH[SUHVVLRQ EHL H[RJHQHU
=XJDEHYRQ*ORULQ]XKXQJHUQGHQ=HOOHQEHL0*ORULQXQG0LQXWHQ,QWHUYDOOHQODJ
'HU ]HLWOLFKH 9HUODXI GHU *ORULQ(IIHNWH DXI GLH *HQH[SUHVVLRQ ZDU DOOHUGLQJV
ZHLWHVWJHKHQG XQDEKlQJLJ YRQ GHU *ORULQ.RQ]HQWUDWLRQ 'LH ([SUHVVLRQ *ORULQ
LQGX]LHUWHU *HQH ZXUGH EHUHLWV LQQHUKDOE YRQ IQI 0LQXWHQ QDFK *ORULQ=XJDEH
EHREDFKWHW XQG ZDU XQDEKlQJLJ YRQ HLQHU YRUKHULJHQ +XQJHUSKDVH GHU $P|EHQ ZDV
GDUDXIKLQGHXWHWGDVVGDV*ORULQEDVLHUWH.RPPXQLNDWLRQVV\VWHPVFKRQLQZDFKVHQGHQ
=HOOHQODWHQWHWDEOLHUWLVW)HUQHUZXUGHJH]HLJWGDVVGLHPHLVWHQGHU*ORULQLQGX]LHUWHQ
*HQH ZlKUHQG GHU $JJUHJDWLRQVSKDVH LQ GHU (QWZLFNOXQJ YRQ 3 SDOOLGXP PD[LPDO
H[SHULPLHUWZHUGHQ0LW*ORULQEHKDQGHOWH3SDOOLGXP=HOOHQ]HLJWHQHLQHEHVFKOHXQLJWH
$JJUHJDWLRQ ZDV P|JOLFKHUZHLVH DOV )ROJH HLQHU YHUIUKWHQ ([SUHVVLRQ *ORULQ
LQGX]LHUWHU*HQHXQWHUGHQH[SHULPHQWHOOHQ%HGLQJXQJHQ]XUFN]XIKUHQZDU
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'LH HU]LHOWHQ (UJHEQLVVH ODVVHQ YHUPXWHQ GDVV *ORULQ GDV HYROXWLRQlU lOWHUHVWH
LQWHU]HOOXOlUH .RPPXQLNDWLRQVPROHNO LQQHUKDOE GHU VR]LDOHQ $P|EHQ GDUVWHOOW 'DEHL
ZLUNW*ORULQQLFKWQXUDOVFKHPRWDNWLVFKHV6LJQDOPROHNOVRQGHUQNRQGLWLRQLHUWGLH=HOOHQ
DXFK IU GLH 3RVWDJJUDJWLRQVSKDVH LQGHP HV *HQH UHJXOLHUW GLH LP PXOWL]HOOXOlUHQ
RUJDQLVPXV IU GLH LQWUD XQG LQWHU]HOOXOlUH .RPPXQLNDWLRQ EHQ|WLJW ZHUGHQ
%HPHUNHQVZHUWHUZHLVH ZXUGH GDV ZlKUHQG GHU $JJUHJDWLRQVSKDVH DNWLYH *ORULQ
EDVLHUWH .RPPXQLNDWLRQ DOOHUGLQJV LQ YHUVFKLHGHQHQ 6SH]LHV HUIROJUHLFK GXUFK DQGHUH
.RPPXQLNDWLRQVV\VWHPHHUVHW]W
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5HIHUHQFHV

$EH . DQG <DQDJLVDZD .   $ QHZ FODVV RI UDSLG GHYHORSLQJ PXWDQWV LQ 'LFW\RVWHOLXP
GLVFRLGHXPLPSOLFDWLRQVIRUF\FOLF$03PHWDEROLVPDQGFHOOGLIIHUHQWLDWLRQ'HY%LRO±
$OWRQ 7+ DQG /RGLVK +)   7UDQVODWLRQDO FRQWURO RI SURWHLQ V\QWKHVLV GXULQJ WKH HDUO\
VWDJHVRIGLIIHUHQWLDWLRQRIWKHVOLPHPROG'LFW\RVWHOLXPGLVFRLGHXP&HOO  
$OYDUH]&XUWR(0HLPD(06FKDDS3  ([SUHVVLRQDQGUROHRIDGHQ\O\OF\FODVHVGXULQJ
ODWHGHYHORSPHQWLQ'LFW\RVWHOLXPGLVFRLGHXP,QW-'HY%LRO 6 66

$OYDUH]&XUWR(5R]HQ'5LWFKLH$)RXTXHW&%DOGDXI6/6FKDDS3  (YROXWLRQDU\
RULJLQRIF$03EDVHGFKHPRDWWUDFWLRQLQWKHVRFLDODPRHEDH3URF1DW$FDG6FL86$


$OYDUH]&XUWR(6DUDQ60HLPD0=REHO-6FRWW& 6FKDDS3  F$03SURGXFWLRQ
E\ DGHQ\O\O F\FODVH * LQGXFHV SUHVSRUH GLIIHUHQWLDWLRQ LQ 'LFW\RVWHOLXP VOXJV 'HYHORSPHQW
±

$QGULF6$.RVWLF766WRMLONRYLF66  &RQWULEXWLRQRIPXOWLGUXJUHVLVWDQFHSURWHLQ053
LQFRQWURO RIF\FOLFJXDQRVLQH¶PRQRSKRVSKDWHLQWUDFHOOXODUVLJQDOLQJLQDQWHULRUSLWXLWDU\FHOOV
(QGRFULQRORJ\±

$QMDUG & 3LQDXG 6 .D\ 55 DQG 5H\PRQG &'   2YHUH[SUHVVLRQ RI 'G3. SURWHLQ
NLQDVH FDXVHV UDSLG GHYHORSPHQW DQG DIIHFWV WKH LQWUDFHOOXODU F$03 SDWKZD\ RI 'LFW\RVWHOLXP
GLVFRLGHXP'HYHORSPHQW

$QMDUG&6RGHUERP)DQG/RRPLV:)  5HTXLUHPHQWVIRUWKHDGHQ\O\OF\FODVHVLQ
WKHGHYHORSPHQWRI'LFW\RVWHOLXP'HYHORSPHQW±

$QMDUG &  /RRPLV :)   &\WRNLQLQV LQGXFH VSRUXODWLRQ LQ 'LFW\RVWHOLXP 'HYHORSPHQW
±
$QQHVOH\6-DQG)LVKHU35  'LFW\RVWHOLXPGLVFRLGHXPDPRGHOIRUPDQ\UHDVRQV0RO
&HOO%LRFKHP  
$UDJRQ $' 4XLxRQHV *$ 7KRPDV (9 5R\ 6 :HUQHU:DVKEXUQH 0   5HOHDVH RI
H[WUDFWLRQUHVLVWDQW P51$ LQ VWDWLRQDU\ SKDVH 6DFFKDURP\FHV FHUHYLVLDH SURGXFHV D PDVVLYH
LQFUHDVH LQ WUDQVFULSW DEXQGDQFH LQ UHVSRQVH WR VWUHVV *HQRPH %LRO   5 GRLJE
U 
$XEU\/0DHGD0,QVDOO5'HYUHRWHV31)LUWHO5$  7KH'LFW\RVWHOLXPPLWRJHQ
DFWLYDWHG SURWHLQ NLQDVH (5. LV UHJXODWHG E\ 5DV DQG F$03GHSHQGHQW SURWHLQ NLQDVH 3.$ 
DQGPHGLDWHV3.$IXQFWLRQ-%LRO&KHP  
$XEU\ /  )LUWHO 5$   ,QWHJUDWLRQ RI VLJQDOLQJ QHWZRUGV WKDW UHJXODWH 'LFW\RVWHOLXP
GLIIHUHQWLDWLRQ$QQX5HY&HOO'HY%LRO
%DJRUGD $ 'DV 6 5HULFKD (& &KHQ ' 'DYLGVRQ - 3DUHQW &$   5HDOWLPH
PHDVXUHPHQWVRIF$03SURGXFWLRQLQOLYH'LFW\RVWHOLXPFHOOV-&HOO6FL 3W 
%DOGDXI 6 /  'RROLWWOH : )   2ULJLQ DQG HYROXWLRQ RI WKH VOLPH PROGV P\FHWR]RD 
3URF1DWO$FDG6FL86$±

%DOGDXI 6 / 5RJHU $ - :HQN6LHIHUW ,  'RROLWWOH : )   $ NLQJGRPOHYHO
SK\ORJHQ\RIHXNDU\RWHVEDVHGRQFRPELQHGSURWHLQGDWD6FLHQFH±
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%DOGDXI6/  7KHGHHSURRWVRIHXNDU\RWHV6FLHQFH±

%DOO-%&UDLN'-$OHZRRG3)0RUULVRQ6$QGUHZV351LFKROOV,$  6\QWKHVLVDQG
FRQIRUPDWLRQDODQDO\VLVRIWKHVOLPHPRXOGDFUDVLQJORULQ$XVW-&KHP±

%DUNOH\ '6   $GHQRVLQH  SKRVSKDWH LGHQWLILFDWLRQ DV DFUDVLQ LQ D VSHFLHV RI FHOOXODU
VOLPHPROG6FLHQFH  
%HQDEHQWRV 5 +LURVH 6 6XFJDQJ 5 &XUN 7 .DWRK 0 2VWURZVNL ($ 6WUDVVPDQQ -(
4XHOOHU '& =XSDQ % 6KDXOVN\ * .XVSD $   3RO\PRUSKLF PHPEHUV RI WKH ODJ JHQH
IDPLO\PHGLDWHNLQGLVFULPLQDWLRQLQ'LFW\RVWHOLXP&XUU%LRO  
%HQWOH\ '5 %DODVXEUDPDQLDQ 6 6ZHUGORZ +3 6PLWK *3 0LOWRQ - %URZQ &* +DOO .3
(YHUV'-%DUQHV&/%LJQHOO+5%RXWHOO-0%U\DQW-&DUWHU5-.HLUD&KHHWKDP5&R[
$-(OOLV'-)ODWEXVK05*RUPOH\1$+XPSKUD\6-,UYLQJ/-.DUEHODVKYLOL06.LUN60
/L + /LX ; 0DLVLQJHU .6 0XUUD\ /- 2EUDGRYLF % 2VW 7 3DUNLQVRQ 0/ 3UDWW 05
5DVRORQMDWRYR,05HHG075LJDWWL55RGLJKLHUR&5RVV076DERW$6DQNDU696FDOO\
$ 6FKURWK *3 6PLWK 0( 6PLWK 93 6SLULGRX $ 7RUUDQFH 3( 7]RQHY 66 9HUPDDV (+
:DOWHU.:X;=KDQJ/$ODP0'$QDVWDVL&$QLHER,&%DLOH\'0%DQFDU],5%DQHUMHH
6 %DUERXU 6* %D\ED\DQ 3$ %HQRLW 9$ %HQVRQ .) %HYLV & %ODFN 3- %RRGKXQ $
%UHQQDQ-6%ULGJKDP -$ %URZQ5&%URZQ $$%XHUPDQQ'+%XQGX $$ %XUURZV-&
&DUWHU13&DVWLOOR1&KLDUD(&DWHQD]]L0&KDQJ61HLO&RROH\5&UDNH15'DGD22
'LDNRXPDNRV.''RPLQJXH])HUQDQGH]%(DUQVKDZ'-(JEXMRU8&(OPRUH':(WFKLQ
66(ZDQ05)HGXUFR0)UDVHU/-)XHQWHV)DMDUGR.96FRWW)XUH\:*HRUJH'*LHW]HQ
.-*RGGDUG&3*ROGD*6*UDQLHUL3$*UHHQ'(*XVWDIVRQ'/+DQVHQ1)+DUQLVK.
+DXGHQVFKLOG &' +H\HU 1, +LPV 00 +R -7 +RUJDQ $0 +RVFKOHU . +XUZLW] 6 ,YDQRY
'9 -RKQVRQ 04 -DPHV 7 +XZ -RQHV 7$ .DQJ *' .HUHOVND 7+ .HUVH\ $'
.KUHEWXNRYD , .LQGZDOO $3 .LQJVEXU\ = .RNNR*RQ]DOHV 3, .XPDU $ /DXUHQW 0$
/DZOH\ &7 /HH 6( /HH ; /LDR $. /RFK -$ /RN 0 /XR 6 0DPPHQ 50 0DUWLQ -:
0F&DXOH\3*0F1LWW30HKWD30RRQ.:0XOOHQV-:1HZLQJWRQ71LQJ=/LQJ1J%
1RYR 60 2 1HLOO 0- 2VERUQH 0$ 2VQRZVNL $ 2VWDGDQ 2 3DUDVFKRV // 3LFNHULQJ /
3LNH$&3LNH$&&KULV3LQNDUG'3OLVNLQ'33RGKDVN\-4XLMDQR9-5DF]\&5DH9+
5DZOLQJV65&KLYD5RGULJXH] $ 5RH305RJHUV-5RJHUW%DFLJDOXSR0&5RPDQRY1
5RPLHX $ 5RWK 5. 5RXUNH 1- 5XHGLJHU 67 5XVPDQ ( 6DQFKHV.XLSHU 50 6FKHQNHU
05 6HRDQH -0 6KDZ 5- 6KLYHU 0. 6KRUW 6: 6L]WR 1/ 6OXLV -3 6PLWK 0$ (UQHVW
6RKQD 6RKQD - 6SHQFH (- 6WHYHQV . 6XWWRQ 1 6]DMNRZVNL / 7UHJLGJR &/ 7XUFDWWL *
9DQGHYRQGHOH69HUKRYVN\<9LUN60:DNHOLQ6:DOFRWW*&:DQJ-:RUVOH\*-<DQ-
<DX / =XHUOHLQ 0 5RJHUV - 0XOOLNLQ -& +XUOHV 0( 0F&RRNH 1- :HVW -6 2DNV )/
/XQGEHUJ 3/ .OHQHUPDQ ' 'XUELQ 5 6PLWK $-   $FFXUDWH ZKROH KXPDQ JHQRPH
VHTXHQFLQJXVLQJUHYHUVLEOHWHUPLQDWRUFKHPLVWU\1DWXUH  
%HWDSXGL 9 0DVRQ & /LFDWH / (JHOKRII 77   ,GHQWLILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI D
QRYHO DOSKDNLQDVH ZLWK D YRQ :LOOHEUDQG IDFWRU $OLNH PRWLI ORFDOL]HG WR WKH FRQWUDFWLOH YDFXROH
DQG*ROJLFRPSOH[LQ'LFW\RVWHOLXPGLVFRLGHXP0RO%LRO&HOO  
%RPLQDDU $$  9DQ +DDVWHUW 3-   3KRVSKROLSDVH & LQ 'LFW\RVWHOLXP GLVFRLGHXP
,GHQWLILFDWLRQRIVWLPXODWRU\DQGLQKLELWRU\VXUIDFHUHFHSWRUVDQG*SURWHLQV%LRFKHP-

%RQQHU -7   (YLGHQFH IRU WKH IRUPDWLRQ RI FHOO DJJUHJDWHV E\ FKHPRWD[LV LQ WKH
GHYHORSPHQWRIWKHVOLPHPROG'LFW\RVWHOLXPGLVFRLGHXP-([S=RRO±
%RQQHU-7  7KHGHPRQVWUDWLRQRIDFUDVLQLQWKHODWHUVWDJHVRIWKHGHYHORSPHQWRIWKH
VOLPHPROG'LFW\RVWHOLXPGLVFRLGHXP-([S=RRO  
%RQQHU-7  7KH&HOOXODU6OLPH0ROGV3ULQFHWRQ8QLYHUVLW\3UHVV
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%RQQHU-7%DUNOH\'6 +DOO(0.RQLMQ700DVRQ-:2 .HHIH*,,,:ROIH3%  
$FUDVLQ $FUDVLQDVH DQG WKH VHQVLWLYLW\ WR DFUDVLQ LQ 'LFW\RVWHOLXP GLVFRLGHXP 'HY %LRO
  
%RQQHU -7   (YROXWLRQDU\ VWUDWHJLHV DQG GHYHORSPHQWDO FRQVWUDLQWV LQ WKH FHOOXODU VOLPH
PROGV$PHULFDQ1DWXUDOLVW

%RQQHU-7  7KHRULJLQVRIPXOWLFHOOXODULW\,QWHJUDWLYH%LRORJ\±

%RQQHU -7   )LUVW 6LJQDOV 7KH (YROXWLRQ RI 0XOWLFHOOXODU 'HYHORSPHQW 3ULQFHWRQ 1-
3ULQFHWRQ8QLY3UHVVSS

%RQQHU-7DQG/DPRQW'6  %HKDYLRURIFHOOXODUVOLPHPROGVLQWKHVRLO 0\FRORJLD


%RQQHU -7   7KH 6RFLDO $PRHEDH 7KH %LRORJ\ RI &HOOXODU 6OLPH 0ROGV 3ULQFHWRQ
8QLYHUVLW\3UHVV3ULQFHWRQ1-
%RVJUDDI/5XVVFKHU+6PLWK-/:HVVHOV'6ROO'59DQ+DDVWHUW3-  $QRYHO
F*03 VLJQDOOLQJ SDWKZD\ PHGLDWLQJ P\RVLQ SKRVSKRU\ODWLRQ DQG FKHPRWD[LV LQ 'LFW\RVWHOLXP
(0%2-  
%R]]DUR6*HULVFK*  &RQWDFWVLWHVLQDJJUHJDWLQJFHOOVRI3RO\VSKRQG\OLXPSDOOLGXP-
0RO%LRO  
%UDXQHUVUHXWKHU9 0DFK)  /HXNRF\WHUHFUXLWPHQWLQDWKHURVFOHURVLVSRWHQWLDOWDUJHWV
IRUWKHUDSHXWLFDSSURDFKHV"&HOO0RO/LIH6FL±

%UD]LOO'7/LQGVH\')%LVKRS-'*RPHU5+  &HOOGHQVLW\VHQVLQJPHGLDWHGE\D
*SURWHLQFRXSOHGUHFHSWRUDFWLYDWLQJSKRVSKROLSDVH&-%LRO&KHP

%UHIHOG-2  'LFW\RVWHOLXPPXFRURLGHV(LQQHXHURUJDQLVPXVDXVGHU9HUZDQGVFKDIWGHU
0\[RPLFHWHQ$EK6HQFNHQE1DWXUI*HV
%UHQQHU 6 3U|VFK 6 6FKHQNH/D\ODQG . 5LHVH 8 *DXVPDQQ 8 3ODW]HU &   F$03
LQGXFHG ,QWHUOHXNLQ SURPRWHU DFWLYDWLRQ GHSHQGV RQ &&$$7HQKDQFHUELQGLQJ SURWHLQ
H[SUHVVLRQDQGPRQRF\WLFGLIIHUHQWLDWLRQ-%LRO&KHP  
%URRN 0 6XOO\ * &ODUN $5 6DNODWYDOD -   5HJXODWLRQ RI WXPRXU QHFURVLV IDFWRU DOSKD
P51$ VWDELOLW\ E\ WKH PLWRJHQDFWLYDWHG SURWHLQ NLQDVH S VLJQDOOLQJ FDVFDGH )(%6 /HWW
  
%URZQLQJ ''7KH7 2 'D\ '+   &RPSDUDWLYH DQDO\VLV RI FKHPRWD[LV LQ 'LFW\RVWHOLXP
XVLQJDUDGLDOELRDVVD\PHWKRGSURWHLQW\URVLQHNLQDVHDFWLYLW\LVUHTXLUHGIRUFKHPRWD[LVWRIRODWH
EXWQRWWRF$03&HOO6LJQDO  
%U]RVWRZVNL -$  .LPPHO $5   1RQDGDSWLYH UHJXODWLRQ RI (5. LQ 'LFW\RVWHOLXP
LPSOLFDWLRQVIRUPHFKDQLVPVRIF$03UHOD\0RO%LRO&HOO
%XUNL( $QMDUG&6FKROGHU-&DQG5H\PRQG&'  ,VRODWLRQRIWZRJHQHVHQFRGLQJ
SXWDWLYHSURWHLQNLQDVHVUHJXODWHGGXULQJ'LFW\RVWHOLXPGLVFRLGHXPGHYHORSPHQW*HQH±

%XUQV 5$ /LYL *3 'LPRQG 5/   5HJXODWLRQ DQG VHFUHWLRQ RI HDUO\ GHYHORSPHQWDOO\
FRQWUROOHGHQ]\PHVGXULQJD[HQLFJURZWKLQ'LFW\RVWHOLXPGLVFRLGHXP'HY%LRO  





5()(5(1&(6
&DVWRQJXD\ $& 2OVRQ /- 'DKPV 10   0DQQRVH SKRVSKDWH UHFHSWRU KRPRORJ\
05+  GRPDLQFRQWDLQLQJ OHFWLQV LQ WKH VHFUHWRU\ SDWKZD\ %LRFKLP %LRSK\V $FWD   

&KDQJ <<   &\FOLF   DGHQRVLQH PRQRSKRVSKDWH SKRVSKRGLHVWHUDVH SURGXFHG E\ WKH
VOLPHPROG'LFW\RVWHOLXPGLVFRLGHXP6FLHQFH  
&KDUR ,)  7DXEPDQ0%   &KHPRNLQHV LQ WKH SDWKRJHQHVLV RI YDVFXODU GLVHDVH &LUF
5HV±
&KDVV\ %0   &\FOLF QXFOHRWLGH SKRVSKRGLHVWHUDVH LQ 'LFW\RVWHOLXP GLVFRLGHXP
LQWHUFRQYHUVLRQRIWZRHQ]\PHIRUPV6FLHQFH  
&KHQ0</RQJ<'HYUHRWHV31  $QRYHOF\WRVROLFUHJXODWRUSLDQLVVLPRLVUHTXLUHG
IRUFKHPRDWWUDFWDQWUHFHSWRUDQG*SURWHLQPHGLDWHGDFWLYDWLRQRIWKHWUDQVPHPEUDQHGRPDLQ
DGHQ\O\OF\FODVHLQ'LFW\RVWHOLXP*HQHV'HY

&KHQ6 6HJDOO-(  (SS$DSXWDWLYHVXEVWUDWHRI'G(5.UHJXODWHVF\FOLF$03UHOD\
DQGFKHPRWD[LVLQ'LFW\RVWHOLXPGLVFRLGHXP(XNDU\RW&HOO±
&KLVKROP 5/ +RSNLQVRQ 6 /RGLVK +)   6XSHULQGXFWLRQ RI WKH 'LFW\RVWHOLXP
GLVFRLGHXPFHOOVXUIDFHF$03UHFHSWRUE\SXOVHVRIF$033URF1DWO$FDG6FL86$  

&KLVKROP 5/ )LUWHO 5$   ,QVLJKWV LQWR PRUSKRJHQHVLV IURP D VLPSOH GHYHORSPHQWDO
V\VWHP1DW5HY0RO&HOO%LRO±

&KLVKROP 5/ *DXGHW 3 -XVW (0 3LOFKHU .( )H\ 3 0HUFKDQW 61 .LEEH :$  
GLFW\%DVH WKH PRGHO RUJDQLVP GDWDEDVH IRU 'LFW\RVWHOLXP GLVFRLGHXP 1XFOHLF $FLGV 5HV
 'DWDEDVHLVVXH '

&ODUNH0<DQJ-DQG.D\PDQ6&  $QDO\VLVRIWKHSUHVWDUYDWLRQUHVSRQVHLQJURZLQJ
FHOOVRI'LFW\RVWHOLXPGLVFRLGHXP'HY*HQHW ± ±
&ODUNH 0 'RPLQJXH] 1 <XHQ ,6 *RPHU 5+   *URZLQJ DQG VWDUYLQJ 'LFW\RVWHOLXP
FHOOVSURGXFHGLVWLQFWGHQVLW\VHQVLQJIDFWRUV'HY%LRO  
&ODUNH 0 DQG *RPHU 5+   36) DQG &0) DXWRFULQH IDFWRUV WKDW UHJXODWH JHQH
H[SUHVVLRQGXULQJJURZWKDQGHDUO\GHYHORSPHQWRI'LFW\RVWHOLXP([SHULHQWLD
&ORRQDQ 1 )RUUHVW $5 .ROOH * *DUGLQHU %% )DXONQHU *- %URZQ 0. 7D\ORU ')
6WHSWRH$/:DQL6%HWKHO*5REHUWVRQ$-3HUNLQV$&%UXFH6-/HH&&5DQDGH
66 3HFNKDP +( 0DQQLQJ -0 0F.HUQDQ .- *ULPPRQG 60   6WHP FHOO
WUDQVFULSWRPHSURILOLQJYLDPDVVLYHVFDOHP51$VHTXHQFLQJ1DW0HWKRGV  
&ORWZRUWK\ 0  7UD\QRU '   2Q WKH HIIHFWV RI F\FORKH[LPLGH RQ FHOO PRWLOLW\ DQG
SRODULVDWLRQLQ'LFW\RVWHOLXPGLVFRLGHXP%0&&HOO%LRO
&RKHQ0+ 5REHUWVRQ$  :DYHSURSDJDWLRQLQWKHHDUO\VWDJHVRIDJJUHJDWLRQRIWKH
FHOOXODUVOLPHPROGV-WKHRU%LRO

&RKHQ0+ 5REHUWVRQ$  'LIIHUHQWLDWLRQIRUDJJUHJDWLRQLQWKHFHOOXODUVOLPHPROGV,Q
&HOO'LIIHUHQWLDWLRQ HG5+DUULV3$OOLQ '9L]D SS&RSHQKDJHQ0XQNVJDDUG
&RORPEDWWL $ %RQDOGR 3 'ROLDQD 5   7\SH $ PRGXOHV LQWHUDFWLQJ GRPDLQV IRXQG LQ
VHYHUDOQRQILEULOODUFROODJHQVDQGLQRWKHUH[WUDFHOOXODUPDWUL[SURWHLQV0DWUL[  
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&RPE 0 %LUQEHUJ 1& 6HDVKROW] $ +HUEHUW ( *RRGPDQ +0   $ F\FOLF $03 DQG
SKRUEROHVWHULQGXFLEOH'1$HOHPHQW1DWXUH  
&RPHU),/LSSLQFRWW&.0DVEDG--3DUHQW&$  7KH3,.PHGLDWHGDFWLYDWLRQRI
&5$& LQGHSHQGHQWO\ UHJXODWHV DGHQ\O\O F\FODVH DFWLYDWLRQ DQG FKHPRWD[LV &XUUHQW %LRORJ\
  
&RVVRQ36ROGDWL7  (DWNLOORUGLHZKHQDPRHEDPHHWVEDFWHULD&XUU2SLQ0LFURELRO
  
&RWWHU'$0DKDGHR'&&HUYL'1.LVKL<*DOH.6DQGV7DQG6DPHVKLPD0
  (QYLURQPHQWDO UHJXODWLRQ RI SDWKZD\V FRQWUROOLQJ VSRUXODWLRQ GRUPDQF\ DQG JHUPLQDWLRQ
XWLOL]HVEDFWHULDOOLNHVLJQDOLQJFRPSOH[HVLQ'LFW\RVWHOLXPGLVFRLGHXP3URWLVW  ±

&URZOH\ : ) -U DQG +RIOHU - * HGLWRUV  7KH (SLVRGLF 6HFUHWLRQ RI +RUPRQHV
&KXUFKLOO/LYLQJVWRQH1HZ<RUNSS

'DUPRQ 0 %UDFKHW 3 'D 6LOYD /+   &KHPRWDFWLF VLJQDOV LQGXFH FHOO GLIIHUHQWLDWLRQ LQ
'LFW\RVWHOLXPGLVFRLGHXP3URF1DWO$FDG6FL86$
'DV65HULFKD(&%DJRUGD$3DUHQW&$  'LUHFWELRFKHPLFDOPHDVXUHPHQWVRIVLJQDO
UHOD\GXULQJ'LFW\RVWHOLXPGHYHORSPHQW-%LRO&KHP  
'H &HVDUH ' 6DVVRQH&RUVL 3   7UDQVFULSWLRQDO UHJXODWLRQ E\ F\FOLF $03UHVSRQVLYH
IDFWRUV3URJ1XFOHLF$FLG5HV0RO%LRO
'H *XQ]EXUJ - 3DUW ' *XLVR 1 9HURQ 0   $Q XQXVXDO DGHQRVLQH F\FOLF   
SKRVSKDWHGHSHQGHQWSURWHLQNLQDVHIURP'LFW\RVWHOLXPGLVFRLGHXP%LRFKHPLVWU\  ±

'H:LW5-: .RQLMQ70  ,GHQWLILFDWLRQRIWKHDFUDVLQRI'LFW\RVWHOLXPPLQXWXPDVD
GHULYDWLYHRIIROLFDFLG&HOO'LIIHU±

'H:LW5-:YDQ%HPPHOHQ0;33HQQLQJ/&3LQDV-(&DODQGUD7'%RQQHU-7
  6WXGLHV RI FHOOVXUIDFH JORULQ UHFHSWRUV JORULQ GHJUDGDWLRQ DQG JORULQLQGXFHG FHOOXODU
UHVSRQVHVGXULQJGHYHORSPHQWRI3RO\VSKRQG\OLXPYLRODFHXP([S&HOO5HV±
GH OD 5RFKH 0$  &{Wp *3   5HJXODWLRQ RI 'LFW\RVWHOLXP P\RVLQ , DQG ,, %LRFKLP
%LRSK\V$FWD  
'HVEDUDWV//DP7<:RQJ/06LX&+  ,GHQWLILFDWLRQRIDXQLTXHF$03UHVSRQVH
HOHPHQWLQWKHJHQHHQFRGLQJWKHFHOODGKHVLRQPROHFXOHJSLQ'LFW\RVWHOLXPGLVFRLGHXP-%LRO
&KHP  
'HYUHRWHV31  ,Q³7KH'HYHORSPHQWRI'LFW\RVWHOLXPGLVFRLGHXP´ :)/RRPLV(G 
SS$FDGHPLF3UHVV1<
'HYUHRWHV31=LJPRQG6+  &KHPRWD[LVLQHXNDU\RWLFFHOOVDIRFXVRQOHXNRF\WHVDQG
'LFW\RVWHOLXP$QQX5HY&HOO%LRO
'HYUHRWHV31  *SURWHLQOLQNHGVLJQDOLQJSDWKZD\VFRQWUROWKHGHYHORSPHQWDOSURJUDPRI
'LFW\RVWHOLXP1HXURQ±

'RUPDQQ'DQG:HLMHU&-  &KHPRWDFWLFFHOOPRYHPHQWGXULQJGHYHORSPHQW&XUU2SLQ
*HQHW'HY
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(FFOHV 6$   3DUDOOHOV LQ LQYDVLRQ DQG DQJLRJHQHVLV SURYLGH SLYRWDO SRLQWV IRU WKHUDSHXWLF
LQWHUYHQWLRQ,QW-'HY%LRO±

(FFOHV 6$   7DUJHWLQJ NH\ VWHSV LQ PHWDVWDWLF WXPRXU SURJUHVVLRQ &XUU 2SLQ *HQHW
'HY±
(LFKLQJHU / 3DFKHEDW -$ *O|FNQHU * 5DMDQGUHDP 0$ 6XFJDQJ 5 %HUULPDQ 0 6RQJ -
2OVHQ56]DIUDQVNL.;X47XQJJDO%.XPPHUIHOG60DGHUD0.RQIRUWRY%$5LYHUR)
%DQNLHU $7 /HKPDQQ 5 +DPOLQ 1 'DYLHV 5 *DXGHW 3 )H\ 3 3LOFKHU . &KHQ *
6DXQGHUV'6RGHUJUHQ('DYLV3.HUKRUQRX$1LH;+DOO1$QMDUG&+HPSKLOO/%DVRQ
1)DUEURWKHU3'HVDQ\%-XVW(0RULR75RVW5&KXUFKHU&&RRSHU-+D\GRFN6YDQ
'ULHVVFKH1&URQLQ$*RRGKHDG,0X]Q\'0RXULHU73DLQ$/X0+DUSHU'/LQGVD\5
+DXVHU+-DPHV.4XLOHV00DGDQ%DEX06DLWR7%XFKULHVHU&:DUGURSHU $)HOGHU
07KDQJDYHOX0-RKQVRQ'.QLJKWV$/RXOVHJHG+0XQJDOO.2OLYHU.3ULFH&4XDLO
0$8UXVKLKDUD+ +HUQDQGH]-5DEELQRZLWVFK(6WHIIHQ ' 6DQGHUV00D-.RKDUD<
6KDUS 6 6LPPRQGV 0 6SLHJOHU 6 7LYH\ $ 6XJDQR 6 :KLWH % :DONHU ' :RRGZDUG -
:LQFNOHU 7 7DQDND < 6KDXOVN\ * 6FKOHLFKHU 0 :HLQVWRFN * 5RVHQWKDO $ &R[ (&
&KLVKROP 5/ *LEEV 5 /RRPLV :) 3ODW]HU 0 .D\ 55 :LOOLDPV - 'HDU 3+ 1RHJHO $$
%DUUHOO%.XVSD$  7KHJHQRPHRIWKHVRFLDODPRHED'LFW\RVWHOLXPGLVFRLGHXP1DWXUH
  
(QQLV+/6XVVPDQ0  7KHLQLWLDWRUFHOOIRUVOLPHPROGDJJUHJDWLRQ3URF1DWO$FDG6FL
86$  
(VFDODQWH 5 9LFHQWH --   'LFW\RVWHOLXP GLVFRLGHXP D PRGHO V\VWHP IRU GLIIHUHQWLDWLRQ
DQGSDWWHUQLQJ,QW-'HY%LRO  
(XURSH)LQQHU *1 1HZHOO 3&   ,QRVLWRO WULVSKRVSKDWH LQGXFHV F\FOLF *03
IRUPDWLRQLQ'LFW\RVWHOLXPGLVFRLGHXP%LRFKHP%LRSK\V5HV&RPPXQ  
(XURSH)LQQHU*11HZHOO3&  ,QRVLWROWULSKRVSKDWHLQGXFHVFDOFLXPUHOHDVHIURP
DQRQPLWRFKRQGULDOSRROLQDPRHEDHRI'LFW\RVWHOLXP%LRFKLP%LRSK\V$FWD  
(XURSH)LQQHU *1 1HZHOO 3&   *73 DQDORJXHV VWLPXODWH LQRVLWRO WULVSKRVSKDWH
IRUPDWLRQWUDQVLHQWO\LQ'LFW\RVWHOLXP-&HOO6FL 3W 
)DXUH 0 )UDQNH - +DOO $/ 3RGJRUVNL *- .HVVLQ 5+   7KH F\FOLF QXFOHRWLGH
SKRVSKRGLHVWHUDVH JHQH RI 'LFW\RVWHOLXP GLVFRLGHXP FRQWDLQV WKUHH SURPRWHUV VSHFLILF IRU
JURZWKDJJUHJDWLRQDQGODWHGHYHORSPHQW0RO&HOO%LRO±
)LUWHO5$%D[WHU//RGLVK+)  $FWLQRP\FLQ'DQGWKHUHJXODWLRQRIHQ]\PHELRV\QWKHVLV
GXULQJGHYHORSPHQWRI'LFW\RVWHOLXPGLVFRLGHXP-0RO%LRO  
)LUWHO 5$ DQG &KDSPDQ $/   $ UROH IRU F$03GHSHQGHQW SURWHLQ NLQDVH $ LQ HDUO\
'LFW\RVWHOLXPGHYHORSPHQW*HQHV'HY±
)LUWHO 5$   ,QWHJUDWLRQ RI VLJQDOLQJ LQIRUPDWLRQ LQ FRQWUROOLQJ FHOOIDWH GHFLVLRQV LQ
'LFW\RVWHOLXP*HQHV'HY  
)UDQFD.RK-'HYUHRWHV31  0RYLQJIRUZDUGPHFKDQLVPVRIFKHPRDWWUDFWDQWJUDGLHQW
VHQVLQJ3K\VLRORJ\ %HWKHVGD 
)UDQFLV '   $FUDVLQ DQG WKH GHYHORSPHQW RI 3RO\VSKRQG\OLXP SDOOLGXP 'HY %LRO
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)UDQFLV'0DMHUIHOG,+.DNLQXPD6/HLFKWOLQJ%+5LFNHQEHUJ+9  $QLQFUHDVHRI
F$03GHSHQGHQW SURWHLQ NLQDVH GXULQJ GHYHORSPHQW LQ 3RO\VSKRQG\OLXP SDOOLGXP 'HY %LRO
  
)UDQNH - )DXUH 0 :X / +DOO $/ 3RGJRUVNL *- DQG .HVVLQ 5+   &\FOLF
QXFOHRWLGHSKRVSKRGLHVWHUDVHRI'LFW\RVWHOLXPGLVFRLGHXPDQGLWVJO\FRSURWHLQLQKLELWRU6WUXFWXUH
DQGH[SUHVVLRQRIWKHLUJHQHV'HY*HQHW ± ± 
)UHYHO 0$ %DNKHHW 7 6LOYD $0 +LVVRQJ -* .KDEDU .6 :LOOLDPV %5   S
0LWRJHQDFWLYDWHGSURWHLQNLQDVHGHSHQGHQWDQGLQGHSHQGHQWVLJQDOLQJRIP51$VWDELOLW\RI$8
ULFKHOHPHQWFRQWDLQLQJWUDQVFULSWV0RO&HOO%LRO  
)XQDPRWR60LODQ.0HLOL5)LUWHO5$  5ROHRISKRVSKDWLG\OLQRVLWRO NLQDVHDQGD
GRZQVWUHDP SOHFNVWULQ KRPRORJ\ GRPDLQFRQWDLQLQJ SURWHLQ LQ FRQWUROOLQJ FKHPRWD[LV LQ
'LFW\RVWHOLXP-&HOO%LRO  ±
)XQDPRWR 6 $QMDUG & 1HOOHQ : 2FKLDL +   F$03GHSHQGHQW SURWHLQ NLQDVH UHJXODWHV
3RO\VSKRQG\OLXPSDOOLGXPGHYHORSPHQW'LIIHUHQWLDWLRQ  
)XWUHOOH 53 7UDXW - 0F.HH :*   &HOO EHKDYLRU LQ 'LFW\RVWHOLXP GLVFRLGHXP
SUHDJJUHJDWLRQUHVSRQVHWRORFDOL]HGF\FOLF$03SXOVHV-&HOO%LRO  
*DODUGL&DVWLOOD 0 *DUFLDQGtD $ 6XDUH] 7 6DVWUH /   7KH 'LFW\RVWHOLXP GLVFRLGHXP
DFD$ JHQH LV WUDQVFULEHG IURP DOWHUQDWLYH SURPRWHUV GXULQJ DJJUHJDWLRQ DQG PXOWLFHOOXODU
GHYHORSPHQW3/R62QH  H
*DVNLQV&&ODUN$0$XEU\/6HJDOO-()LUWHO5$  7KH'LFW\RVWHOLXP0$3NLQDVH
(5.UHJXODWHVPXOWLSOHLQGHSHQGHQWGHYHORSPHQWDOSDWKZD\V*HQHV'HY  
*DVWHLJHU(+RRJODQG&*DWWLNHU$'XYDXG6:LONLQV05HWDO  3URWHLQ,GHQWLILFDWLRQ
DQG $QDO\VLV 7RROV RQ WKH ([3$6\ 6HUYHU ,Q -RKQ 0 :DONHU HG  7KH 3URWHRPLFV 3URWRFROV
+DQGERRN+XPDQD3UHVVSS

*HULVFK *   &HOO DJJUHJDWLRQ DQG GLIIHUHQWLDWLRQ LQ 'LFW\RVWHOLXP &XUU 7RS GHY %LRO
,,

*HULVFK * 0DOFKRZ ' 5LHGHO 9 0XOOHU ( DQG (YHU\ 0   &\FOLF $03
SKRVSKRGLHVWHUDVH DQG LWV LQKLELWRU LQ VOLPH PRXOG GHYHORSPHQW 1DWXUH1HZ %LRO    ±


*HULVFK*)URPP++XHVJHQ$ :LFN8  &RQWURORIFHOOFRQWDFWVLWHVE\F\FOLF$03
SXOVHVLQGLIIHUHQWLDWLQJ'LFW\RVWHOLXPFHOOV1DWXUH±

*HULVFK * +XHVJHQ $ DQG 0DOFKRZ ' E  *HQHWLF FRQWURO RI FHOO GLIIHUHQWLDWLRQ DQG
DJJUHJDWLRQLQ'LRW\RVWHOLXP7KHUROHRIF\FOLF$03SXOVHV,Q³3URFHHGLQJVRIWKH7HQWK)(%6
0HHWLQJ´SS

*HULVFK * 0DOFKRZ ' 5RRV : :LFN 8   2VFLOODWLRQV RI F\FOLF QXFOHRWLGH
FRQFHQWUDWLRQVLQUHODWLRQWRWKHH[FLWDELOLW\RI'LFW\RVWHOLXPFHOOV-([S%LRO±
*HULVFK*  &\FOLF$03DQGRWKHUVLJQDOVFRQWUROOLQJFHOOGHYHORSPHQWDQGGLIIHUHQWLDWLRQLQ
'LFW\RVWHOLXP$QQX5HY%LRFKHP
*ROGEHWHU $   2VFLOODWLRQV DQG ZDYHV RI F\FOLF $03 LQ 'LFW\RVWHOLXP D SURWRW\SH IRU
VSDWLRWHPSRUDORUJDQL]DWLRQDQGSXOVDWLOHLQWHUFHOOXODUFRPPXQLFDWLRQ%XOO0DWK%LRO  
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*ROGEHUJ -0 0DQQLQJ * /LX $ )H\ 3 3LOFKHU .( ;X < 6PLWK -/   7KH
GLFW\RVWHOLXPNLQRPHDQDO\VLVRIWKHSURWHLQNLQDVHVIURPDVLPSOHPRGHORUJDQLVP3/R6*HQHW
  H
*RPHU5+'DWWD60HKG\0&URZOH\76LYHUWVHQ$1HOOHQ:5H\PRQG&0DQQ6)LUWHO
5$   5HJXODWLRQ RI FHOOW\SHVSHFLILF JHQH H[SUHVVLRQ LQ 'LFW\RVWHOLXP &ROG 6SULQJ +DUE
6\PS4XDQW%LRO
*RQ]DOH].ULVWHOOHU '& )DUDJH / )LRULQL /& /RRPLV :) GD 6LOYD $0   7KH 3
R[LGRUHGXFWDVH 5HG$ FRQWUROV GHYHORSPHQW EH\RQG WKH PRXQG VWDJH LQ 'LFW\RVWHOLXP
GLVFRLGHXP%0&'HY%LRO
*UDQW:1:LOOLDPV./  0RQRFORQDODQWLERG\FKDUDFWHULVDWLRQRIVOLPHVKHDWKWKH
H[WUDFHOOXODUPDWUL[RI'LFW\RVWHOLXPGLVFRLGHXP(0%2-  
*UDQW&0&ROOLQVRQ/35RH-+'DZHV,:  <HDVWJOXWDWKLRQHUHGXFWDVHLVUHTXLUHGIRU
SURWHFWLRQ DJDLQVW R[LGDWLYH VWUHVV DQG LV D WDUJHW JHQH IRU \$3 WUDQVFULSWLRQDO UHJXODWLRQ 0RO
0LFURELRO  
*URVEHUJ 5. 6WUDWKPDQQ 55   7KH (YROXWLRQ RI 0XOWLFHOOXODULW\ $ 0LQRU 0DMRU
7UDQVLWLRQ"$QQX5HY(FRO(YRO6\VW±
+DGZLJHU -$  1JX\HQ +1   0$3.V LQ GHYHORSPHQW LQVLJKWV IURP 'LFW\RVWHOLXP
VLJQDOLQJSDWKZD\V%LRPRO&RQFHSWV  
+DJLZDUD+  $OWLWXGLQDOGLVWULEXWLRQRIGLFW\RVWHOLGFHOOXODUVOLPHPROGVLQWKH*RVDLQNXQG
UHJLRQ RI 1HSDO ,Q 2WDQL < HG 5HSRUWV RQ WKH FU\SWRJDPLF VWXG\ LQ 1HSDO 7RN\R 1DWLRQDO
6FLHQFH0XVHXPS±

+DJLZDUD+  7KH7D[RQRPLF6WXG\RI-DSDQHVH'LFW\RVWHOLG&HOOXODU6OLPH0ROGV1DWLRQDO
6FLHQFH0XVHXP7RN\R
+DOOR\ - /DX]HUDO - *ROGEHWHU $   0RGHOLQJ RVFLOODWLRQV DQG ZDYHV RI F$03 LQ
'LFW\RVWHOLXPGLVFRLGHXPFHOOV%LRSK\V&KHP  
+DOO $/ )UDQNH - )DXUH 0 .HVVLQ 5+   7KH UROH RI WKH F\FOLF QXFOHRWLGH
SKRVSKRGLHVWHUDVHRI'LFW\RVWHOLXPGLVFRLGHXPGXULQJJURZWKDJJUHJDWLRQDQGPRUSKRJHQHVLV
RYHUH[SUHVVLRQ DQG ORFDOL]DWLRQ VWXGLHV ZLWK WKH VHSDUDWH SURPRWHUV RI WKH SGH 'HY %LRO 


+DUZRRG $- +RSSHU 1$ 6LPRQ 01 %RX]LG 6 9HURQ 0 DQG :LOOLDPV -* D 
0XOWLSOH UROHV IRU F$03GHSHQGHQW SURWHLQ NLQDVH GXULQJ 'LFW\RVWHOLXP GHYHORSPHQW 'HY %LRO
±

+DUZRRG $- +RSSHU 1$ 6LPRQ 01 'ULVFROO '0 9HURQ 0  :LOOLDPV -* E 
&XOPLQDWLRQ LQ 'LFW\RVWHOLXPLVUHJXODWHGE\WKHF$03GHSHQGHQW SURWHLQNLQDVH&HOO ±


+HLGHO$-*O|FNQHU*  0LWRFKRQGULDOJHQRPHHYROXWLRQLQWKHVRFLDODPRHEDH0RO%LRO
(YRO  
+HLGHO $- /DZDO +0 )HOGHU 0 6FKLOGH & +HOSV 15 7XQJJDO % 5LYHUR ) -RKQ 8
6FKOHLFKHU 0 (LFKLQJHU / 3ODW]HU 0 1RHJHO $$ 6FKDDS 3 *O|FNQHU *  
3K\ORJHQ\ZLGH DQDO\VLV RI VRFLDO DPRHED JHQRPHV KLJKOLJKWV DQFLHQW RULJLQV IRU FRPSOH[
LQWHUFHOOXODUFRPPXQLFDWLRQ*HQRPH5HV  
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+LURVH 6 %HQDEHQWRV 5 +R +, .XVSD $ 6KDXOVN\ *   6HOIUHFRJQLWLRQ LQ VRFLDO
DPRHEDHLVPHGLDWHGE\DOOHOLFSDLUVRIWLJHUJHQHV6FLHQFH  
+RIHU$0/HINLPPLDWLV.  ([WUDFHOOXODUFDOFLXPDQGF$03VHFRQGPHVVHQJHUVDVWKLUG
PHVVHQJHUV"3K\VLRORJ\ %HWKHVGD 
+RRN9)XQNHOVWHLQ//X'%DUN6:HJU]\Q-+ZDQJ65  3URWHDVHVIRUSURFHVVLQJ
SURQHXURSHSWLGHV LQWR SHSWLGH QHXURWUDQVPLWWHUV DQG KRUPRQHV $QQX 5HY 3KDUPDFRO 7R[LFRO

+RRN9%DUN6*XSWD1/RUWLH0/X:'%DQGHLUD1)XQNHOVWHLQ/:HJU]\Q-2 &RQQRU
'7 3HY]QHU 3   1HXURSHSWLGRPLF FRPSRQHQWV JHQHUDWHG E\ SURWHRPLF IXQFWLRQV LQ
VHFUHWRU\YHVLFOHVIRUFHOOFHOOFRPPXQLFDWLRQ$$36-  
+RSSHU 1$ $QMDUG & 5H\PRQG &' DQG :LOOLDPV -* D  ,QGXFWLRQ RI WHUPLQDO
GLIIHUHQWLDWLRQ RI 'LFW\RVWHOLXP E\ F$03GHSHQGHQW SURWHLQ NLQDVH DQG RSSRVLQJ HIIHFWV RI
LQWUDFHOOXODUDQGH[WUDFHOOXODUF$03RQVWDONFHOOGLIIHUHQWLDWLRQ'HYHORSPHQW±

+RSSHU 1$ +DUZRRG $- %RX]LG 6 9HURQ 0  :LOOLDPV -* E  $FWLYDWLRQ RI WKH
SUHVSRUH DQG VSRUH FHOO SDWKZD\ RI 'LFW\RVWHOLXP GLIIHUHQWLDWLRQ E\ F$03GHSHQGHQW SURWHLQ
NLQDVHDQGHYLGHQFHIRULWVXSVWUHDPUHJXODWLRQE\DPPRQLD(0%2-±
,QVDOO5.D\55  $VSHFLILF',)ELQGLQJSURWHLQLQ'LFW\RVWHOLXP(0%2-  
,QVDOO 5 .XVSD $ /LOO\ 3- 6KDXOVN\ * /HYLQ /5 /RRPLV :) 'HYUHRWHV 3  
&5$&DF\WRVROLFSURWHLQFRQWDLQLQJDSOHFNVWULQKRPRORJ\GRPDLQLVUHTXLUHGIRUUHFHSWRUDQG*
SURWHLQPHGLDWHGDFWLYDWLRQRIDGHQ\O\OF\FODVHLQ'LFW\RVWHOLXP-&HOO%LRO

,QVDOO5+%RUOHLV-'HYUHRWHV31  7KHDLPOHVV5DV*()LVUHTXLUHGIRUSURFHVVLQJRI
FKHPRWDFWLFVLJQDOVWKURXJK*SURWHLQFRXSOHGUHFHSWRUVLQ'LFW\RVWHOLXP&XUU%LRO

,QVDOO5+  8QGHUVWDQGLQJHXNDU\RWLFFKHPRWD[LVDSVHXGRSRGFHQWUHGYLHZ1DW5HY
0RO&HOO%LRO±
,UDQIDU 1 )XOOHU ' /RRPLV :)   *HQRPHZLGH H[SUHVVLRQ DQDO\VHV RI JHQH UHJXODWLRQ
GXULQJHDUO\GHYHORSPHQWRI'LFW\RVWHOLXPGLVFRLGHXP(XNDU\RW&HOO  
-DLQ5*RPHU5+  $GHYHORSPHQWDOO\UHJXODWHGFHOOVXUIDFHUHFHSWRUIRUDGHQVLW\
VHQVLQJIDFWRULQ'LFW\RVWHOLXP-%LRO&KHP  
-DQVVHQV309DQ+DDVWHUW3-  0ROHFXODUEDVLVRIWUDQVPHPEUDQHVLJQDOWUDQVGXFWLRQ
LQ'LFW\RVWHOLXPGLVFRLGHXP0LFURELRO5HY  
-DQiN\ 5 2JLWD . 3DVTXDORWWR %$ %DLQV -6 2MD 66 <RQHGD < 6KDZ &$  
*OXWDWKLRQHDQGVLJQDOWUDQVGXFWLRQLQWKHPDPPDOLDQ&16-1HXURFKHP  
-LD 0+ /DURVVD 5$ /HH -0 5DIDOVNL $ 'HURVH ( *RQ\H * ;XH =   *OREDO
H[SUHVVLRQ SURILOLQJ RI \HDVW WUHDWHG ZLWK DQ LQKLELWRU RI DPLQR DFLG ELRV\QWKHVLV VXOIRPHWXURQ
PHWK\O3K\VLRO*HQRPLFV  
-LQ 7 $P]HO 0 'HYUHRWHV 31 :X /   6HOHFWLRQ RI JEHWD VXEXQLWV ZLWK SRLQW PXWDWLRQV
WKDWIDLOWRDFWLYDWHVSHFLILFVLJQDOLQJSDWKZD\VLQYLYRGLVVHFWLQJFHOOXODUUHVSRQVHVPHGLDWHGE\D
KHWHURWULPHULF*SURWHLQLQ'LFW\RVWHOLXPGLVFRLGHXP0RO%LRO&HOO  
-RQHV0(  $JJUHJDWLRQLQ3RO\VSKRQG\OLXP-&HOO6FL  
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-RQHV 0( 5REHUWVRQ $   &\FOLF DGHQRVLQH PRQRSKRVSKDWH DQG WKH GHYHORSPHQW RI
3RO\VSKRQG\OLXP-&HOO6FL  
-RKQVRQ 5/ 9DXJKDQ 5$ &DWHULQD 0- 9DQ +DDVWHUW 3- DQG 'HYUHRWHV 31  
2YHUH[SUHVVLRQ RI WKH F$03 UHFHSWRU  LQ JURZLQJ 'LFW\RVWHOLXP FHOOV %LRFKHPLVWU\  
±

-RKQVRQ5/6D[H&/,,,*ROORS5.LPPHO $5DQG'HYUHRWHV31  ,GHQWLILFDWLRQ
DQG WDUJHWHG JHQH GLVUXSWLRQ RI F$5 D F$03 UHFHSWRU VXEW\SH H[SUHVVHG GXULQJ PXOWLFHOOXODU
VWDJHVRI'LFW\RVWHOLXPGHYHORSPHQW*HQHV'HY  ±
-XOLDQL 0+ %UXVFD - .OHLQ &   F$03 UHJXODWLRQ RI FHOO GLIIHUHQWLDWLRQ LQ 'LFW\RVWHOLXP
GLVFRLGHXPDQGWKHUROHRIWKHF$03UHFHSWRU'HY%LRO  
-XQJPDQQ 5$ .HOOH\ '& 0LOHV 0) 0LONRZVNL '0   &\FOLF $03 UHJXODWLRQ RI ODFWDWH
GHK\GURJHQDVH ,VRSURWHUHQRO DQG 12GLEXW\U\O F\FOLF DPS LQFUHDVH WKH UDWH RI WUDQVFULSWLRQ
DQG FKDQJH WKH VWDELOLW\ RI ODFWDWH GHK\GURJHQDVH D VXEXQLW PHVVHQJHU 51$ LQ UDW & JOLRPD
FHOOV-%LRO&KHP  
-XYDQ 3 'HPVDU - 6KDXOVN\ * =XSDQ %   *HQH3DWK IURP PXWDWLRQV WR JHQHWLF
QHWZRUNVDQGEDFN1XFOHLF$FLGV5HV :HE6HUYHULVVXH :
.DOOD 6( 4XHOOHU '& /DVDJQL $ 6WUDVVPDQQ -(   .LQ GLVFULPLQDWLRQ DQG SRVVLEOH
FU\SWLFVSHFLHVLQWKHVRFLDODPRHED3RO\VSKRQG\OLXPYLRODFHXP%0&(YRO%LRO
.DPERM5.:RQJ/0/DP7<6LX&+  0DSSLQJRIDFHOOELQGLQJGRPDLQLQWKHFHOO
DGKHVLRQPROHFXOHJSRI'LFW\RVWHOLXPGLVFRLGHXP-&HOO%LRO  
.DPERM5.*DULHS\-6LX&+  ,GHQWLILFDWLRQRIDQRFWDSHSWLGHLQYROYHGLQKRPRSKLOLF
LQWHUDFWLRQRIWKHFHOODGKHVLRQPROHFXOHJSRI'LFW\RVWHOLXPGLVFRLGHXP&HOO  
.DZDEH < 0RULR 7 -DPHV -/ 3UHVFRWW $5 7DQDND < 6FKDDS 3   $FWLYDWHG F$03
UHFHSWRUVVZLWFKHQF\VWDWLRQLQWRVSRUXODWLRQ3URF1DWO$FDG6FL86$  
.DZDEH < :HHQLQJ .( 0DUTXD\0DUNLHZLF] - 6FKDDS 3   (YROXWLRQ RI VHOI
RUJDQLVDWLRQ LQ 'LFW\RVWHOLD E\ DGDSWDWLRQ RI D QRQVHOHFWLYH SKRVSKRGLHVWHUDVH DQG D PDWUL[
FRPSRQHQWIRUUHJXODWHGF$03GHJUDGDWLRQ'HYHORSPHQW  
.DZDNDPL6+DJLZDUD+  3RO\VSKRQG\OLXPPXOWLF\VWRJHQXPVSQRYDQHZGLFW\RVWHOLG
VSHFLHVIURP6LHUUD/HRQH:HVW$IULFD0\FRORJLD  
.HGHUVKD 1 $QGHUVRQ 3   6WUHVV JUDQXOHV VLWHV RI P51$ WULDJH WKDW UHJXODWH P51$
VWDELOLW\DQGWUDQVODWDELOLW\%LRFKHP6RF7UDQV

.HHOLQJ3  $EULHIKLVWRU\RISODVWLGVDQGWKHLUKRVWV3URWLVW±

.HHOLQJ3-%XUJHU*'XUQIRUG'*/DQJ%)/HH5:3HDUOPDQ5(5RJHU$
- *UD\0:  7KHWUHHRIHXNDU\RWHV7UHQGV(FRO(YRO±
.HOO\ 5 6KDZ '5 (QQLV +/   5ROH RI SURWHLQ V\QWKHVLV LQ GHFD\ DQG DFFXPXODWLRQ RI
P51$ GXULQJ VSRUH JHUPLQDWLRQ LQ WKH FHOOXODU VOLPH PROG 'LFW\RVWHOLXP GLVFRLGHXP 0RO &HOO
%LRO  
.HVVLQ 5+   *HQHWLFV RI HDUO\ 'LFW\RVWHOLXP GLVFRLGHXP GHYHORSPHQW 0LFURELRO 5HY
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.HVVLQ5+  'LFW\RVWHOLXPHYROXWLRQFHOOELRORJ\DQGWKHGHYHORSPHQWRIPXOWLFHOOXODULW\
&DPEULGJH8QLYHUVLW\3UHVV&DPEULGJH
.HVVLQ 5+   7ZR GLIIHUHQW JHQRPHV WKDW SURGXFH WKH VDPH UHVXOW *HQRPH %LRO
  
.LP + - : 7 &KDQJ 0 0HLPD - ' *URVV DQG 3 6FKDDS   $ QRYHO DGHQ\O\O
F\FODVH GHWHFWHG LQ UDSLGO\ GHYHORSLQJ PXWDQWV RI 'LFW\RVWHOLXP - %LRO &KHP ±

.LP%-&KRL&+/HH&+-HRQJ6<.LP-6.LP%<<LP+6.DQJ62  *OXWDWKLRQH
LVUHTXLUHGIRUJURZWKDQGSUHVSRUHFHOOGLIIHUHQWLDWLRQLQ'LFW\RVWHOLXP'HY%LRO  
.LPPHO$5&DUOLVOH%  $JHQHH[SUHVVHGLQXQGLIIHUHQWLDWHGYHJHWDWLYH'LFW\RVWHOLXPLV
UHSUHVVHG E\ GHYHORSPHQWDO SXOVHV RI F$03 DQG UHLQGXFHG GXULQJ GHGLIIHUHQWLDWLRQ 3URF 1DWO
$FDG6FL86$  
.LPPHO $5   'LIIHUHQW PROHFXODU PHFKDQLVPV IRU F$03 UHJXODWLRQ RI JHQH H[SUHVVLRQ
GXULQJ'LFW\RVWHOLXPGHYHORSPHQW'HY%LRO  
.LPPHO$5 3DUHQW&$  7KHVLJQDOWRPRYH'GLVFRLGHXPJRRULHQWHHULQJ6FLHQFH

.LPPHO $5 3DUHQW &$ *RXJK 15   7HDFKLQJ UHVRXUFHV 6SDWLDO DQG WHPSRUDO
G\QDPLFV RI VLJQDOLQJ FRPSRQHQWV LQYROYHG LQ WKH FRQWURO RI FKHPRWD[LV LQ 'LFW\RVWHOLXP
GLVFRLGHXP6FL67.(WU
.LPPHO $5 )LUWHO 5$   %UHDNLQJ V\PPHWULHV UHJXODWLRQ RI 'LFW\RVWHOLXP GHYHORSPHQW
WKURXJKFKHPRDWWUDFWDQWDQGPRUSKRJHQVLJQDOUHVSRQVH&XUU2SLQ*HQHW'HY  
.LVKL<&OHPHQWV&0DKDGHR'&&RWWHU'$DQG6DPHVKLPD0  +LJKOHYHOV
RI DFWLQ W\URVLQH SKRVSKRU\ODWLRQ &RUUHODWLRQ ZLWK WKH GRUPDQW VWDWH RI 'LFW\RVWHOLXP VSRUHV -
&HOO6FL 3W ±
.OHLQ & /XEV+DXNHQHVV - 6LPRQV 6   F$03 LQGXFHV D UDSLG DQG UHYHUVLEOH
PRGLILFDWLRQRIWKHFKHPRWDFWLFUHFHSWRULQ'LFW\RVWHOLXPGLVFRLGHXP-&HOO%LRO  
.OHLQ 3 9DXJKDQ 5 %RUOHLV - 'HYUHRWHV 3    7KH VXUIDFH F\FOLF $03 UHFHSWRU LQ
'LFW\RVWHOLXP /HYHOV RI OLJDQGLQGXFHG SKRVSKRU\ODWLRQ VROXELOL]DWLRQ LGHQWLILFDWLRQ RI SULPDU\
WUDQVFULSWDQGGHYHORSPHQWDOUHJXODWLRQRIH[SUHVVLRQ-%LRO&KHP  

.OHLQ37KHLEHUW$DQG'HYUHRWHV3  ,GHQWLILFDWLRQDQGOLJDQGLQGXFHGPRGLILFDWLRQRI
WKHF$03UHFHSWRULQ'LFW\RVWHOLXP0HWKRGV(Q]\PRO±

.QDSLQVND $03,UL]DUU\%DUUHWR6 $GXVXPDOOL, $QGURXODNLVDQG*%UHZHU  
0ROHFXODU PHFKDQLVPV UHJXODWLQJ P51$ VWDELOLW\ SK\VLRORJLFDO DQG SDWKRORJLFDO VLJQLILFDQFH
&XUU*HQRPLFV
.QHWVFK 0/ (SVNDPS 6- 6FKHQN 3: :DQJ < 6HJDOO -( 6QDDU-DJDOVND %(
  'XDO UROH RI F$03 DQG LQYROYHPHQW RI ERWK *SURWHLQV DQG UDV LQ UHJXODWLRQ RI (5. LQ
'LFW\RVWHOLXPGLVFRLGHXP(0%2-  
.QRELO(  3DWWHUQVRIKRUPRQDOVLJQDOVDQGKRUPRQHDFWLRQ1(QJO-0HG

.RQ 7 $GDFKL + 6XWRK .   DPL% D QRYHO JHQH UHTXLUHG IRU WKH JURZWKGLIIHUHQWLDWLRQ
WUDQVLWLRQLQ'LFW\RVWHOLXP*HQHV&HOOV  




5()(5(1&(6
.RQLMQ 70   &HOO DJJUHJDWLRQ LQ 'LFW\RVWHOLXP GLVFRLGHXP 3K' 7KHVLV 8QLYHUVLW\ RI
:LVFRQVLQ0DGLVRQ:LVFRQVLQ
.RQLMQ 70 5DSHU .%   &HOO DJJUHJDWLRQ LQ 'LFW\RVWHOLXP GLVFRLGHXP 'HYHORS %LRO 

.RQLMQ 70 9DQ 'H 0HHQH -* %RQQHU -7 %DUNOH\ '6   7KH DFUDVLQ DFWLYLW\ RI
DGHQRVLQH  F\FOLFSKRVSKDWH3URF1DWO$FDG6FL86$  
.RQLMQ70  &KHPRWD[LVLQWKHFHOOXODUVOLPHPROGV,,7KHHIIHFWRIFHOOGHQVLW\%LRO%XOO
  
.RQLMQ 70 %DUNOH\ '6 &KDQJ << %RQQHU -7   &\FOLF $03 $ QDWXUDOO\ RFFXUULQJ
DFUDVLQLQWKHFHOOXODUVOLPHPROGV7KH$PHULFDQ1DWXUDOLVW
.RQLMQ 70 &KDQJ << %RQQHU -7   6\QWKHVLV RI F\FOLF $03 LQ 'LFW\RVWHOLXP
GLVFRLGHXPDQG3RO\VSKRQG\OLXPSDOOLGXP1DWXUH  
.RQLMQ 70   (IIHFW RI EDFWHULD RQ FKHPRWD[LV LQ WKH FHOOXODU VOLPH PROGV - %DFWHULRO
  
.RQLMQ 70   &\FOLF $03 DV D ILUVW PHVVHQJHU $GYDQFHV LQ &\FOLF 1XFOHRWLGH 5HVHDUFK


.RQLMQ70  LQ3URFHHGLQJVRIWKH7HQWK,QWHUQDWLRQDO&RQJUHVVRI0LFURELRORJ\0H[LFR
&LW\0H[LFRHG3HUH]0LUDXHWH$ 3OHQXP3UHVV1HZ<RUN SS

.RSDFKLN :   *ORULQUHJXODWHG SURWHLQ V\QWKHVLV LQ 3RO\VSKRQG\OLXP YLRODFHXP ([S &HOO
5HV±
.RVDND &  3HDUV &-   &KHPRDWWUDFWDQWV LQGXFH W\URVLQH SKRVSKRU\ODWLRQ RI (5. LQ
'LFW\RVWHOLXPGLVFRLGHXPE\GLYHUVHVLJQDOOLQJSDWKZD\V%LRFKHP- 3W ±
.XPDJDL $ 3XSLOOR 0 *XQGHUVHQ 5 0LDNH/\H 5 'HYUHRWHV 31 )LUWHO 5$  
5HJXODWLRQDQGIXQFWLRQRI*DOSKDSURWHLQVXEXQLWVLQ'LFW\RVWHOLXP&HOO
.XPDJDL$+DGZLJHU-$3XSLOOR0)LUWHO5$  0ROHFXODUJHQHWLFDQDO\VLVRIWZR*
DOSKDSURWHLQVXEXQLWVLQ'LFW\RVWHOLXP-%LRO&KHP  
/DFRPEH 0/ 3RGJRUVNL *- )UDQNH - .HVVLQ 5+   0ROHFXODU FORQLQJ DQG
GHYHORSPHQWDO H[SUHVVLRQ RI WKH F\FOLF QXFOHRWLGH SKRVSKRGLHVWHUDVH JHQH RI 'LFW\RVWHOLXP
GLVFRLGHXP-%LRO&KHP  
/DHPPOL 8.   &OHDYDJH RI VWUXFWXUDO SURWHLQV GXULQJ WKH DVVHPEO\ RI WKH KHDG RI
EDFWHULRSKDJH71DWXUH  
/DOOL(6DVVRQH&RUVL3  6LJQDOWUDQVGXFWLRQDQGJHQHUHJXODWLRQWKHQXFOHDUUHVSRQVH
WRF$03-%LRO&KHP  
/DP/73LFNHUDO2.3HQJ $&5RVHQZDOG$+XUW(0*LOWQDQH-0$YHUHWW/0=KDR
+ 'DYLV 5( 6DWK\DPRRUWK\ 0 :DKO /0 +DUULV (' 0LNRYLWV -$ 0RQNV $3
+ROOLQJVKHDG 0* 6DXVYLOOH ($ 6WDXGW /0   *HQRPLFVFDOH PHDVXUHPHQW RI P51$
WXUQRYHU DQG WKH PHFKDQLVPV RI DFWLRQ RI WKH DQWLFDQFHU GUXJ IODYRSLULGRO *HQRPH %LRO
  5(6($5&+
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/DUNLQ0$%ODFNVKLHOGV*%URZQ13&KHQQD50F*HWWLJDQ3$0F:LOOLDP+9DOHQWLQ)
:DOODFH,0:LOP $/RSH]57KRPSVRQ-'*LEVRQ7-+LJJLQV'*  &OXVWDO:DQG
&OXVWDO;YHUVLRQ%LRLQIRUPDWLFV  
/DUQHU $& -RQDN * &KHQJ <6 .RUDQW % .QLJKW ( 'DUQHOO -( -U   7UDQVFULSWLRQDO
LQGXFWLRQRIWZRJHQHVLQKXPDQFHOOVE\EHWDLQWHUIHURQ3URF1DWO$FDG6FL86$  

/DVD0%URRN06DNODWYDOD-&ODUN$5  'H[DPHWKDVRQHGHVWDELOL]HVF\FORR[\JHQDVH
P51$E\LQKLELWLQJPLWRJHQDFWLYDWHGSURWHLQNLQDVHS0RO&HOO%LRO  
/DXE07 /RRPLV:)  $PROHFXODUQHWZRUNWKDWSURGXFHVVSRQWDQHRXVRVFLOODWLRQVLQ
H[FLWDEOHFHOOVRI'LFW\RVWHOLXP0RO%LRO&HOO±

/HH 6 3DUHQW &$ ,QVDOO 5 )LUWHO 5$   $ QRYHO 5DVLQWHUDFWLQJ 3URWHLQ 5HTXLUHG IRU
&KHPRWD[LVDQG&\FOLF$GHQRVLQH0RQRSKRVSKDWH6LJQDO5HOD\LQ'LFW\RVWHOLXP0RO%LRO&HOO


/HQJ*  (GLWRU3XOVDWLOLW\LQ1HXURHQGRFULQH6\VWHPV&5&3UHVV%RFD5DWRQ)ORULGD
SS
/L<*ROGEHWHU $  3XOVDWLOHVLJQDOLQJLQLQWHUFHOOXODUFRPPXQLFDWLRQ 3HULRGLFVWLPXOLDUH
PRUH HIILFLHQW WKDQ UDQGRP RU FKDRWLF VLJQDOV LQ D PRGHO EDVHG RQ UHFHSWRU GHVHQVLWL]DWLRQ
%LRSK\V-  
/L =6 =KDR < 5HD 3$   0DJQHVLXP $GHQRVLQH >SULPH@7ULSKRVSKDWH(QHUJL]HG
7UDQVSRUW RI *OXWDWKLRQH6&RQMXJDWHV E\ 3ODQW 9DFXRODU 0HPEUDQH 9HVLFOHV 3ODQW 3K\VLRO
  
/L=66]F]\SND0/X<37KLHOH'-5HD3$  7KH\HDVWFDGPLXPIDFWRUSURWHLQ <&) 
LVDYDFXRODUJOXWDWKLRQH6FRQMXJDWHSXPS-%LRO&KHP  
/LDR ;+ .LPPHO $5   %LRFKHPLFDO UHVSRQVHV WR FKHPRDWWUDFWDQWV LQ 'LFW\RVWHOLXP
OLJDQGUHFHSWRULQWHUDFWLRQVDQGGRZQVWUHDPNLQDVHDFWLYDWLRQ0HWKRGV0RO%LRO
/LOO\3:X/:HONHU'/DQG'HYUHRWHV31  $*SURWHLQEHWDVXEXQLWLVHVVHQWLDO
IRU'LFW\RVWHOLXPGHYHORSPHQW*HQHV'HY  ±
/LOO\ 3-  'HYUHRWHV 31   ,GHQWLILFDWLRQ RI &5$& D F\WRVROLF UHJXODWRU UHTXLUHG IRU
JXDQLQHQXFOHRWLGHVWLPXODWLRQRIDGHQ\O\OF\FODVHLQ'LFW\RVWHOLXP-%LRO&KHP  

/RKPDQQ609DDQGUDJHU$%6PROHQVNL$:DOWHU8DQG'H-RQJH+5  'LVWLQFW
DQGVSHFLILFIXQFWLRQVRIF*03GHSHQGHQWSURWHLQNLQDVHV7UHQGV%LRFKHP6FL±
/RRPLV :)   *HQHWLF QHWZRUNV WKDW UHJXODWH GHYHORSPHQW LQ 'LFW\RVWHOLXP FHOOV 0LFUR
5HY


/RRPLV : ) 6KDXOVN\ * DQG .XVSD $   0ROHFXODU QHWZRUNV WKDW UHJXODWH
GHYHORSPHQWS±,Q'%H\VHQVDQG*)RUJDFV HG '\QDPLFDOV\VWHPVLQSK\VLFVDQG
ELRORJ\6SULQJHU9HUODJ3DULV)UDQFH
/RRPLV :)   5ROH RI 3.$ LQ WKH WLPLQJ RI GHYHORSPHQWDO HYHQWV LQ 'LFW\RVWHOLXP FHOOV
0LFURELRO0RO%LRO5HY  
/RRPLV :)  6KDXOVN\ *   'HYHORSPHQWDO FKDQJHV LQ WUDQVFULSWLRQDO SURILOHV 'HY
*URZWK'LIIHU  
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/RXLV -0 6D[H &/ ,,, .LPPHO $5   7ZR WUDQVPHPEUDQH VLJQDOLQJ PHFKDQLVPV
FRQWURO H[SUHVVLRQ RI WKH F$03 UHFHSWRU JHQH &$5 GXULQJ 'LFW\RVWHOLXP GHYHORSPHQW 3URF
1DWO$FDG6FL86$±
0D3&6LX&+  $SKDUPDFRORJLFDOO\GLVWLQFWF\FOLF$03UHFHSWRULVUHVSRQVLEOHIRUWKH
UHJXODWLRQRIJSH[SUHVVLRQLQ'LFW\RVWHOLXPGLVFRLGHXP0RO&HOO%LRO  
0D+*DPSHU03DUHQW&)LUWHO5$  7KH'LFW\RVWHOLXP0$3NLQDVHNLQDVH'G0(.
UHJXODWHVFKHPRWD[LVDQGLVHVVHQWLDOIRUFKHPRDWWUDFWDQWPHGLDWHGDFWLYDWLRQRIJXDQ\O\OF\FODVH
(0%2-  
0DF$UWKXU 6 /L ;< /L - %URZQ -% &KX +& =HQJ / *URQGRQD %3 +HFKPHU $
6LPLUHQNR / .HUlQHQ 69 .QRZOHV ': 6WDSOHWRQ 0 %LFNHO 3 %LJJLQ 0' (LVHQ 0%
 'HYHORSPHQWDOUROHVRI'URVRSKLODWUDQVFULSWLRQIDFWRUVDUHGHWHUPLQHGE\TXDQWLWDWLYH
GLIIHUHQFHV LQ ELQGLQJ WR DQ RYHUODSSLQJ VHW RI WKRXVDQGV RI JHQRPLF UHJLRQV *HQRPH %LRO
  5
0DHGD 0 $XEU\ / ,QVDOO 5 *DVNLQV & 'HYUHRWHV 31 )LUWHO 5$   6HYHQ KHOL[
FKHPRDWWUDFWDQWUHFHSWRUVWUDQVLHQWO\VWLPXODWHPLWRJHQDFWLYDWHG SURWHLQNLQDVH LQ'LFW\RVWHOLXP
5ROHRIKHWHURWULPHULF*SURWHLQV-%LRO&KHP±
0DHGD 0 )LUWHO 5$   $FWLYDWLRQ RI WKH PLWRJHQDFWLYDWHG SURWHLQ NLQDVH (5. E\ WKH
FKHPRDWWUDFWDQWIROLFDFLGLQ'LFW\RVWHOLXP-%LRO&KHP  
0DHGD0/X66KDXOVN\*0L\D]DNL<.XZD\DPD+7DQDND<.XVSD$/RRPLV:)
  3HULRGLF VLJQDOLQJ FRQWUROOHG E\ DQ RVFLOODWRU\ FLUFXLW WKDW LQFOXGHV SURWHLQ NLQDVHV (5.
DQG3.$6FLHQFH  
0DKDGHR '& 3DUHQW &$   6LJQDO UHOD\ GXULQJ WKH OLIH F\FOH RI 'LFW\RVWHOLXP &XUUHQW
7RSLFVLQ'HYHORSPHQWDO%LRORJ\
0DKWDQL .5 %URRN 0 'HDQ -/ 6XOO\ * 6DNODWYDOD - &ODUN $5   0LWRJHQDFWLYDWHG
SURWHLQ NLQDVH S FRQWUROV WKH H[SUHVVLRQ DQG SRVWWUDQVODWLRQDO PRGLILFDWLRQ RI WULVWHWUDSUROLQ D
UHJXODWRURIWXPRUQHFURVLVIDFWRUDOSKDP51$VWDELOLW\0RO&HOO%LRO  
0DONLQVRQ $0 $VKZRUWK -0   $GHQRVLQH   F\FOLF PRQRSKRVSKDWH FRQFHQWUDWLRQV
DQG SKRVSKRGLHVWHUDVH DFWLYLWLHV GXULQJ D[HQLF JURZWK DQG GLIIHUHQWLDWLRQ RI FHOOV RI WKH FHOOXODU
VOLPHPRXOG'LFW\RVWHOLXPGLVFRLGHXP%LRFKHP-  
0DQJLDURWWL * *LRUGD 5 &HFFDUHOOL $ 3HUOR &   P51$ VWDELOL]DWLRQ FRQWUROV WKH
H[SUHVVLRQRIDFODVVRIGHYHORSPHQWDOO\UHJXODWHGJHQHVLQ'LFW\RVWHOLXPGLVFRLGHXP3URF1DWO
$FDG6FL86$  
0DQQ 6. )LUWHO 5$   &\FOLF $03 UHJXODWLRQ RI HDUO\ JHQH H[SUHVVLRQ LQ 'LFW\RVWHOLXP
GLVFRLGHXPPHGLDWLRQYLDWKHFHOOVXUIDFHF\FOLF$03UHFHSWRU0RO&HOO%LRO  
0DQQ 6. 3LQNR & )LUWHO 5$   F$03 UHJXODWLRQ RI HDUO\ JHQH H[SUHVVLRQ LQ VLJQDO
WUDQVGXFWLRQPXWDQWVRI'LFW\RVWHOLXP'HY%LRO  
0DQQ 6. )LUWHO 5$   7ZRSKDVH UHJXODWRU\ SDWKZD\ FRQWUROV F$03 UHFHSWRUPHGLDWHG
H[SUHVVLRQRIHDUO\JHQHVLQ'LFW\RVWHOLXP3URF1DWO$FDG6FL86$  
0DQQ 6. )LUWHO 5$   $ GHYHORSPHQWDOO\ UHJXODWHG SXWDWLYH VHULQHWKUHRQLQH SURWHLQ
NLQDVHLVHVVHQWLDOIRUGHYHORSPHQWLQ'LFW\RVWHOLXP0HFK'HY  
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0DQQ 6. 2 <RQHPRWR :0 7D\ORU 66 DQG )LUWHO 5$   'G3. ZKLFK SOD\V
HVVHQWLDO UROHV GXULQJ 'LFW\RVWHOLXP GHYHORSPHQW HQFRGHV WKH FDWDO\WLF VXEXQLW RI F$03
GHSHQGHQWSURWHLQNLQDVH3URF1DWO$FDG6FL86$

0DQQ 6.2 5LFKDUGVRQ '/ /HH 6 .LPPHO $5 DQG )LUWHO 5$   ([SUHVVLRQ RI
F$03GHSHQGHQW SURWHLQ NLQDVH LQ SUHVSRUH FHOOV LV VXIILFLHQW LQGXFH VSRUH FHOO GLIIHUHQWLDWLRQ LQ
'LFW\RVWHOLXP3URF1DWO$FDG6FL86$±

0DQQ6.2%URZQ-0%ULVFRH&3DUHQW&3LWW*'HYUHRWHV3DQG)LUWHO5$  
5ROH RI F$03GHSHQGHQW SURWHLQ NLQDVH LQ FRQWUROOLQJ DJJUHJDWLRQ DQG SRVWDJJUHJDWLYH
GHYHORSPHQWLQ'LFW\RVWHOLXP'HY%LRO

0DUWLQ3 3DUNKXUVW60  3DUDOOHOVEHWZHHQWLVVXHUHSDLUDQGHPEU\RPRUSKRJHQHVLV
'HYHORSPHQW±
0DUWLQH] 0- 5R\ 6 $UFKXOHWWD $% :HQW]HOO 3' $QQD$UULROD 66 5RGULJXH] $/ $UDJRQ
$' 4XLxRQHV *$ $OOHQ & :HUQHU:DVKEXUQH 0   *HQRPLF DQDO\VLV RI VWDWLRQDU\
SKDVHDQGH[LWLQ6DFFKDURP\FHVFHUHYLVLDHJHQHH[SUHVVLRQDQGLGHQWLILFDWLRQRIQRYHOHVVHQWLDO
JHQHV0RO%LRO&HOO
0DWR -0 -DVWRUII % 0RUU 0 .RQLMQ 70   $ PRGHO IRU F\FOLF $03FKHPRUHFHSWRU
LQWHUDFWLRQLQ'LFW\RVWHOLXPGLVFRLGHXP%LRFKLP%LRSK\V$FWD  
0D\DQDJL 7 $PDJDL $ 0DHGD <   '1* D 'LFW\RVWHOLXP KRPRORJXH RI WXPRU
VXSSUHVVRU,1*UHJXODWHVGLIIHUHQWLDWLRQRI'LFW\RVWHOLXPFHOOV&HOO0RO/LIH6FL  
0F0DLQV 9& /LDR ;+ .LPPHO $5   2VFLOODWRU\ VLJQDOLQJ DQG QHWZRUN UHVSRQVHV
GXULQJWKHGHYHORSPHQWRI'LFW\RVWHOLXPGLVFRLGHXP$JHLQJ5HV5HY(SXE0D\
0F0XOOHQ3'0RULPRWR5,$PDUDO/$  3K\VLFDOO\JURXQGHGDSSURDFKIRUHVWLPDWLQJ
JHQHH[SUHVVLRQIURPPLFURDUUD\GDWD3URF1DWO$FDG6FL86$  
0HKGLDEDGL1-.URQIRUVW054XHOOHU'&6WUDVVPDQQ-(  3K\ORJHQ\UHSURGXFWLYH
LVRODWLRQDQGNLQUHFRJQLWLRQLQWKHVRFLDODPRHED'LFW\RVWHOLXPSXUSXUHXP(YROXWLRQ  

0HKG\0&)LUWHO5$  $VHFUHWHGIDFWRUDQGF\FOLF$03MRLQWO\UHJXODWHFHOOW\SHVSHFLILF
JHQHH[SUHVVLRQLQ'LFW\RVWHOLXPGLVFRLGHXP0RO&HOO%LRO  
0HLOL 5 (OOVZRUWK & )LUWHO 5$   $ QRYHO $NW3.%UHODWHG NLQDVH LV HVVHQWLDO IRU
PRUSKRJHQHVLVLQ'LFW\RVWHOLXP&XUU%LRO  
0HLOL5(OOVZRUWK&/HH65HGG\7%0D+)LUWHO5$  &KHPRDWWUDFWDQWPHGLDWHG
WUDQVLHQW DFWLYDWLRQ DQG PHPEUDQH ORFDOL]DWLRQ RI $NW3.% LV UHTXLUHG IRU HIILFLHQW FKHPRWD[LV WR
F$03LQ'LFW\RVWHOLXP(0%2-  
0LDQ ,6 5RVH &   &RPPXQLFDWLRQ WKHRU\ DQG PXOWLFHOOXODU ELRORJ\ ,QWHJU %LRO &DPE 
  
0LOQH-/:X/&DWHULQD0-'HYUHRWHV31  6HYHQKHOL[F$03UHFHSWRUVVWLPXODWH
&D HQWU\ LQ WKH DEVHQFH RI IXQFWLRQDO * SURWHLQV LQ 'LFW\RVWHOLXP - %LRO &KHP 

0LQJH 0$ 6LOEHUPDQ -' 2UU 5- &DYDOLHU6PLWK 7 6KDOFKLDQ7DEUL]L . %XUNL )
6NMDHYHODQG$-DNREVHQ.6  (YROXWLRQDU\SRVLWLRQRIEUHYLDWHDPRHEDHDQGWKHSULPDU\
HXNDU\RWHGLYHUJHQFH3URF%LRO6FL  
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0RKU 6 %DNDO & 3HUULPRQ 1   *HQRPLF VFUHHQLQJ ZLWK 51$L UHVXOWV DQG FKDOOHQJHV
$QQX5HY%LRFKHP
0RQWPLQ\ 05 6HYDULQR.$ :DJQHU -$ 0DQGHO * *RRGPDQ 5+   ,GHQWLILFDWLRQ RI D
F\FOLF$03UHVSRQVLYH HOHPHQW ZLWKLQ WKH UDW VRPDWRVWDWLQ JHQH 3URF 1DWO $FDG 6FL 8 6 $
  
0RQWPLQ\0  7UDQVFULSWLRQDOUHJXODWLRQE\F\FOLF$03$QQX5HY%LRFKHP
0RUWD]DYL $ :LOOLDPV %$ 0F&OXH . 6FKDHIIHU / :ROG %   0DSSLQJ DQG TXDQWLI\LQJ
PDPPDOLDQWUDQVFULSWRPHVE\51$6HT1DW0HWKRGV±

0UDVV3 :HQLQJHU:  ,PPXQHFHOOPLJUDWLRQDVDPHDQVWRFRQWUROLPPXQHSULYLOHJH
OHVVRQVIURPWKH&16DQGWXPRUV,PPXQRO5HY±
0X ; /HH % /RXLV -0 .LPPHO $5   6HTXHQFHVSHFLILF SURWHLQ LQWHUDFWLRQ ZLWK D
WUDQVFULSWLRQDO HQKDQFHU LQYROYHG LQ WKH DXWRUHJXODWHG H[SUHVVLRQ RI F$03 UHFHSWRU  LQ
'LFW\RVWHOLXP'HYHORSPHQW  
0X ; 6SDQRV 6$ 6KLORDFK - .LPPHO $   &57) LV D QRYHO WUDQVFULSWLRQ IDFWRU WKDW
UHJXODWHVPXOWLSOHVWDJHVRI'LFW\RVWHOLXPGHYHORSPHQW'HYHORSPHQW  
0XOOHQV,$)UDQNH-.DSSHV'-.HVVLQ5+  'HYHORSPHQWDOUHJXODWLRQRIWKHF\FOLF
QXFOHRWLGHSKRVSKRGLHVWHUDVH P51$ RI 'LFW\RVWHOLXP GLVFRLGHXP $QDO\VLV E\ FHOOIUHH
WUDQVODWLRQDQGLPPXQRSUHFLSLWDWLRQ(XU-%LRFKHP  
0XUGRFK*+3RWWHU(1LFRODLVHQ $. (YDQV505RVHQIHOG0* D (SLGHUPDOJURZWK
IDFWRUUDSLGO\VWLPXODWHVSURODFWLQJHQHWUDQVFULSWLRQ1DWXUH  
0XUGRFK *+ 5RVHQIHOG 0* E  (XNDU\RWLF WUDQVFULSWLRQDO UHJXODWLRQ DQG FKURPDWLQ
DVVRFLDWHGSURWHLQSKRVSKRU\ODWLRQE\F\FOLF$036FLHQFH  
0XUGRFK*+)UDQFR5(YDQV505RVHQIHOG0*  3RO\SHSWLGHKRUPRQHUHJXODWLRQRI
JHQH H[SUHVVLRQ 7K\URWURSLQUHOHDVLQJ KRUPRQH UDSLGO\ VWLPXODWHV ERWK WUDQVFULSWLRQ RI WKH
SURODFWLQJHQHDQGWKHSKRVSKRU\ODWLRQRIDVSHFLILFQXFOHDUSURWHLQ-%LRO&KHP  

0\UH 0$ /XPVGHQ $/ 7KRPSVRQ 01 :DVFR : 0DFGRQDOG 0( *XVHOOD -)  
'HILFLHQF\ RI KXQWLQJWLQ KDV SOHLRWURSLF HIIHFWV LQ WKH VRFLDO DPRHED 'LFW\RVWHOLXP GLVFRLGHXP
3/R6*HQHW$SU  H(SXE$SU
1DWDUDMDQ . 0H\HU 05 -DFNVRQ %0 6ODGH ' 5REHUWV & +LQQHEXVFK $* 0DUWRQ 0-
 7UDQVFULSWLRQDOSURILOLQJVKRZVWKDW*FQSLVDPDVWHUUHJXODWRURIJHQHH[SUHVVLRQGXULQJ
DPLQRDFLGVWDUYDWLRQLQ\HDVW0RO&HOO%LRO  
1HOOHQ:'DWWD65H\PRQG&6LYHUWVHQ$0DQQ6&URZOH\7)LUWHO5$  0ROHFXODU
ELRORJ\LQ'LFW\RVWHOLXPWRROVDQGDSSOLFDWLRQV0HWKRGV&HOO%LRO
1HZFRPE // 'LGHULFK -$ 6ODWWHU\ 0* +HLGHPDQ :   *OXFRVH UHJXODWLRQ RI
6DFFKDURP\FHVFHUHYLVLDHFHOOF\FOHJHQHV(XNDU\RW&HOO  
1HZWK &. +DQQD 0+   &KHPRWDFWLF UHVSRQVH RI ZLOGW\SH DQG DJJUHJDWLRQGHIHFWLYH
PXWDQWVRI3RO\VSKRQG\OLXPYLRODFHXP'LIIHUHQWLDWLRQ
1RFH 7 2NDPRWR . 7DNHXFKL ,   3XULILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI WKH H[WUDFHOOXODU
F\FOLF$03SKRVSKRGLHVWHUDVHRI'LFW\RVWHOLXPGLVFRLGHXP-%LRFKHP  
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1RHJHO $ *HULVFK * 6WDGOHU - :HVWSKDO 0   &RPSOHWH VHTXHQFH DQG WUDQVFULSW
UHJXODWLRQRIDFHOODGKHVLRQSURWHLQIURPDJJUHJDWLQJ'LFW\RVWHOLXPFHOOV(0%2-  
1RHJHO$$%ODX:DVVHU56XOWDQD+0OOHU5,VUDHO/6FKOHLFKHU03DWHO+:HLMHU&-
  7KH F\FODVHDVVRFLDWHG SURWHLQ &$3 DV UHJXODWRU RI FHOO SRODULW\ DQG F$03 VLJQDOLQJ LQ
'LFW\RVWHOLXP0RO%LRO&HOO  
1RZURXVLDQ 0   1H[WJHQHUDWLRQ VHTXHQFLQJ WHFKQLTXHV IRU HXNDU\RWLF PLFURRUJDQLVPV
VHTXHQFLQJEDVHGVROXWLRQVWRELRORJLFDOSUREOHPV(XNDU\RW&HOO  
2OLYH(:  $SUHOLPLQDU\HQXPHUDWLRQRIWKHVRURSKRUHDH3URF$P$FDG$UWV6FL

2OLYH(:  0RQRJUDSKRIWKH$FUDVLHDH3URF%RVWRQ6RF1DW+LVW,SO
2WVXND+9DQ+DDVWHUW3-  $QRYHO0\EKRPRORJLQLWLDWHV'LFW\RVWHOLXPGHYHORSPHQWE\
LQGXFWLRQRIDGHQ\O\OF\FODVHH[SUHVVLRQ*HQHV'HY  
3DODWQLN &0 6WRUWL 59 -DFREVRQ $   )UDFWLRQDWLRQ DQG IXQFWLRQDO DQDO\VLV RI QHZO\
V\QWKHVL]HGDQGGHFD\LQJPHVVHQJHU51$VIURPYHJHWDWLYHFHOOVRI'LFW\RVWHOLXPGLVFRLGHXP-
0RO%LRO  
3DODWQLN&06WRUWL59&DSRQH$.-DFREVRQ$  0HVVHQJHU51$VWDELOLW\LQ
'LFW\RVWHOLXPGLVFRLGHXPGRHVSRO\ $ KDYHDUHJXODWRU\UROH"-0RO%LRO  
3DOVVRQ(/HH.-*ROGVWHLQ5()UDQNH-.HVVLQ5+DQG&R[(&  6HOHFWLRQ
IRUVSLUDOZDYHVLQWKHVRFLDODPRHEDH'LFW\RVWHOLXP3URF1DWO$FDG6FL86$  ±

3DQ3+DOO(0%RQQHU-7  )ROLFDFLGDVVHFRQGFKHPRWDFWLFVXEVWDQFHLQWKHFHOOXODU
VOLPHPRXOGV1DW1HZ%LRO  
3DQ3+DOO(0%RQQHU-7  'HWHUPLQDWLRQRIWKHDFWLYHSRUWLRQRIWKHIROLFDFLGPROHFXOH
LQFHOOXODUVOLPHPROGFKHPRWD[LV-%DFWHULRO  
3DUHQW&$ 'HYUHRWHV31  0ROHFXODUJHQHWLFVRIVLJQDOWUDQVGXFWLRQLQ'LFW\RVWHOLXP
$QQX5HY%LRFKHP

3DUHQW&$DQG'HYUHRWHV31  $FHOO¶VVHQVHRIGLUHFWLRQ6FLHQFH

3DUHQW &$   0DNLQJ DOO WKH ULJKW PRYHV FKHPRWD[LV LQ QHXWURSKLOV DQG 'LFW\RVWHOLXP
&XUU2SLQ&HOO%LRO±
3DULNK $0LUDQGD(5 .DWRK.XUDVDZD0)XOOHU'5RW*=DJDU/&XUN76XFJDQJ
5&KHQ5=XSDQ%/RRPLV:).XVSD$6KDXOVN\*  &RQVHUYHGGHYHORSPHQWDO
WUDQVFULSWRPHVLQHYROXWLRQDULO\GLYHUJHQWVSHFLHV*HQRPH%LRO  5
3IDIIO 0:   $ QHZ PDWKHPDWLFDO PRGHO IRU UHODWLYH TXDQWLILFDWLRQ LQ UHDOWLPH 57 3&5
1XFOHLF$FLGV5HV  H
3LO] 5% &DVWHHO '(   5HJXODWLRQ RI JHQH H[SUHVVLRQ E\ F\FOLF *03 &LUF 5HV
  
3LWW*60LORQD1%RUOHLV-/LQ.&5HHG55'HYUHRWHV31  6WUXFWXUDOO\GLVWLQFWDQG
VWDJHVSHFLILF DGHQ\O\O F\FODVH JHQHV SOD\ GLIIHUHQW UROHV LQ 'LFW\RVWHOLXP GHYHORSPHQW &HOO 
±
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3LWW*6%UDQGW5/LQ.&'HYUHRWHV316FKDDS3  ([WUDFHOOXODUF$03LVVXIILFLHQWWR
UHVWRUH GHYHORSPHQWDO JHQH H[SUHVVLRQ DQG PRUSKRJHQHVLV LQ 'LFW\RVWHOLXP FHOOV ODFNLQJ WKH
DJJUHJDWLRQDGHQ\O\OF\FODVH $&$ *HQHV'HY  

3RGJRUVNL *- )DXUH 0 )UDQNH - .HVVLQ 5+   7KH F\FOLF QXFOHRWLGH
SKRVSKRGLHVWHUDVHRI'LFW\RVWHOLXPGLVFRLGHXPWKHVWUXFWXUHRIWKHJHQHDQG LWVUHJXODWLRQ DQG
UROHLQGHYHORSPHQW'HY*HQHW
3RNKRORN '. =HLWOLQJHU - +DQQHWW 10 5H\QROGV '% <RXQJ 5$   $FWLYDWHG VLJQDO
WUDQVGXFWLRQNLQDVHVIUHTXHQWO\RFFXS\WDUJHWJHQHV6FLHQFH  
3RWWV*  =XU3K\VLRORJLHGHV'LFW\RVWH]LXPPXFRURLGHV)ORUD
3ULPSNH * ,DVVRQLGRX 9 1HOOHQ : :HWWHUDXHU %   5ROH RI F$03GHSHQGHQW SURWHLQ
NLQDVHGXULQJJURZWK DQG HDUO\GHYHORSPHQWRI 'LFW\RVWHOLXPGLVFRLGHXP'HY %LRO  

3UHVWRQ *0 %LOOLV :0 :KLWH %$   7UDQVFULSWLRQDO DQG SRVWWUDQVFULSWLRQDO UHJXODWLRQ RI
WKHUDWSURODFWLQJHQHE\FDOFLXP0RO&HOO%LRO  
3UXVFK5'DQG0LQHN'5  &KHPLFDOVWLPXODWLRQRISKDJRF\WRVLVLQ$PRHEDSURWHXVDQG
WKHLQIOXHQFHRIH[WHUQDOFDOFLXP&HOO7LVVXH5HV
5DGRQMLF 0 $QGUDX -& /LMQ]DDG 3 .HPPHUHQ 3 .RFNHONRUQ 77 YDQ /HHQHQ ' YDQ
%HUNXP 1/ +ROVWHJH )&   *HQRPHZLGH DQDO\VHV UHYHDO 51$ SRO\PHUDVH ,, ORFDWHG
XSVWUHDPRIJHQHVSRLVHGIRUUDSLGUHVSRQVHXSRQ6FHUHYLVLDHVWDWLRQDU\SKDVHH[LW0RO&HOO
  
5DJKDYDQ $ 2JLOYLH 5/ 5HLOO\ & $EHOVRQ 0/ 5DJKDYDQ 6 9DVGHZDQL - .UDWKZRKO
0 %RKMDQHQ 35   *HQRPHZLGH DQDO\VLV RI P51$ GHFD\ LQ UHVWLQJ DQG DFWLYDWHG
SULPDU\KXPDQ7O\PSKRF\WHV1XFOHLF$FLGV5HV  
5DJKDYDQ $ %RKMDQHQ 35   0LFURDUUD\EDVHG DQDO\VHV RI P51$ GHFD\ LQ WKH
UHJXODWLRQRIPDPPDOLDQJHQHH[SUHVVLRQ%ULHI)XQFW*HQRPLF3URWHRPLF  
5DSHU.%  3VHXGRSODVPRGLXPIRUPDWLRQDQGRUJDQL]DWLRQLQ'LFW\RVWHOLXPGLVFRLGHXP
MI(OLVKD0LWFKHOOVFLHQW6RF

5DSHU.%7KRP&  ,QWHUVSHFLHVPL[WXUHVRI'LFW\RVWHOLDFHDH$P-%RW

5DSHU .%  )DFWRUVDIIHFWLQJJURZWKDQGGLIIHUHQWLDWLRQ LQVLPSOHVOLPHPROGV 0\FRORJLD


5DSHU.%  7KHGLFW\RVWHOLGV3ULQFHWRQ8QLYHUVLW\3UHVV3ULQFHWRQ

5DSS3(  :K\DUHVRPDQ\ELRORJLFDOV\VWHPVSHULRGLF"3URJ1HXURELRO  ±

5DWKL $ .D\PDQ 6& &ODUNH 0   ,QGXFWLRQ RI JHQH H[SUHVVLRQ LQ 'LFW\RVWHOLXP E\
SUHVWDUYDWLRQIDFWRUDIDFWRUVHFUHWHGE\JURZLQJFHOOV'HY*HQHW

5DWKL $ DQG &ODUNH 0   ([SUHVVLRQ RI HDUO\ GHYHORSPHQWDO JHQHV LQ 'LFW\RVWHOLXP
GLVFRLGHXP LV LQLWLDWHG GXULQJ H[SRQHQWLDO JURZWK E\ DQ DXWRFULQH GHSHQGHQW PHFKDQLVP 0HFK
'HYHO

5H\PRQG &' 6FKDDS 3 9pURQ 0 :LOOLDPV -*   'XDO UROH RI F$03 GXULQJ
'LFW\RVWHOLXPGHYHORSPHQW([SHULHQWLD  






5()(5(1&(6
5LFKDUGV 7 $  &DYDOLHU6PLWK 7   0\RVLQ GRPDLQ HYROXWLRQ DQG WKH SULPDU\
GLYHUJHQFHRIHXNDU\RWHV1DWXUH±

5LFKWHU -'   &\WRSODVPLF SRO\DGHQ\ODWLRQ LQ GHYHORSPHQW DQG EH\RQG 0LFURELRO 0RO %LRO
5HY
5LHGHO 9 *HULVFK *   5HJXODWLRQ RI H[WUDFHOOXODU F\FOLF$03SKRVSKRGLHVWHUDVH DFWLYLW\
GXULQJGHYHORSPHQWRI'LFW\RVWHOLXPGLVFRLGHXP%LRFKHP%LRSK\V5HV&RPPXQ  
5LHGHO 9 0DOFKRZ ' *HULVFK * DQG 1DJHOH %   &\FOLF $03 SKRVSKRGLHVWHUDVH
LQWHUDFWLRQZLWKLWVLQKLELWRURIWKHVOLPHPROG'LFW\RVWHOLXPGLVFRLGHXP%LRFKHP%LRSK\V5HV
&RPPXQ  ±
5LHGHO 9 *HULVFK * 0OOHU ( %HXJ +   'HIHFWLYH F\FOLF DGHQRVLQH   SKRVSKDWH
SKRVSKRGLHVWHUDVHUHJXODWLRQLQPRUSKRJHQHWLFPXWDQWVRI'LFW\RVWHOLXPGLVFRLGHXP-0RO%LRO
  
5LJGHQ'-0HOOR/9*DOSHULQ0<  7KH3$GRPDLQDFRQVHUYHGDOOEHWDGRPDLQLQ
EDFWHULDOWR[LQVHQ]\PHVDGKHVLQVDQGVLJQDOLQJPROHFXOHV7UHQGV%LRFKHP6FL  
5LWFKLH $ 9 9DQ (V 6 )RXTXHW &  6FKDDS 3   )URP GURXJKW VHQVLQJ WR
GHYHORSPHQWDO FRQWURO HYROXWLRQ RI F\FOLF $03 VLJQDOLQJ LQ VRFLDO DPRHEDV 0RO %LRO (YRO
±
5RELQVRQ 0' 2VKODFN $   $ VFDOLQJ QRUPDOL]DWLRQ PHWKRG IRU GLIIHUHQWLDO H[SUHVVLRQ
DQDO\VLVRI51$VHTGDWD*HQRPH%LRO  5
5RGULJXH] 0 .LP % /HH 16 9HHUDQNL 6 .LP /   03/ D QRYHO SKRVSKDWDVH ZLWK
OHXFLQHULFKUHSHDWVLVHVVHQWLDOIRUSURSHU(5.SKRVSKRU\ODWLRQDQGFHOOPRWLOLW\(XNDU\RW&HOO
  
5RHORIV - 6QLSSH + .OHLQHLGDP 5* 9DQ +DDVWHUW 3- D  *XDQ\ODWH F\FODVH LQ
'LFW\RVWHOLXP GLVFRLGHXP ZLWK WKH WRSRORJ\ RI PDPPDOLDQ DGHQ\ODWH F\FODVH %LRFKHP -

5RHORIV - 0HLPD 0 6FKDDS 3 DQG 9DQ +DDVWHUW 3-0 E  7KH 'LFW\RVWHOLXP
KRPRORJXH RI PDPPDOLDQ VROXEOH DGHQ\O\O F\FODVH HQFRGHV D JXDQ\O\O F\FODVH (0%2 - 
±
5RHORIV - /RRYHUV +0 9DQ +DDVWHUW 3- F  *73JDPPD6 UHJXODWLRQ RI D 
WUDQVPHPEUDQH JXDQ\O\O F\FODVH LV UHWDLQHG DIWHUPXWDWLRQ WR DQ DGHQ\O\O F\FODVH - %LRO &KHP
  
5RHORIV -  9DQ +DDVWHUW 3-   &KDUDFWHUL]DWLRQ RI WZR XQXVXDO JXDQ\O\O F\FODVHV IURP
GLFW\RVWHOLXP-%LRO&KHP  
5RPHUDOR0(VFDODQWH56DVWUH//DGR&  0ROHFXODUV\VWHPDWLFVRIGLFW\RVWHOLGV6
ULERVRPDO'1$DQGLQWHUQDOWUDQVFULEHGVSDFHUUHJLRQDQDO\VHV(XNDU\RWLF&HOO  

5RPHUDOR06SLHJHO):%DOGDXI6  $)XOO\5HVROYHG3K\ORJHQ\RIWKH6RFLDO$PRHEDV
'LFW\RVWHOLD %DVHGRQ&RPELQHG668DQG,76U'1$6HTXHQFHV3URWLVW
5RPHUDOR 0 0R\D/DUDxR - /DGR & D  6RFLDO DPRHEDH HQYLURQPHQWDO IDFWRUV
LQIOXHQFLQJ WKHLU GLVWULEXWLRQ DQG GLYHUVLW\ DFURVV VRXWKZHVWHUQ (XURSH 0LFURE (FRO   






5()(5(1&(6
5RPHUDOR 0 &DYHQGHU -& /DQGROW -& 6WHSKHQVRQ 6/ %DOGDXI 6/ E  $Q H[SDQGHG
SK\ORJHQ\ RI VRFLDO DPRHEDV 'LFW\RVWHOLD  VKRZV LQFUHDVLQJ GLYHUVLW\ DQG QHZ PRUSKRORJLFDO
SDWWHUQV%0&(YROXWLRQDU\%LRORJ\
5RPHUDOR 0 (VFDODQWH 5 %DOGDXI 6/ F  (YROXWLRQ DQG 'LYHUVLW\ RI 'LFW\RVWHOLG 6RFLDO
$PRHEDH3URWLVWKWWSG[GRLRUJMSURWLV
5RRV:1DQMXQGLDK90DOFKRZ' *HULVFK*  $PSOLILFDWLRQRIF\FOLF$03VLJQDOV
LQDJJUHJDWLQJFHOOVRI'LFW\RVWHOLXPGLVFRLGHXP)(%6/HWW±

5RW*3DULNK$&XUN7.XVSD$6KDXOVN\*=XSDQ%  GLFW\([SUHVVD'LFW\RVWHOLXP
GLVFRLGHXP JHQH H[SUHVVLRQ GDWDEDVH ZLWK DQ H[SORUDWLYH GDWD DQDO\VLV ZHEEDVHG LQWHUIDFH
%0&%LRLQIRUPDWLFV

6DJHU*  &\FOLF*03WUDQVSRUWHUV1HXURFKHP,QW±
6DPXHO (:   2ULHQWDWLRQ DQG UDWH RI ORFRPRWLRQ RI LQGLYLGXDO DPHEDV LQ WKH OLIH F\FOH RI
WKHFHOOXODUVOLPHPROG'LFW\RVWHOLXPPXFRURLGHV'HY%LRO
6DUDQ 6 0HLPD 0( $OYDUH]&XUWR ( :HHQLQJ .( 5R]HQ '( 6FKDDS 3   F$03
VLJQDOLQJ LQ 'LFW\RVWHOLXP &RPSOH[LW\ RI F$03 V\QWKHVLV GHJUDGDWLRQ DQG GHWHFWLRQ - 0XVFOH
5HV&HOO0RWLO±
6DVDNL.&ULSH73.RFK65$QGUHRQH7/3HWHUVHQ''%HDOH(**UDQQHU'.  
0XOWLKRUPRQDO UHJXODWLRQ RI SKRVSKRHQROS\UXYDWH FDUER[\NLQDVH JHQH WUDQVFULSWLRQ 7KH
GRPLQDQWUROHRILQVXOLQ-%LRO&KHP  
6DVDNL$7&KXQ&7DNHGD.)LUWHO5$  /RFDOL]HG5DVVLJQDOLQJDWWKHOHDGLQJHGJH
UHJXODWHV3,.FHOOSRODULW\DQGGLUHFWLRQDOFHOOPRYHPHQW-&HOO%LRO  
6DVVRQH&RUVL 3   *RDOV IRU VLJQDO WUDQVGXFWLRQ SDWKZD\V OLQNLQJ XS ZLWK WUDQVFULSWLRQDO
UHJXODWLRQ(0%2-  
6DZDL67KRPDVRQ3$DQG&R[(&  $QDXWRUHJXODWRU\FLUFXLWIRUORQJUDQJHVHOI
RUJDQL]DWLRQLQ'LFW\RVWHOLXPFHOOSRSXODWLRQV1DWXUH± 

6D[H &/ ,,, -RKQVRQ 5 'HYUHRWHV 31 DQG .LPPHO $5 D  0XOWLSOH JHQHV IRU FHOO
VXUIDFHF$03UHFHSWRUVLQ'LFW\RVWHOLXPGLVFRLGHXP'HY*HQHW ±±

6D[H &/ -RKQVRQ 5/ 'HYUHRWHV 31 DQG .LPPHO $5 E  ([SUHVVLRQ RI D F$03
UHFHSWRUJHQHRI'LFW\RVWHOLXPDQGHYLGHQFHIRUDPXOWLJHQHIDPLO\*HQHV'HY

6FKDDS3:LQFNOHU71HOVRQ0$OYDUH]&XUWR((OJLH%+DJLZDUD+&DYHQGHU-0LODQR
&XUWR $ 5R]HQ '( 'LQJHUPDQQ 7 0XW]HO 5 %DOGDXI 6/   0ROHFXODU SK\ORJHQ\ DQG
HYROXWLRQRIPRUSKRORJ\LQWKHVRFLDODPRHEDV6FLHQFH±

6FKDDS 3   (YROXWLRQ RI VL]H DQG SDWWHUQ LQ WKH VRFLDO DPRHEDV %LRHVVD\V    ±


6FKDDS3 D (YROXWLRQDU\FURVVURDGVLQGHYHORSPHQWDOELRORJ\'LFW\RVWHOLXPGLVFRLGHXP
'HYHORSPHQW  
6FKDDS3 E (YROXWLRQRIGHYHORSPHQWDOF\FOLFDGHQRVLQHPRQRSKRVSKDWHVLJQDOLQJLQWKH
'LFW\RVWHOLDIURPDQDPRHER]RDQVWUHVVUHVSRQVH'HY*URZWK'LIIHU  





5()(5(1&(6
6FKDW]OH - 5DWKL $ &ODUNH 0 &DUGHOOL -$   'HYHORSPHQWDO UHJXODWLRQ RI WKH DOSKD
PDQQRVLGDVH JHQH LQ 'LFW\RVWHOLXP GLVFRLGHXP FRQWURO LV DW WKH OHYHO RI WUDQVFULSWLRQ DQG LV
DIIHFWHGE\FHOOGHQVLW\0RO&HOO%LRO  
6FKDW]OH-%XVK-&DUGHOOL-  0ROHFXODUFORQLQJDQGFKDUDFWHUL]DWLRQRIWKHVWUXFWXUDO
JHQH FRGLQJ IRU WKH GHYHORSPHQWDOO\ UHJXODWHG O\VRVRPDO HQ]\PH DOSKDPDQQRVLGDVH LQ
'LFW\RVWHOLXPGLVFRLGHXP-%LRO&KHP  
6FKDW]OH - %XVK - 'KDUPDZDUGKDQH 6 )LUWHO 5$ *RPHU 5+ &DUGHOOL -  
&KDUDFWHUL]DWLRQ RI WKH VLJQDO WUDQVGXFWLRQ SDWKZD\V DQG FLVDFWLQJ '1$ VHTXHQFH UHVSRQVLEOH
IRU WKH WUDQVFULSWLRQDO LQGXFWLRQ GXULQJ JURZWK DQG GHYHORSPHQW RI WKH O\VRVRPDO DOSKD
PDQQRVLGDVHJHQHLQ'LFW\RVWHOLXPGLVFRLGHXP-%LRO&KHP  
6FKXONHV & DQG 6FKDDS 3   F$03GHSHQGHQW SURWHLQ NLQDVH DFWLYLW\ LV HVVHQWLDO IRU
SUHDJJHJDWLYHJHQHH[SUHVVLRQLQ'LFW\RVWHOLXP)(%6/HWW
6FKQLW]OHU *5 )LVFKHU :+ )LUWHO 5$   &ORQLQJ DQG FKDUDFWHUL]DWLRQ RI WKH *ER[
ELQGLQJ IDFWRU DQ HVVHQWLDO FRPSRQHQW RI WKH GHYHORSPHQWDO VZLWFK EHWZHHQ HDUO\ DQG ODWH
GHYHORSPHQWLQ'LFW\RVWHOLXP*HQHV'HY  
6FKQLW]OHU*5%ULVFRH&%URZQ-0)LUWHO5$  6HUSHQWLQHF$03UHFHSWRUVPD\DFW
WKURXJK D * SURWHLQLQGHSHQGHQW SDWKZD\ WR LQGXFH SRVWDJJUHJDWLYH GHYHORSPHQW LQ
'LFW\RVWHOLXP&HOO

6HJDOO-(.XVSD$6KDXOVN\*(FNH00DHGD0*DVNLQV&)LUWHO5$DQG/RRPLV
: )   $ 0$3 NLQDVH QHFHVVDU\ IRU UHFHSWRUPHGLDWHG DFWLYDWLRQ RI DGHQ\O\O F\FODVH LQ
'LFW\RVWHOLXP-&HOO%LRO±

6HJDOO-(.XVSD$6KDXOVN\*(FNH00DHGD0*DVNLQV&)LUWHO5$DQG/RRPLV
: )   $ 0$3 NLQDVH QHFHVVDU\ IRU UHFHSWRUPHGLDWHG DFWLYDWLRQ RI DGHQ\O\O F\FODVH LQ
'LFW\RVWHOLXP-&HOO%LRO  ±
6KDIIHU %0   $JJUHJDWLRQ LQ FHOOXODU VOLPH PRXOGV LQ YLWUR LVRODWLRQ RI DFUDVLQ 1DWXUH
0D\  
6KDIIHU%0 D $VSHFWVRIDJJUHJDWLRQLQFHOOXODUVOLPHPROGV$P1DW
6KDIIHU %0 E  3URSHUWLHV RI VOLPHPRXOG DPRHEDH RI VLJQLILFDQFH IRU DJJUHJDWLRQ 4-O
PLFURVF6FL
6KDIIHU %0  ,QWHJUDWLRQ LQ DJJUHJDWLQJVOLPHPRXOGV 4XDUW- 0LFURVFRS6FL


6KDIIHU%0  7KHFHOOVIRXQGLQJDJJUHJDWLRQFHQWHUVLQWKHVOLPHPRXOG3RO\VSKRQG\OLXP
YLRODFHXP-([SWO%LRO

6KDIIHU%0  7KH$FUDVLQD$GY0RUSKRJHQ
6KHYFKHQNR$:LOP09RUP20DQQ0  0DVVVSHFWURPHWULFVHTXHQFLQJRISURWHLQV
VLOYHUVWDLQHGSRO\DFU\ODPLGHJHOV$QDO&KHP  
6KLP - .DULQ 0   7KH FRQWURO RI P51$ VWDELOLW\ LQ UHVSRQVH WR H[WUDFHOOXODU VWLPXOL 0RO
&HOOV  
6KLPRPXUD 2 6XWKHUV +/% %RQQHU -7   &KHPLFDO LGHQWLW\ RI WKH DFUDVLQ RI WKH
FHOOXODUVOLPHPROG3RO\VSKRQG\OLXPYLRODFHXP3URF1DWO$FDG6FL86$±






5()(5(1&(6
6LHJHUW )  :HLMHU & -   6SLUDO DQG FRQFHQWULF ZDYHV RUJDQL]H PXOWLFHOOXODU
'LFW\RVWHOLXPPRXQGV&XUU%LRO±
6LHV +  *OXWDWKLRQHDQG LWVUROH LQFHOOXODUIXQFWLRQV )UHH5DGLF%LRO 0HG  

6LPRQ01'ULVFROO'0XW]HO53DUW':LOOLDPV- 9HURQ0  2YHUSURGXFWLRQRI
WKH UHJXODWRU\ VXEXQLW RI WKH F$03GHSHQGHQW SURWHLQ NLQDVH EORFNV WKH GLIIHUHQWLDWLRQ RI
'LFW\RVWHOLXPGLVFRLGHXP(0%2-±

6LPSVRQ$*% 5RJHU$-  7KHUHDO¶NLQJGRPV¶RIHXNDU\RWHV&XUU%LRO5±
5
6LQVLPHU .6 *UDWDFyV )0 .QDSLQVND $0 /X - .UDXVH &' :LHU]ERZVNL $9 0DKHU /5
6FUXGDWR 6 5LYHUD <0 *XSWD 6 7XUULQ '. 'H /D &UX] 03 3HVWND 6 %UHZHU *  
&KDSHURQH +VS D QRYHO VXEXQLW RI $8) SURWHLQ FRPSOH[HV IXQFWLRQV LQ $8ULFK HOHPHQW
PHGLDWHGP51$GHFD\0RO&HOO%LRO  
6LRO 2 'LQJHUPDQQ 7 :LQFNOHU 7   7KH &PRGXOH '1$ELQGLQJ IDFWRU PHGLDWHV
H[SUHVVLRQ RI WKH 'LFW\RVWHOLXP DJJUHJDWLRQVSHFLILF DGHQ\O\O F\FODVH $&$ (XNDU\RW &HOO
  
6LX &+ 6ULVNDQWKDGHYDQ 6 :DQJ - +RX / &KHQ * ;X ; 7KRPVRQ $ <DQJ &  
5HJXODWLRQ RI VSDWLRWHPSRUDO H[SUHVVLRQ RI FHOOFHOO DGKHVLRQ PROHFXOHV GXULQJ GHYHORSPHQW RI
'LFW\RVWHOLXPGLVFRLGHXP'HY*URZWK'LIIHU  
6RX]D *0 GD 6LOYD $0 DQG .XVSD $   6WDUYDWLRQ SURPRWHV 'LFW\RVWHOLXP
GHYHORSPHQW E\ UHOLHYLQJ 3XI$ LQKLELWLRQ RI 3.$ WUDQVODWLRQ WKURXJK WKH <DN$ NLQDVH SDWKZD\
'HYHORSPHQW

6RX]D*0/X6-DQG.XVSD$  <DN$DSURWHLQNLQDVHUHTXLUHGIRUWKHWUDQVLWLRQIURP
JURZWKWRGHYHORSPHQWLQ'LFW\RVWHOLXP'HYHORSPHQW
6RENR $ 0D + )LUWHO 5$   5HJXODWHG 6802\ODWLRQ DQG XELTXLWLQDWLRQ RI 'G0(. LV
UHTXLUHGIRUSURSHUFKHPRWD[LV'HY&HOO  
6RGHUERP ) & $QMDUG 1 ,UDQIDU ' )XOOHU DQG : ) /RRPLV  $Q DGHQ\O\O F\FODVH
WKDWIXQFWLRQVGXULQJODWHGHYHORSPHQWRI'LFW\RVWHOLXP'HYHORSPHQW±

6WHFKPDQQ$ &DYDOLHU6PLWK7  7KHURRWRIWKHHXNDU\RWHWUHHSLQSRLQWHG&XUU%LRO
5±5

6WUDVVPDQQ -(   ,Q 'LFW\RVWHOLXP WKH VRFLDO DPRHED9ROXPH  (GLWHG E\ %UHHG 0'
0RRUH-2[IRUG$FDGHPLF3UHVV(QF\FORSHGLDRI$QLPDOEHKDYLRU

6XFJDQJ 5 * &KHQ : /LX 5 /LQGVD\ - /X ' 0X]Q\ * 6KDXOVN\ : /RRPLV 5
*LEEV DQG $ .XVSD   6HTXHQFH DQG VWUXFWXUH RI WKH H[WUDFKURPRVRPDO SDOLQGURPH
HQFRGLQJWKHULERVRPDO51$JHQHVLQ'LFW\RVWHOLXP1XFOHLF$FLGV5HV
6XFJDQJ5.XR$7LDQ;6DOHUQR:3DULNK$)HDVOH\&/'DOLQ(7X++XDQJ(%DUU\
. /LQGTXLVW ( 6KDSLUR + %UXFH ' 6FKPXW] - 6DODPRY $ )H\ 3 *DXGHW 3 $QMDUG &
%DEX 00 %DVX 6 %XVKPDQRYD < YDQ GHU :HO + .DWRK.XUDVDZD 0 'LQK & &RXWLQKR
30 6DLWR 7 (OLDV 0 6FKDDS 3 .D\ 55 +HQULVVDW % (LFKLQJHU / 5LYHUR ) 3XWQDP 1+
:HVW &0 /RRPLV :) &KLVKROP 5/ 6KDXOVN\ * 6WUDVVPDQQ -( 4XHOOHU '& .XVSD $
*ULJRULHY,9  &RPSDUDWLYHJHQRPLFVRIWKHVRFLDODPRHEDH'LFW\RVWHOLXPGLVFRLGHXPDQG
'LFW\RVWHOLXPSXUSXUHXP*HQRPH%LRO  5





5()(5(1&(6
6XOWDQ 0 6FKXO] 0+ 5LFKDUG + 0DJHQ $ .OLQJHQKRII $ 6FKHUI 0 6HLIHUW 0
%RURGLQD 7 6ROGDWRY $ 3DUNKRPFKXN ' 6FKPLGW ' 2 .HHIIH 6 +DDV 6 9LQJURQ 0
/HKUDFK + <DVSR 0/   $ JOREDO YLHZ RI JHQH DFWLYLW\ DQG DOWHUQDWLYH VSOLFLQJ E\ GHHS
VHTXHQFLQJRIWKHKXPDQWUDQVFULSWRPH6FLHQFH  
6XQ7- 'HYUHRWHV31  *HQHWDUJHWLQJRIWKHDJJUHJDWLRQVWDJHF$03UHFHSWRUF$5
LQ'LFW\RVWHOLXP*HQHV'HY  ±

6ZDQH\ . ) +XDQJ &+  'HYUHRWHV 31   (XNDU\RWLF FKHPRWD[LV D QHWZRUN RI
VLJQDOLQJ SDWKZD\V FRQWUROV PRWLOLW\ GLUHFWLRQDO VHQVLQJ DQG SRODULW\ $QQX 5HY %LRSK\V
±

6ZDQVRQ$56SLHJHO):&DYHQGHU-&  7D[RQRP\VOLPHPROGVDQGWKHTXHVWLRQVZH
DVN0\FRORJLD
7HER - 'HU 6 )UHYHO 0 .KDEDU .6 :LOOLDPV %5 +DPLOWRQ 7$   +HWHURJHQHLW\ LQ
FRQWURORIP51$VWDELOLW\E\$8ULFKHOHPHQWV-%LRO&KHP  
7KRPSVRQ -' +LJJLQV '* *LEVRQ 7-   &/867$/ : LPSURYLQJ WKH VHQVLWLYLW\ RI
SURJUHVVLYH PXOWLSOH VHTXHQFH DOLJQPHQW WKURXJK VHTXHQFH ZHLJKWLQJ SRVLWLRQVSHFLILF JDS
SHQDOWLHVDQGZHLJKWPDWUL[FKRLFH1XFOHLF$FLGV5HV  

7LOOLQJKDVW +6  1HZHOO 3&   5HWHQWLRQ RI IRODWH UHFHSWRUV RQ WKH F\WRVNHOHWRQ RI
'LFW\RVWHOLXPGXULQJGHYHORSPHQW)(%6/HWW
7VXMLRND 0 =KXNRYVND\D 1 <DPDGD < )XNX]DZD 0 5RVV 6 :LOOLDPV -*  
'LFW\RVWHOLXP 0\E WUDQVFULSWLRQ IDFWRUV IXQFWLRQ DW FXOPLQDWLRQ DV DFWLYDWRUV RI DQFLOODU\ VWDON
GLIIHUHQWLDWLRQ(XNDU\RW&HOO  
7UXVROLQR/&RPRJOLR30  6FDWWHUIDFWRUDQGVHPDSKRULQUHFHSWRUVFHOOVLJQDOOLQJIRU
LQYDVLYHJURZWK1DW5HY&DQFHU±
9DQ 'LMNHQ 3 %HUJVPD -& 9DQ +DDVWHUW 3-   3KRVSKROLSDVH&LQGHSHQGHQW LQRVLWRO
WULVSKRVSKDWH IRUPDWLRQ LQ 'LFW\RVWHOLXP FHOOV $FWLYDWLRQ RI D SODVPDPHPEUDQHERXQG
SKRVSKDWDVHE\UHFHSWRUVWLPXODWHG&DLQIOX[(XU-%LRFKHP  
9DQ'ULHO5   %LQGLQJRIWKHFKHPRDWWUDFWDQWIROLFDFLGE\ 'LFW\RVWHOLXPGLVFRLGHXPFHOOV
(XU-%LRFKHP  
YDQ (V 6 9LUG\ .- 3LWW *6 0HLPD0 6DQGV 7: 'HYUHRWHV 31 &RWWHU '$ 6FKDDS 3
 $GHQ\O\OF\FODVH*DQRVPRVHQVRUFRQWUROOLQJJHUPLQDWLRQRI'LFW\RVWHOLXPVSRUHV-%LRO
&KHP  
9DQ+DDVWHUW3-0'H:LW5-*ULMSPD<.RQLMQ70  ,GHQWLILFDWLRQRIDSWHULQDV
WKH DFUDVLQ RI WKH FHOOXODU VOLPHPROG 'LFW\RVWHOLXP ODFWHXP 3URF 1DWO $FDG 6FL 8 6 $   
±
9DQ +DDVWHUW 3- 'H :LW 5- .RQLMQ 70 E  $QWDJRQLVWV RI FKHPRDWWUDFWDQWV UHYHDO
VHSDUDWHUHFHSWRUVIRUF$03IROLFDFLGDQGSWHULQLQ'LFW\RVWHOLXP([S&HOO5HV  
9DQ +DDVWHUW 3- &DPSDJQH 9DQ /RRNHUHQ 00 .HVEHNH )   0XOWLSOH GHJUDGDWLRQ
SDWKZD\V RI FKHPRDWWUDFWDQW PHGLDWHG F*03 DFFXPXODWLRQ LQ 'LFW\RVWHOLXP %LRFKHPLFD HW
%LRSK\VLFD$FWD

9DQ+DDVWHUW3-0 9DQGHU+HLMGHQ35  -&HOO%LRO±






5()(5(1&(6
9DQ+DDVWHUW3-%LVKRS-'*RPHU5+  7KHFHOOGHQVLW\IDFWRU&0)UHJXODWHVWKH
FKHPRDWWUDFWDQWUHFHSWRUF$5LQ'LFW\RVWHOLXP-&HOO%LRO
9DQ +DDVWHUW 3-  .XZD\DPD +   F*03 DV VHFRQG PHVVHQJHU GXULQJ 'LFW\RVWHOLXP
FKHPRWD[LV)(%6/HWW  
YDQ(V69LUG\.-3LWW*60HLPD06DQGV7:'HYUHRWHV31&RWWHU'$6FKDDS
3   $GHQ\O\O F\FOLVH * DQ RVPRVHQVRU FRQWUROOLQJ JHUPLQDWLRQ RI 'LFW\RVWHOLXP VSRUHV -
%LRO&KHP±
9DQ'ULHVVFKH1 6KDZ&.DWRK00RULR76XFJDQJ5,EDUUD0.XZD\DPD+6DLWR7
8UXVKLKDUD+0DHGD07DNHXFKL,2FKLDL+(DWRQ:7ROOHWW-+DOWHU-.XVSD$7DQDND
< 6KDXOVN\ *   $ WUDQVFULSWLRQDO SURILOH RI PXOWLFHOOXODU GHYHORSPHQW LQ 'LFW\RVWHOLXP
GLVFRLGHXP'HYHORSPHQW  
9D]TXH]',QKLELWLRQRISURWHLQELRV\QWKHVLVS6SULQJHU9HUODJ.*%HUOLQ
9HOWPDQ'05RHORIV-(QJHO59LVVHU$-9DQ+DDVWHUW3-  $FWLYDWLRQRIVROXEOH
JXDQ\O\OF\FODVHDWWKHOHDGLQJHGJHGXULQJ'LFW\RVWHOLXPFKHPRWD[LV0RO%LRO&HOO  
9HURQ00XW]HO5/DFRPEH0/6LPRQ01DQG:DOOHW9  F$03GHSHQGHQWSURWHLQ
NLQDVHIURP'LFW\RVWHOLXPGLVFRLGHXP'HY*HQHW±
:DGGHOO '5 D  7KH VSDWLDO SDWWHUQ RI DJJUHJDWLRQ FHQWUHV LQ WKH FHOOXODU VOLPH PRXOG -
(PEU\RO([S0RUSKRO
:DGGHOO'5 E $SUHGDWRU\VOLPHPRXOG1DWXUH±

:DQJ 1 6RGHUERP ) $QMDUG & 6KDXOVN\ *  /RRPLV : )   6') LQGXFWLRQ RI
WHUPLQDO GLIIHUHQWLDWLRQ LQ 'LFW\RVWHOLXP GLVFRLGHXP LV PHGLDWHG E\ WKH PHPEUDQHVSDQQLQJ

VHQVRUNLQDVH'KN$0RO&HOO%LRO±
:DQJ</LX-6HJDOO-(  0$3NLQDVHIXQFWLRQLQDPRHERLGFKHPRWD[LV-&HOO6FL 
3W 
:DQJ <  6HJDOO -(   7KH 'LFW\RVWHOLXP 0$3 NLQDVH 'G(5. IXQFWLRQV DV D F\WRVROLF
SURWHLQ LQ FRPSOH[HV ZLWK LWV SRWHQWLDO VXEVWUDWHV LQ FKHPRWDFWLF VLJQDO WUDQVGXFWLRQ %LRFKHP
%LRSK\V5HV&RPPXQ  
:DQJ<&KHQ&/,LMLPD0  6LJQDOLQJPHFKDQLVPVIRUFKHPRWD[LV'HY*URZWK'LIIHU
  
:DQJ=*HUVWHLQ06Q\GHU0  51$6HTDUHYROXWLRQDU\WRROIRUWUDQVFULSWRPLFV1DW
5HY*HQHW  
:DVLQJHU9&&RUGZHOO6-&HUSD3ROMDN$<DQ-;*RROH\$$:LONLQV05'XQFDQ
0:+DUULV5:LOOLDPV./+XPSKHU\6PLWK,  3URJUHVVZLWKJHQHSURGXFWPDSSLQJ
RIWKH0ROOLFXWHV0\FRSODVPDJHQLWDOLXP(OHFWURSKRUHVLV  
:HGHO % DQG *DUEHUV '   7KH JXDQ\O\O F\FODVH IDPLO\ DW <. $QQX 5HY 3K\VLRO
±
:HLMHU&-  'LFW\RVWHOLXPPRUSKRJHQHVLV&XUU2SLQ*HQHW'HY  
:HLMHU&-  &ROOHFWLYHFHOOPLJUDWLRQLQGHYHORSPHQW-&HOO6FL 3W 
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:KLWPDUVK $- 'DYLV 5-   6LJQDO WUDQVGXFWLRQ E\ 0$3 NLQDVHV UHJXODWLRQ E\
SKRVSKRU\ODWLRQGHSHQGHQWVZLWFKHV6FL67.(  3(
:KLWWDNHU &$ +\QHV 52   'LVWULEXWLRQ DQG HYROXWLRQ RI YRQ :LOOHEUDQGLQWHJULQ $
GRPDLQV ZLGHO\ GLVSHUVHG GRPDLQV ZLWK UROHV LQ FHOO DGKHVLRQ DQG HOVHZKHUH 0RO %LRO &HOO
  
:LOODUG66DQG'HYUHRWHV31  6LJQDOLQJSDWKZD\VPHGLDWLQJFKHPRWD[LVLQWKHVRFLDO
DPRHED'LFW\RVWHOLXPGLVFRLGHXP(XU-&HOO%LRO  
:LOOLDPV -*   7KH UROH RI GLIIXVLEOH PROHFXOHV LQ UHJXODWLQJ WKH FHOOXODU GLIIHUHQWLDWLRQ RI
'LFW\RVWHOLXPGLVFRLGHXP'HYHORSPHQW  
:LOOLDPV -* &HFFDUHOOL $ 0F5REELH 6 0DKEXEDQL + .D\ 55 (DUO\ $ %HUNV 0
-HUP\Q .$   'LUHFW LQGXFWLRQ RI 'LFW\RVWHOLXP SUHVWDON JHQH H[SUHVVLRQ E\ ',) SURYLGHV
HYLGHQFHWKDW',)LVDPRUSKRJHQ&HOO  
:LOOLDPV -*   3UHVWDON DQG VWDON FHOO KHWHURJHQHLW\ LQ 'LFW\RVWHOLXP  'LFW\RVWHOLXP $
PRGHOV\VWHPIRUFHOODQG GHYHORSPHQWDOELRORJ\ 0DHGD 0,QRX\H . DQG7DNHXFKL,HGV 
8QLYHUVDO3UHVV,QF
:LOOLDPV -*   7UDQVFULSWLRQDO UHJXODWLRQ RI 'LFW\RVWHOLXP SDWWHUQ IRUPDWLRQ (0%2 5HS
  
:LOOLDPV-*  'LFW\RVWHOLXPILQGVQHZUROHVWRPRGHO*HQHWLFV  
:LOOLDPV56%RHFNHOHU.*UlI50OOHU7DXEHQEHUJHU$/L=,VEHUJ55:HVVHOV'6ROO
'5 $OH[DQGHU+ $OH[DQGHU6  7RZDUGVDPROHFXODUXQGHUVWDQGLQJRIKXPDQGLVHDVHV
XVLQJ'LFW\RVWHOLXPGLVFRLGHXP7UHQGV0RO0HG  
:LQFNOHU7,UDQIDU1%HFN3-HQQHV,6LRO2%DLN8/RRPLV:)'LQJHUPDQQ7  
&EI$ WKH &PRGXOH '1$ELQGLQJ IDFWRU SOD\V DQ HVVHQWLDO UROH LQ WKH LQLWLDWLRQ RI 'LFW\RVWHOLXP
GLVFRLGHXPGHYHORSPHQW(XNDU\RW&HOO  
:LQ]HQ5.UDFKW05LWWHU%:LOKHOP$&KHQ&<6K\X$%0OOHU0*DHVWHO05HVFK
. +ROWPDQQ +   7KH S 0$3 NLQDVH SDWKZD\ VLJQDOV IRU F\WRNLQHLQGXFHG P51$
VWDELOL]DWLRQ YLD 0$3 NLQDVHDFWLYDWHG SURWHLQ NLQDVH  DQG DQ $8ULFK UHJLRQWDUJHWHG
PHFKDQLVP(0%2-  
:RQJ/06LX&+  &ORQLQJRIF'1$IRUWKHFRQWDFWVLWH$JO\FRSURWHLQRI'LFW\RVWHOLXP
GLVFRLGHXP3URF1DWO$FDG6FL86$  
:X' /LQ)  0RGHOLQJFHOOJUDGLHQWVHQVLQJDQGPLJUDWLRQLQFRPSHWLQJFKHPRDWWUDFWDQW
ILHOGV3/R62QH  H
:X * )DQJ <= <DQJ 6 /XSWRQ -5 7XUQHU 1'   *OXWDWKLRQH PHWDEROLVP DQG LWV
LPSOLFDWLRQVIRUKHDOWK-1XWU  
:X/9DONHPD59DQ+DDVWHUW3-DQG'HYUHRWHV31 D 7KH*SURWHLQEHWDVXEXQLW
LVHVVHQWLDOIRUPXOWLSOHUHVSRQVHVWRFKHPRDWWUDFWDQWVLQ'LFW\RVWHOLXP-&HOO%LRO  ±


:X / )UDQNH - %ODQWRQ 5/ 3RGJRUVNL *- DQG .HVVLQ 5+ E  7KH
SKRVSKRGLHVWHUDVHVHFUHWHGE\SUHVWDONFHOOVLVQHFHVVDU\IRU'LFW\RVWHOLXPPRUSKRJHQHVLV'HY
%LRO  ±
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:XUVWHU%3DQ37\DQ**%RQQHU-7  3UHOLPLQDU\FKDUDFWHUL]DWLRQRIWKHDFUDVLQRI
WKHFHOOXODUVOLPHPROG3RO\VSKRQG\OLXPYLRODFHXP3URF1DWO$FDG6FL86$±
:XUVWHU % %R]]DUR 6 *HULVFK *   &\FOLF *03 UHJXODWLRQ DQG UHVSRQVHV RI
3RO\VSKRQG\OLXPYLRODFHXPWRFKHPRDWWUDFWDQWV&HOO%LRO,QW5HS  
:XUVWHU % %XW]  8   5HYHUVLEOH ELQGLQJ RI WKH FKHPRDWWUDFWDQW IROLF DFLG WR FHOOV RI
'LFW\RVWHOLXPGLVFRLGHXP(XU-%LRFKHP  

;X 4 6KDXOVN\ *   *2$7 $Q 5 7RRO IRU $QDO\VLQJ *HQH 2QWRORJ\WUDGH PDUN 7HUP
(QULFKPHQW$SSO%LRLQIRUPDWLFV  
<DPDPRWR .5 $OEHUWV %0   6WHURLG UHFHSWRUV HOHPHQWV IRU PRGXODWLRQ RI HXNDU\RWLF
WUDQVFULSWLRQ$QQX5HY%LRFKHP
<XHQ ,6 -DLQ 5 %LVKRS -' /LQGVH\ ') 'HHU\ :- 9DQ +DDVWHUW 3- *RPHU 5+
  $ GHQVLW\VHQVLQJ IDFWRU UHJXODWHV VLJQDO WUDQVGXFWLRQ LQ 'LFW\RVWHOLXP - &HOO %LRO


=KDQJ 1 /RQJ < DQG 'HYUHRWHV 31    *Ȗ LQ 'LFW\RVWHOLXP ,WV UROH LQ ORFDOL]DWLRQ RI
*ࢠȖ WR WKH PHPEUDQH LV UHTXLUHG IRU FKHPRWD[LV LQ VKDOORZ JUDGLHQWV 0RO %LRO &HOO

  ± 


=KDQJ++HLG3-:HVVHOV''DQLHOV.-3KDP7/RRPLV:)DQG6ROO'5  
&RQVWLWXWLYHO\ DFWLYH SURWHLQ NLQDVH $ GLVUXSWV PRWLOLW\ DQG FKHPRWD[LV LQ 'LFW\RVWHOLXP
GLVFRLGHXP(XNDU\RW&HOO±
=KDQJ 0 *RVZDPL 0 +HUHOG '   &RQVWLWXWLYHO\ DFWLYH * SURWHLQFRXSOHG UHFHSWRU
PXWDQWVEORFN'LFW\RVWHOLXPGHYHORSPHQW0RO%LRO&HOO  
=LJPRQG 6+ -R\FH 0 %RUOHLV - %RNRFK *0 'HYUHRWHV 31   5HJXODWLRQ RI DFWLQ
SRO\PHUL]DWLRQLQFHOOIUHHV\VWHPVE\*73Ȗ6DQG&GF-&HOO%LRO±
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$SSHQGL[



7DEOH $ 6XPPDU\ RI SURWHLQV LGHQWLILHG LQ WKH EXIIHU FRQGLWLRQHG E\
DJJUHJDWLQJ3SDOOLGXP31DPRHEDH7KHOLVWZDVDVVHPEOHGIURPWZR
LQGHSHQGHQWH[SHULPHQWV


$FFHVVLRQ

0ROHFXODU 3XWDWLYHSURWHLQIXQFWLRQ

1XPEHU

:HLJKWN'D

33/B



WUDQVPHPEUDQHSURWHLQ

33/B



QDJ$EHWD1DFHW\OKH[RVDPLQLGDVHJO\FRVLGH
K\GURODVHIDPLO\SURWHLQEHWDKH[RVDPLQLGDVH

33/B



K\SRWKHWLFDOSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



PDQ&DOSKDPDQQRVLGDVH

33/B



PDQ$DOSKDPDQQRVLGDVH

33/B



SOE'SKRVSKROLSDVH%OLNHSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



DWKODFLGWUHKDODVHOLNHSURWHLQ

33/B



6XFFLQ\OGLDPLQRSLPHODWHGHVXFFLQ\ODVH

33/B



DSU$3KR34DFWLYDWHGSDWKRJHQLFLW\UHODWHGSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



SVD%SXURP\FLQVHQVLWLYHDPLQRSHSWLGDVHOLNHSURWHLQ
PHWDOORSHSWLGDVH

33/B



GLVFRLGLQ,$FKDLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



FSQ(SKRVSKROLSLGELQGLQJSURWHLQFRSLQH(

33/B



DFRSXWDWLYHLURQUHJXODWRU\SURWHLQDFRQLWDWH
K\GUDWDVHDFRQLWDVH

33/B



DOSKDJOXFRVLGDVH

33/B



DES&JHODWLRQIDFWRUDFWLQELQGLQJSURWHLQILODPLQ

33/B



GSSGLSHSWLG\OSHSWLGDVH,,,

33/B



XQSUHGLFWHGSURWHLQ

33/B



SVL%3$GRPDLQFRQWDLQLQJSURWHLQ

33/B



JO\FRVLGHK\GURODVHIDPLO\SURWHLQ

33/B



S\ULGR[DOSKRVSKDWHGHSHQGHQWGHFDUER[\ODVHIDPLO\
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SURWHLQ
33/B



GFG$QHXWUDODONDOLQHQRQO\VRVRPDOFHUDPLGDVH
IDPLO\SURWHLQDFLGFHUDPLGDVH

33/B



$<SHSWLGDVH&IDPLO\SURWHLQ

33/B



SVL-3$GRPDLQFRQWDLQLQJSURWHLQGLVFRLGLQ
LQGXFLQJFRPSOH[ ',& SURWHLQ

33/B



SXWDWLYHDOSKD1DFHW\OJDODFWRVDPLQLGDVHJO\FRVLGH
K\GURODVHIDPLO\SURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



JOEJO\FRVLGHK\GURODVHIDPLO\SURWHLQEHWD
JDODFWRVLGDVH

33/B



PFI6PLWRFKRQGULDOVXEVWUDWHFDUULHUIDPLO\SURWHLQ
SXWDWLYHPLWRFKRQGULDOFDUQLWLQHDF\OFDUQLWLQH
WUDQVSRUWHU

33/B



%HWDDP\ODVHDFWLYLW\

33/B



SXWDWLYHFHOOXODVHFHOOXORVHELQGLQJGRPDLQFRQWDLQLQJ
SURWHLQJO\FRVLGHK\GURODVHIDPLO\SURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



3K\VDURSHSVLQ

33/B



SOE$SKRVSKROLSDVH%

33/B



SOE)SKRVSKROLSDVH%OLNHSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



EHWD1DFHW\OKH[RVDPLQLGDVH

33/B



SUREDEOHFKLWLQDVH

33/B



FID'FRXQWLQJIDFWRUDVVRFLDWHGSURWHLQFDWKHSVLQ/
OLNHSURWHLQDVHSHSWLGDVH&$IDPLO\SURWHLQ

33/B



3$OSKD/IXFRVLGDVHSUHFXUVRU (& 
$OSKD/IXFRVLGHIXFRK\GURODVH 

33/B



SXWDWLYHFKROLQHVWHUDVHFDUER[\OHVWHUDVHW\SH%
IDPLO\SURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ





$33(1',;

33/B



K\SRWKHWLFDOSURWHLQ

33/B



SHSWLGDVH6IDPLO\SURWHLQVHULQHFDUER[\SHSWLGDVH

33/B



DP\$SXWDWLYHDOSKDDP\ODVH

33/B



EHWD[\ORVLGDVHOLNHSURWHLQJO\FRVLGHK\GURODVHIDPLO\
SURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



VDSRVLQ%GRPDLQFRQWDLQLQJSURWHLQ

33/B



JO\FRV\OK\GURODVHIDPLO\FKLWLQDVH

33/B



SHSWLGDVH6IDPLO\SURWHLQ

33/B



H[SOH[SDQVLQOLNHSURWHLQ

33/B



FSU$F\VWHLQHSURWHLQDVH

33/B



K\SRWKHWLFDOSURWHLQ

33/B



SOG=SKRVSKROLSDVH'

33/B



33/B

33/B



K\SRWKHWLFDOSURWHLQ

33/B



SKRVSKROLSDVH'

33/B



DUJ(DFHW\ORUQLWKLQHGHDFHW\ODVH

33/B



K\SRWKHWLFDOSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



FWV'FDWKHSVLQ'SUHSURFDWKHSVLQ'

33/B



F\FORSKLOLQW\SHSHSWLG\OSURO\OFLVWUDQVLVRPHUDVH
33,DVH 

33/B



FDUER[\PXFRQDWHF\FODVH

33/B



XQSUHGLFWHGSURWHLQ

33/B



VRG%VXSHUR[LGHGLVPXWDVH

33/B



SHSWLGDVH&$IDPLO\SURWHLQSDSDLQIDPLO\F\VWHLQH
SURWHDVHFDWKHSVLQ=OLNHSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



FKLWLQDVH

33/B



JO\FRVLGHK\GURODVHIDPLO\SURWHLQ

33/B



JJK$SHSWLGDVH&IDPLO\SURWHLQJDPPDJOXWDP\O
K\GURODVH

33/B



FWV=FDWKHSVLQ=SUHFXUVRUSHSWLGDVH&$IDPLO\
SURWHLQSDSDLQIDPLO\F\VWHLQHSURWHDVH

33/B



K\SRWKHWLFDOSURWHLQ
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33/B



K\SRWKHWLFDOSURWHLQ

33/B



WSL$WULRVHSKRVSKDWHLVRPHUDVHWULRVHSKRVSKDWH
LVRPHUDVH

33/B



&03G&03GHDPLQDVH]LQFELQGLQJGRPDLQ
FRQWDLQLQJSURWHLQ

33/B



GVF&GLVFRLGLQ,&FKDLQDQG%FKDLQGLVFRLGLQ,
EHWDFKDLQGLVFRLGLQ,JDPPDFKDLQ

33/B



JO\FRVLGHK\GURODVHIDPLO\SURWHLQ

33/B



FDGSXWDWLYHFDOFLXPGHSHQGHQWFHOODGKHVLRQ
PROHFXOH

33/B



3SURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



XQSUHGLFWHGSURWHLQ

33/B



K\SRWKHWLFDOSURWHLQ

33/B



VXSHUR[LGHGLVPXWDVH

33/B



1/33GRPDLQFRQWDLQLQJSURWHLQ

33/B



''JDODFWRVHELQGLQJGRPDLQFRQWDLQLQJSURWHLQ

33/B



JFY+JO\FLQHFOHDYDJHV\VWHP+SURWHLQ

33/B



FGDF\WLGLQHGHDPLQDVH

33/B



SXWDWLYHSKRVSKROLSLGWUDQVIHUSURWHLQ

33/B



F\E$F\WRFKURPHE$

33/B



F\W&F\WRFKURPHF

33/B



FSL&F\VWDWLQ$SXWDWLYHF\VWHLQHSURWHDVHLQKLELWRU
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7DEOH$&KDQJHVRIJHQHH[SUHVVLRQLQVWDUYLQJFHOOV JHQHV 

3SDOOLGXP31FHOOVZHUHVWDUYHGIRURUKUZLWKRXWJORULQ/LVWHGDUHJHQHVWKDW
ZHUH !IROG UHJXODWHG DIWHU  KU RI VWDUYDWLRQ 7KH VDPH OLVW LV FRPSDUHG WR JHQH
H[SUHVVLRQRQHKUODWHU QRWHWKDWPDQ\JHQHVDUHEHORZWKH!IROGFULWHULRQDIWHUKU 
1RWHWKDWJHQHVRI  JHQHVDUHUHJXODWHG!IROGXSRUGRZQDIWHUERWK
DQGKRXUVRIVWDUYDWLRQ


*HQH,'
53.0
53.0
53.0
IROG
IROG
W
W
W
FKDQJH
FKDQJH
WW
WW
33/B



 
33/B



 
33/B





33/B





33/B





33/B





33/B

 


33/B





33/B

 


33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B





33/B










$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B














































































































































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B

















































































$33(1',;



7DEOH $ /LVW RI JHQHV UHJXODWHG E\ JORULQ DIWHU 3 SDOOLGXP 31 FHOOV
SUHVWDUYHGIRUKUZHUHVWLPXODWHGZLWKJORULQIRUDQDGGLWLRQDOKU


*HQH,'
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B

53.0
XQWUHDWHG













































53.0
WUHDWHG













































)ROGFKDQJH
WUHDWHGXQWUHDWHG
















































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B




































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B










































































7DEOH $ /LVW RI JHQHV UHJXODWHG E\ JORULQ DIWHU 3 SDOOLGXP 31 FHOOV
SUHVWDUYHGIRUKUZHUHVWLPXODWHGZLWKJORULQIRUDGGLWLRQDOKRXUV





*HQH,'
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B

53.0
XQWUHDWHG




















53.0
*ORULQ
WUHDWHG




















)ROGFKDQJH
WUHDWHGXQWUHD
WHG
























$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B




































































































































































$33(1',;

33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B



































































































































































$33(1',;



7DEOH$*HQHVUHJXODWHGE\JORULQDIWHUKURISUHVWDUYDWLRQSOXVRU
KURIJORULQWUHDWPHQW


*HQH,'
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B
33/B

)ROGFKDQJH
KUJORULQ
WUHDWHGXQWUHDWHG






























)ROGFKDQJH
KUJORULQ
WUHDWHGXQWUHDWHG



















































$33(1',;

7DEOH$*2WHUPDQDO\VLVRIJHQHVGLIIHUHQWLDOO\UHJXODWHGDIWHUKRXURI
SUHVWDUYDWLRQSOXVKURIJORULQWUHDWPHQW


33/B 0ROHFXODU)XQFWLRQFDWDO\WLFDFWLYLW\ *2 
0ROHFXODU)XQFWLRQWUDQVFULSWLRQUHSUHVVRUDFWLYLW\
*2 
0ROHFXODU)XQFWLRQELQGLQJ *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
33/B 0ROHFXODU)XQFWLRQSURWHLQNLQDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
33/B 0ROHFXODU)XQFWLRQXELTXLWLQSURWHLQOLJDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ]LQFLRQELQGLQJ *2 
33/B %LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
33/B 0ROHFXODU)XQFWLRQOLSLGELQGLQJ *2 
0ROHFXODU)XQFWLRQ*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 %LRORJLFDO3URFHVV*SURWHLQFRXSOHGUHFHSWRU
SURWHLQVLJQDOLQJSDWKZD\ *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
33/B 0ROHFXODU)XQFWLRQWUDQVFULSWLRQIDFWRUDFWLYLW\ *2 
%LRORJLFDO3URFHVVUHJXODWLRQRIWUDQVFULSWLRQ'1$GHSHQGHQW
*2 
&HOOXODU&RPSRQHQWWUDQVFULSWLRQIDFWRUFRPSOH[ *2 
33/B 0ROHFXODU)XQFWLRQVLJQDOWUDQVGXFHUDFWLYLW\ *2 
0ROHFXODU)XQFWLRQWZRFRPSRQHQWVHQVRUDFWLYLW\
*2 
0ROHFXODU)XQFWLRQWZRFRPSRQHQWUHVSRQVHUHJXODWRUDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
0ROHFXODU)XQFWLRQSURWHLQKLVWLGLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQWZRFRPSRQHQWUHVSRQVHUHJXODWRUDFWLYLW\
*2 
0ROHFXODU)XQFWLRQWUDQVIHUDVHDFWLYLW\WUDQVIHUULQJ
SKRVSKRUXVFRQWDLQLQJJURXSV *2 
%LRORJLFDO3URFHVVVLJQDOWUDQVGXFWLRQ *2 
%LRORJLFDO3URFHVVWZRFRPSRQHQWVLJQDOWUDQVGXFWLRQV\VWHP
SKRVSKRUHOD\  *2 
%LRORJLFDO3URFHVVSKRVSKRU\ODWLRQ *2 
%LRORJLFDO3URFHVVVLJQDOWUDQVGXFWLRQ *2 
%LRORJLFDO3URFHVVUHJXODWLRQRIWUDQVFULSWLRQ'1$GHSHQGHQW
*2 
%LRORJLFDO3URFHVVSHSWLG\OKLVWLGLQHSKRVSKRU\ODWLRQ
*2 
&HOOXODU&RPSRQHQWPHPEUDQH *2 
33/B 0ROHFXODU)XQFWLRQ*73ELQGLQJ *2 
%LRORJLFDO3URFHVVVPDOO*73DVHPHGLDWHGVLJQDOWUDQVGXFWLRQ
*2 
&HOOXODU&RPSRQHQWLQWUDFHOOXODU *2 
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0ROHFXODU)XQFWLRQ2PHWK\OWUDQVIHUDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQJOXWDPDWHDPPRQLDOLJDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQFDWDO\WLFDFWLYLW\ *2 
%LRORJLFDO3URFHVVQLWURJHQFRPSRXQGPHWDEROLFSURFHVV
*2 
&HOOXODU&RPSRQHQWYLUDOFDSVLG *2 
0ROHFXODU)XQFWLRQXELTXLWLQWKLROHVWHUDVHDFWLYLW\
*2 
%LRORJLFDO3URFHVVXELTXLWLQGHSHQGHQWSURWHLQFDWDEROLF
SURFHVV *2 
0ROHFXODU)XQFWLRQ2PHWK\OWUDQVIHUDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\K\GURO\]LQJ2JO\FRV\O
FRPSRXQGV *2 
%LRORJLFDO3URFHVVFDUERK\GUDWHPHWDEROLFSURFHVV
*2 
0ROHFXODU)XQFWLRQGHR[\ULERQXFOHDVH,,DFWLYLW\ *2 
%LRORJLFDO3URFHVV'1$PHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQGHR[\ULERQXFOHDVH,,DFWLYLW\ *2 
%LRORJLFDO3URFHVV'1$PHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQ*73ELQGLQJ *2 
%LRORJLFDO3URFHVVVPDOO*73DVHPHGLDWHGVLJQDOWUDQVGXFWLRQ
*2 
&HOOXODU&RPSRQHQWLQWUDFHOOXODU *2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQ*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 
0ROHFXODU)XQFWLRQOLSLGELQGLQJ *2 
0ROHFXODU)XQFWLRQ*$%$%UHFHSWRUDFWLYLW\ *2 
%LRORJLFDO3URFHVV*SURWHLQFRXSOHGUHFHSWRUSURWHLQVLJQDOLQJ
SDWKZD\ *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQVSKLQJRP\HOLQSKRVSKRGLHVWHUDVHDFWLYLW\
*2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
%LRORJLFDO3URFHVVVSKLQJRP\HOLQFDWDEROLFSURFHVV
*2 
0ROHFXODU)XQFWLRQFDWDO\WLFDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ*73DVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ*73ELQGLQJ *2 
%LRORJLFDO3URFHVVVLJQDOWUDQVGXFWLRQ *2 
%LRORJLFDO3URFHVVVPDOO*73DVHPHGLDWHGVLJQDOWUDQVGXFWLRQ
*2 
&HOOXODU&RPSRQHQWPHPEUDQH *2 
&HOOXODU&RPSRQHQWLQWUDFHOOXODU *2 
0ROHFXODU)XQFWLRQFDOFLXPLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
0ROHFXODU)XQFWLRQQXFOHRWLGHELQGLQJ *2 
0ROHFXODU)XQFWLRQQXFOHRVLGHWULSKRVSKDWDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73DVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ$73DVHDFWLYLW\FRXSOHGWR
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WUDQVPHPEUDQHPRYHPHQWRIVXEVWDQFHV *2 
%LRORJLFDO3URFHVVWUDQVSRUW *2 
&HOOXODU&RPSRQHQWPHPEUDQH *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQOLSLGELQGLQJ *2 
0ROHFXODU)XQFWLRQ*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 
%LRORJLFDO3URFHVV*SURWHLQFRXSOHGUHFHSWRUSURWHLQVLJQDOLQJ
SDWKZD\ *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
0ROHFXODU)XQFWLRQOLSLGELQGLQJ *2 
0ROHFXODU)XQFWLRQ*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 
%LRORJLFDO3URFHVV*SURWHLQFRXSOHGUHFHSWRUSURWHLQVLJQDOLQJ
SDWKZD\ *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\ *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQDFWLQELQGLQJ *2 
%LRORJLFDO3URFHVVF\WRVNHOHWRQRUJDQL]DWLRQ *2 
%LRORJLFDO3URFHVVDFWLQF\WRVNHOHWRQRUJDQL]DWLRQ
*2 
&HOOXODU&RPSRQHQWDFWLQF\WRVNHOHWRQ *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQ]LQFLRQELQGLQJ *2 
&HOOXODU&RPSRQHQWLQWUDFHOOXODU *2 
0ROHFXODU)XQFWLRQLURQLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQR[LGRUHGXFWDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQR[LGRUHGXFWDVHDFWLYLW\DFWLQJRQSDLUHG
GRQRUVZLWKLQFRUSRUDWLRQRUUHGXFWLRQRIPROHFXODUR[\JHQ
*2 
0ROHFXODU)XQFWLRQ/DVFRUELFDFLGELQGLQJ *2 
%LRORJLFDO3URFHVVR[LGDWLRQUHGXFWLRQ *2 
%LRORJLFDO3URFHVVVWHURLGPHWDEROLFSURFHVV *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQR[LGRUHGXFWDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
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0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
0ROHFXODU)XQFWLRQ0$3NLQDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQSURWHLQNLQDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
0ROHFXODU)XQFWLRQ'1$ELQGLQJ *2 
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7DEOH $ *2 WHUP DQDO\VLV RI JHQHV GLIIHUHQWLDOO\ UHJXODWHG DIWHU 
KRXURISUHVWDUYDWLRQSOXVKRXUVRIJORULQWUHDWPHQW
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0ROHFXODU)XQFWLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQ'1$ELQGLQJ *2 
%LRORJLFDO3URFHVVQXFOHRVRPHDVVHPEO\ *2 
&HOOXODU&RPSRQHQWQXFOHRVRPH *2 
&HOOXODU&RPSRQHQWQXFOHXV *2 
0ROHFXODU)XQFWLRQVXOIRWUDQVIHUDVHDFWLYLW\ *2 
%LRORJLFDO3URFHVVFDUERK\GUDWHELRV\QWKHWLFSURFHVV
*2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
0ROHFXODU)XQFWLRQVLJQDOWUDQVGXFHUDFWLYLW\ *2 
0ROHFXODU)XQFWLRQIODYLQFRQWDLQLQJPRQRR[\JHQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ)$'ELQGLQJ *2 
0ROHFXODU)XQFWLRQ1$'3RU1$'3+ELQGLQJ *2 
%LRORJLFDO3URFHVVR[LGDWLRQUHGXFWLRQ *2 
&HOOXODU&RPSRQHQWLQWULQVLFWRHQGRSODVPLFUHWLFXOXP
PHPEUDQH *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\DFWLQJRQHVWHUERQGV
*2 
0ROHFXODU)XQFWLRQWUDQVSRUWHUDFWLYLW\ *2 
%LRORJLFDO3URFHVVWUDQVSRUW *2 
&HOOXODU&RPSRQHQWF\WRSODVP *2 
&HOOXODU&RPSRQHQWLQWHJUDOWRPHPEUDQH *2 
0ROHFXODU)XQFWLRQ]LQFLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQFDWDO\WLFDFWLYLW\ *2 
0ROHFXODU)XQFWLRQWULJO\FHULGHOLSDVHDFWLYLW\ *2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQSURWHLQELQGLQJ *2 
0ROHFXODU)XQFWLRQWULJO\FHULGHOLSDVHDFWLYLW\ *2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
&HOOXODU&RPSRQHQWFKURPRVRPHFHQWURPHULFUHJLRQ
*2 0ROHFXODU)XQFWLRQ'1$ELQGLQJ *2 
0ROHFXODU)XQFWLRQPRQRR[\JHQDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQLURQLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQHOHFWURQFDUULHUDFWLYLW\ *2 
0ROHFXODU)XQFWLRQKHPHELQGLQJ *2 
%LRORJLFDO3URFHVVR[LGDWLRQUHGXFWLRQ *2 
0ROHFXODU)XQFWLRQGHR[\ULERQXFOHDVH,,DFWLYLW\ *2 
%LRORJLFDO3URFHVV'1$PHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQ2PHWK\OWUDQVIHUDVHDFWLYLW\ *2 
&HOOXODU&RPSRQHQWYLUDOFDSVLG *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQR[LGRUHGXFWDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ2PHWK\OWUDQVIHUDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\K\GURO\]LQJ2JO\FRV\O
FRPSRXQGV *2 
%LRORJLFDO3URFHVVFDUERK\GUDWHPHWDEROLFSURFHVV
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0ROHFXODU)XQFWLRQFDUERK\GUDWHELQGLQJ *2 
&HOOXODU&RPSRQHQWH[WUDFHOOXODUUHJLRQ *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
%LRORJLFDO3URFHVVVSKLQJROLSLGPHWDEROLFSURFHVV
*2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
&HOOXODU&RPSRQHQWO\VRVRPH *2 

%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
0ROHFXODU)XQFWLRQ]LQFLRQELQGLQJ *2 
&HOOXODU&RPSRQHQWLQWUDFHOOXODU *2 
0ROHFXODU)XQFWLRQFDWDO\WLFDFWLYLW\ *2 
0ROHFXODU)XQFWLRQR[LGRUHGXFWDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQELQGLQJ *2 
%LRORJLFDO3URFHVVPHWDEROLFSURFHVV *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
0ROHFXODU)XQFWLRQ$73DVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQQXFOHRWLGHELQGLQJ *2 
0ROHFXODU)XQFWLRQQXFOHRVLGHWULSKRVSKDWDVHDFWLYLW\
*2 
%LRORJLFDO3URFHVVVSKLQJROLSLGPHWDEROLFSURFHVV
*2 
%LRORJLFDO3URFHVVOLSLGPHWDEROLFSURFHVV *2 
&HOOXODU&RPSRQHQWO\VRVRPH *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\K\GURO\]LQJ2JO\FRV\O
FRPSRXQGV *2 
%LRORJLFDO3URFHVVFDUERK\GUDWHPHWDEROLFSURFHVV
*2 
0ROHFXODU)XQFWLRQ*73ELQGLQJ *2 %LRORJLFDO
3URFHVVVPDOO*73DVHPHGLDWHGVLJQDOWUDQVGXFWLRQ
*2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
0ROHFXODU)XQFWLRQVXJDUELQGLQJ *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
0ROHFXODU)XQFWLRQDFWLQELQGLQJ *2 
%LRORJLFDO3URFHVVF\WRVNHOHWRQRUJDQL]DWLRQ *2 
&HOOXODU&RPSRQHQWDFWLQF\WRVNHOHWRQ *2 
0ROHFXODU)XQFWLRQDFLGSKRVSKDWDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQPHWDOLRQELQGLQJ *2 
0ROHFXODU)XQFWLRQK\GURODVHDFWLYLW\ *2
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQLPSRUW *2 
&HOOXODU&RPSRQHQWPHPEUDQH *2 
%LRORJLFDO3URFHVVSDWKRJHQHVLV *2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQSURWHLQNLQDVHDFWLYLW\ *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
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0ROHFXODU)XQFWLRQF\VWHLQHW\SHHQGRSHSWLGDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQF\VWHLQHW\SHSHSWLGDVHDFWLYLW\
*2 
%LRORJLFDO3URFHVVSURWHRO\VLV *2 
&HOOXODU&RPSRQHQWH[WUDFHOOXODUUHJLRQ *2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
0ROHFXODU)XQFWLRQSURWHLQVHULQHWKUHRQLQHNLQDVHDFWLYLW\
*2 
0ROHFXODU)XQFWLRQ$73ELQGLQJ *2 
%LRORJLFDO3URFHVVSURWHLQDPLQRDFLGSKRVSKRU\ODWLRQ
*2 
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7DEOH$&RPSOHWH/LVWRI*3&5JHQHVXSUHJXODWHGE\JORULQ

&HOOV ZHUH VWDYHG IRU  RU  KRXUV ZLWKRXW JORULQ WUHDWPHQW W W  RU SUHVWDUYHG IRU 
KRXU DQG WUHDWHG ZLWK JORULQ IRU DGGLWLRQDO  RU  KRXUV W W  )ROG FKDQJHV DUH
VKRZQ WKDW ZHUH REWDLQHG E\ FRPSDULQJ JHQH H[SUHVVLRQ LQ JORULQWUHDWHG FHOOV YHUVXV
XQWUHDWHGFHOOV
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IDPLO\SURWHLQ
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*SURWHLQFRXSOHGUHFHSWRU *3&5 
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UHFHSWRUDFWLYLW\ *2 

*SURWHLQFRXSOHGUHFHSWRU *3&5 
IDPLO\

SURWHLQ
*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 

*3&5IDPLO\OLNH
WUDQVPHPEUDQHUHFHSWRUDFWLYLW\
*2 

F$03UHFHSWRUOLNHSURWHLQ*SURWHLQ
FRXSOHGUHFHSWRU *3&5 IDPLO\SURWHLQ
*3&5UKRGRSVLQOLNHVXSHUIDPLO\
*3&5IDPLO\OLNHWUDQVPHPEUDQH
UHFHSWRUDFWLYLW\ *2 

*SURWHLQFRXSOHGUHFHSWRUF$03
UHFHSWRU*SURWHLQFRXSOHGUHFHSWRU
DFWLYLW\ *2 F$03ELQGLQJ
*2 WUDQVPHPEUDQHUHFHSWRU
DFWLYLW\ *2 

*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 F$03ELQGLQJ
*2 WUDQVPHPEUDQHUHFHSWRU
DFWLYLW\ *2 
UKRGRSVLQOLNHVXSHUIDPLO\*3&5IDPLO\
OLNH

F$03W\SH*3&5*3&5IDPLO\OLNH
*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 F$03ELQGLQJ
*2 WUDQVPHPEUDQHUHFHSWRU
DFWLYLW\ *2 

*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 F$03ELQGLQJ
*2 
&HOOXODUFRPSRQHQWLQWHJUDOWR
PHPEUDQH *2 

*3&5IDPLO\OLNH
WUDQVPHPEUDQHUHFHSWRUDFWLYLW\
*2 

*SURWHLQFRXSOHGUHFHSWRUDFWLYLW\
*2 F$03ELQGLQJ
*2 WUDQVPHPEUDQHUHFHSWRU
DFWLYLW\ *2 

*3&5IDPLO\OLNHF$03W\SH*3&5
VHFUHWLQOLNHUHFHSWRUODWURSKLOLQ
UHFHSWRUOLNHSURWHLQWUDQVPHPEUDQH
UHFHSWRUDFWLYLW\ *2 *SURWHLQ
FRXSOHGUHFHSWRUDFWLYLW\ *2 
F$03ELQGLQJ *2 

*SURWHLQFRXSOHGUHFHSWRU *3&5 
IDPLO\SURWHLQIUL]]OHGDQGVPRRWKHQHG
OLNHVDQV&5'SURWHLQWUDQVPHPEUDQH
UHFHSWRUDFWLYLW\ *2 

*SURWHLQFRXSOHGUHFHSWRU *3&5 
IDPLO\SURWHLQIUL]]OHGDQGVPRRWKHQHG
OLNHSURWHLQ


'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP

'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP
'IDVFLFXODWXP
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33/B



IVF+



33/B





33/B



WUDQVPHPEUDQHUHFHSWRUDFWLYLW\
*2 



  *SURWHLQFRXSOHGUHFHSWRU *3&5 


IDPLO\SURWHLQIUL]]OHGDQGVPRRWKHQHG
OLNHVDQV&5'SURWHLQ*3&5IDPLO\
OLNH
WUDQVPHPEUDQHUHFHSWRUDFWLYLW\
*2 



  $5)*73DVHDFWLYDWRUDFWLYLW\


*2 ]LQFLRQELQGLQJ
*2 WUDQVPHPEUDQHUHFHSWRU
DFWLYLW\ *2 





*SURWHLQFRXSOHGUHFHSWRU *3&5 
IDPLO\SURWHLQIUL]]OHGDQGVPRRWKHQHG
OLNHVDQV&5'SURWHLQ



'GLVFRLGHXP
'IDVFLFXODWXP


'GLVFRLGHXP
'IDVFLFXODWXP

'GLVFRLGHXP
'IDVFLFXODWXP
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/LVWRIVFLHQWLILFSXEOLFDWLRQVDQGSUHVHQWDWLRQV

$VJKDU $ *URWK 0 6LRO 2 *DXEH ) (Q]HQVSHUJHU & *O|FNQHU * :LQFNOHU 7
 'HYHORSPHQWDOJHQHUHJXODWLRQE\DQDQFLHQWLQWHUFHOOXODUFRPPXQLFDWLRQV\VWHP
LQVRFLDODPRHEDH3URWLVW  

$VPD$VJKDU*HUQRW*O|FNQHU2OLYHU6LRO7KRPDV:LQFNOHU  
*ORULQPHGLDWHG JHQH H[SUHVVLRQ LQ 3RO\VSKRQG\OLXP SDOOLGXP 7KH  ,QWHUQDWLRQDO
'LFW\RVWHOLXP6\PSRVLXPKHOGLQ&DUGLII:DOHV8.$XJVW$XJWK


$VPD$VJKDU0DUFR*URWK2OLYHU6LRO7KRPDV:LQFNOHU  
3UHOLPLQDU\ FKDUDFWHUL]DWLRQ RI SHSWLGHEDVHG FRPPXQLFDWLRQ LQ VRFLDO DPRHEDH 7KH
,QWHUQDWLRQDO'LFW\RVWHOLXP6\PSRVLXPKHOGLQ&DUGLII:DOHV8.$XJVW$XJWK



$VPD$VJKDU*HUQRW*O|FNQHU0DUFR*URWK7KRPDV:LQFNOHU  
,QLWLDOFKDUDFWHUL]DWLRQRIJORULQPHGLDWHGJHQHH[SUHVVLRQLQ3RO\VSKRQG\OLXPSDOOLGXP
7KH,QWHUQDWLRQDO'LFW\RVWHOLXP6\PSRVLXPKHOGLQ(VWHV&RORUDGR86$$XJXVW
UGWK


$VPD$VJKDU&KULVWRSK(Q]HQVSHUJHU7KRPDV:LQFNOHU  
5RRWVRISHSWLGHEDVHGFRPPXQLFDWLRQLQVRFLDODPRHEDH7KH0L&RPFRQIHUHQFH
RQPLFURELDOLQWHUDFWLRQVKHOGLQ-HQD*HUPDQ\6HSWK2FWREHUQG


$VPD$VJKDU*HUQRW*O|FNQHU&KULVWRSK(Q]HQVSHUJHU7KRPDV:LQFNOHU  
([SORULQJ JORULQPHGLDWHG FHOOFHOO FRPPXQLFDWLRQ LQ 3RO\VSKRQG\OLXP SDOOLGXP 7KH
-60&DQQXDOV\PSRVLXPKHOGLQ-HQD*HUPDQ\2FWREHUWKWK


$VPD$VJKDU 7KRPDV:LQFNOHU  
,QWHUFHOOXODUFRPPXQLFDWLRQZLWKSHSWLGHGHULYDWLYHVLQVRFLDODPRHEDH7KH-60&
DQQXDOV\PSRVLXPKHOGLQ-HQD*HUPDQ\'HFHPEHUWKWK
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$FNQRZOHGJHPHQWV


7KH SUHVHQWHG UHVHDUFK ZRUN ZDV FRPSOHWHG EHWZHHQ 2FWREHU  DQG 2FWREHU  DW WKH
'HSDUWPHQWRI3KDUPDFHXWLFDO%LRORJ\,QVWLWXWHRI3KDUPDF\)ULHGULFK6FKLOOHU8QLYHUVLW\-HQD
*HUPDQ\,ZRXOGOLNHWRWKDQNDOOWKHSHRSOHPHQWLRQHGEHORZZKRFRQWULEXWHGWRWKHVXFFHVVRI
WKLVSURMHFW

)LUVWDQGIRUHPRVW,H[SUHVVP\KHDUWIHOWJUDWLWXGHDQGLQGHEWHGQHVVWRP\VXSHUYLVRU3URI'U
7KRPDV:LQFNOHUIRUSURYLGLQJPHDQRSSRUWXQLW\WRZRUNXQGHUKLVHVWHHPHGVXSHUYLVLRQ,DP
JUDWHIXO WR KLP IRU KLV LQYDOXDEOH JXLGDQFH FUHDWLYH VXJJHVWLRQV DQG LQVSLULQJ HQWKXVLDVP IRU
VFLHQFHWKDWKHOSHGPHWRGHYHORSP\VFLHQWLILFVNLOOV,DGPLUHWKHGHGLFDWLRQDQGSDVVLRQKHKDV
IRU JUHDW UHVHDUFK , DP WKDQNIXO WR KLP IRU EHLQJ LQVWUXPHQWDO LQ SODQQLQJ DQG VKDSLQJ XS P\
WKHVLVLQDQH[FHSWLRQDOZD\ZLWKRXWKLVVXSHUEJXLGDQFH,VWDQGQRZKHUHLQWKLVUDSLGO\JURZLQJ
ZRUOG RI VFLHQFH :RUGV FDQQRW UHSODFH P\ VSHFLDO WKDQNV IRU KLV LPPHQVH PRUDO VXSSRUW DQG
HQFRXUDJHPHQWZKHQ,ZDVVWUXJJOLQJEHWZHHQWKHKDUGFRUHRIP\OLIHDQGWKHGUHDPWRKDYHP\
3K'GHJUHH

,DPGHHSO\LQGHEWHGWR3URI'U&KULVWLDQ+HUWZHFN %LRPROHFXODUFKHPLVWU\JURXS+DQV.Q|OO
,QVWLWXWH-HQD P\FRVXSHUYLVRUZKRZDVDOZD\VUHDG\WRRIIHUKHOSJXLGDQFHDQGFRQVWUXFWLYH
LGHDV +LV GLUHFWLRQ DVVLVWDQFH DQG LQWHOOHFWXDOO\ VWLPXODWLQJ GLVFXVVLRQV KDYH IXUWKHU DGYDQFHG
P\DSSUHFLDWLRQIRUVFLHQFHLQJHQHUDO

,ZRXOGHVSHFLDOO\OLNHWRWKDQN'U*HUQRW*O|FNQHU %HUOLQ&HQWUHIRU*HQRPLFVLQ%LRGLYHUVLW\
UHVHDUFK %HUOLQ  IRU VKDULQJ JHQRPH VHTXHQFLQJ GDWD RI 3 SDOOLGXP 31 EHIRUH LW ZDV
SXEOLVKHG




,ZRXOGDOVROLNHWRDFNQRZOHGJH3URI'U3DXOLQH6FKDDS ZKRLVDUROHPRGHOIRUPH DQG'U
&KULVWLQD 6FKLOGH IURP WKH 8QLYHULVW\ RI 'XQGHH 6FRWODQG IRU WKHLU LQWHOOHFWXDO GLVFXVVLRQV
IDVFLQDWLQJLGHDVDQGVKDULQJODEPDWHULDOVDQGSURWRFROV

,SD\P\VSHFLDOWKDQNVWR'U0DULD5RPHUODRDQG'LFW\6WRFN&HQWHUIRUSURYLGLQJ'LFW\RVWHOLG
VWUDLQV

,ZRXOGOLNHWRIRUZDUGP\WKDQNVWR'U.DUO+HLQ]*KUV 3URWHRPLFVIDFLOLW\)ULW]/LSPDQQ
,QVWLWXWH-HQD*HUPDQ\ IRUKHOSLQJPHLQSURWHRPHDQDO\VLV'U0DUFR*URWK *HQRPHDQDO\VLV
JURXS)ULW]/LSPDQQ,QVWLWXWH-HQD IRUFRQGXFWLQJ51$VHTXHQFLQJ 51$VHT 'U2OLYHU6LRO
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IRU 51$VHT GDWD DQDO\VLV DQG 'U &KULVWRSK (Q]HQVSHUJHU ,QVWLWXWH RI 3KDUPDFHXWLFDO
&KHPLVWU\8QLYHUVLW\RI-HQD IRUV\QWKHVL]LQJJORULQDW,QVWLWXWHRI3KDUPDFHXWLFDOFKHPLVWU\

,ZRXOGOLNHWRWKDQNWKHWHDPRILQFUHGLEOHUHVHDUFKHUVWKDW,KDYHVSHQWWKHSDVWWKUHH\HDUVZLWK
'U)ULHGHPDQQ*DXEHKDVEHHQDZRQGHUIXOFROOHDJXHZKRDOZD\VH[WHQGHGKLVKHOSZKHQHYHU,
DSSURDFKHGKLPWKURXJKRXWP\VWD\DWWKH,QVWLWXWHRI3KDUPDFHXWLFDO%LRORJ\7KHIHOORZ3K'
VFKRODUV-DQD$QLND6DUD7KRPDV0LFKDHODQG7LOPDQQKDYHEHHQIXQWRZRUNZLWKDQG,KDYH
HQMR\HG EHLQJ SDUW RI VXFK D IULHQGO\ WHDP %lUEHO+HLGH DQG $QJHOD , FDQ QHYHU IRUJHW \RXU
DIIHFWLRQ

,ZRXOGOLNHWRDFNQRZOHGJH-HQD6FKRROIRU0LFURELDO&RPPXQLFDWLRQ -60& IRURIIHULQJPHD
3K'SRVLWLRQDQGVXSSRUWLQJP\VFLHQWLILFFDUHHU,WKDVFRQWULEXWHGJUHDWO\WRWKHGHYHORSPHQWRI
P\ SHUVRQDOLW\ DV D \RXQJ UHVHDUFKHU , H[WHQG P\ VSHFLDO DQG VLQFHUH JUDWLWXWH WR 'U &DUVWHQ
7KRPV PDQDJHU -60&  DQG )UDX 8OULNH 6FKOHLHU VHFUHWDU\ -60&  IRU EHLQJ VR VXSSRUWLYH
HQFRXUDJLQJIULHQGO\DQGWROHUDQW

0\DFNQRZOHGJHPHQWVZRXOGEHKLJKO\LQFRPSOHWHLI,GRQ¶WPHQWLRQVRPHQLFHIULHQGV6WHIDQLH
&KLWKUD 'HYL DQG KHU KXVEDQG 0RQLFNDP 0RQD P\ QHLJKERXU  +DQDGL %XVKUD :DID
.DUROLQH%LWD$OH[DQG7KRELDV.RFKZKRDOZD\VVKRZHGPHDSRVLWLYHRXWORRNWRZDUGVOLIH
DQGPDGHP\WLPHOLYHO\

/DVWEXWQRWWKHOHDVW,ZRXOGOLNHWRDSSUHFLDWHWKHLQFUHGLEOHORYHDQGVXSSRUWRIP\IDPLO\ZKR
KDYHDOZD\VEHHQWKHUHDQGKDYHEHHQWKHGULYHWKDWNHSWPHJRLQJDOZD\VWDNLQJLQWHUHVWLQWKH
ZRUN , KDYH FRPSOHWHG , GHHSO\ DFNQRZOHGJH WKHLU SDWLHQFH WROHUDQFH SUDFWLFDO DGYLFHV DQG
VDFULILFHV WKDW ERRVWHG PH WRZDUGV P\ VXFFHVV $ VSHFLDO QRWH RI WKDQNV WR $PPL $ER
6KXPPDLOD%DML6KXPPDLO%KDL<DVLU KHKDVEHHQP\EHVWFKLOGKRRGIULHQGWKRXJKZHDUJXH
DORW DQGKLVZLIH$QD%LODO6KDQLDQG8VDPD IRUKLVLQQRFHQWORYHWRZDUGVPH 7KDQNVWRDOO
WKHNLGVDOVR1LPUDK$LUDK0XDD],PDQDQG0DKQRRU




$VPD$6*+$5



-XO\
-HQD*HUPDQ\
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/HEHQVODXI

1DPH9RUQDPH$VPD$VJKDU

$GUHVVH6FKOHJHOVWU'-HQD

*HEXUWVGDWXP 

1DWLRQDOLWlW 3DNLVWDQLVFK

6FKXODXVELOGXQJ$XVELOGXQJ

± 1XVUDW*\PQDVLXP
$O)DLVDO7RZQ/DKRUH3DNLVWDQ

±
3UHPHGL]LQLVFKH6WXGLHQ

/DKRUH8QLYHUVLWlWIU)UDXHQ
/DKRUH3DNLVWDQ

8QLYHUVLWlWVVWXGLXP


± %DFKHORUGHU3KDUPD]LH
,QVWLWXWGHU3KDUPD]LH
8QLYHUVLWlW3XQMDE/DKRUH3DNLVWDQ

± 0DVWHUGHU0ROHNXODUELRORJLH
1DWLRQDOHV=HQWUXPGHU0ROHNXODUELRORJLH
/DKRUH3DNLVWDQ

± )RUVFKXQJVDVVLVWHQWLQ
,QVWLWXWGHU%LRFKHPLH
7HFKQLVFKH8QLYHUVLWlW*UD]gVWHUUHLFK

3URPRWLRQVVWXGLXP

± 3K'6FKRODU
/HKUVWXKOIUSKDUPD]HXWLVFKH%LRORJLH
,QVWLWXWGHU3KDUPD]LH
)ULHGULFK6FKLOOHU8QLYHUVLWlW-HQD
'HXWVFKODQG
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&XUULFXOXP9LWDH

1DPH $VPD$VJKDU

$GGUHVV 6FKOHJHOVWU'-HQD

'DWHRIELUWK 

1DWLRQDOLW\ 3DNLVWDQL

6FKRRO &ROOHJH(GXFDWLRQ

± 1XVUDW+LJK6FKRRO
$O)DLVDO7RZQ/DKRUH&DQWW3DNLVWDQ

±
3UH0HGLFDO6WXGLHV

/DKRUH&ROOHJHIRU:RPHQ
/DKRUH3DNLVWDQ

8QLYHUVLW\VWXGLHV

± %DFKHORURI3KDUPDF\
,QVWLWXWHRI3KDUPDF\
8QLYHUVLW\RIWKH3XQMDE/DKRUH3DNLVWDQ

± 0DVWHURI0ROHFXODU%LRORJ\
1DWLRQDO&HQWUHRI([FHOOHQFHLQ0ROHFXODU
%LRORJ\
/DKRUH3DNLVWDQ

± 5HVHDUFK$VVLVWDQW
,QVWLWXWHRI%LRFKHPLVWU\
*UD]8QLYHUVLW\RI7HFKQRORJ\
*UD]$XVWULD

'RFWRUDO6WXGLHV

± 3K'6FKRODU
'HSDUWPHQWRI3KDUPDFHXWLFDO%LRORJ\
,QVWLWXWHRI3KDUPDF\
)ULHGULFK6FKLOOHU8QLYHUVLW\-HQD
*HUPDQ\
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(KUHQZ|UWOLFKH(UNOlUXQJ

+LHUPLWHUNOlUHLFK

 GDVV PLU GLH JHOWHQGH 3URPRWLRQVRUGQXQJ GHU %LRORJLVFK3KDUPD]HXWLVFKHQ
)DNXOWlWEHNDQQWLVW
 GDVV LFK GLH 'LVVHUWDWLRQ VHOEVW DQJHIHUWLJW KDEH NHLQH 7H[WDEVFKQLWWH HLQHV
'ULWWHQ RKQH .HQQ]HLFKQXQJ EHUQRPPHQ ZRUGHQ VLQG XQG DOOH YRQ PLU
EHQXW]WHQ +LOIVPLWWHO SHUV|QOLFKHQ 0LWWHLOXQJHQ XQG 4XHOOHQ LQ PHLQHU $UEHLW
DQJHJHEHQVLQG
 GDVV LFK GLH +LOIH HLQHV 3URPRWLRQVEHUDWHUV QLFKW LQ $QVSUXFK JHQRPPHQ KDEH
XQG GDVV 'ULWWH ZHGHU XQPLWWHOEDU QRFK PLWWHOEDU JHOGZHUWH /HLVWXQJHQ YRQ PLU
IU $UEHLWHQ HUKDOWHQ KDEHQ GLH LP =XVDPPHQKDQJ PLW GHP ,QKDOW GHU
YRUJHOHJWHQ'LVVHUWDWLRQVWHKHQ
 GDVV LFK GLH 'LVVHUWDWLRQ QRFK QLFKW DOV 3UIXQJVDUEHLW IU HLQH VWDDWOLFKH RGHU
DQGHUHZLVVHQVFKDIWOLFKH3UIXQJHLQJHUHLFKWKDEH
 GDVV LFK GLH YRUOLHJHQGH $UEHLW ZHGHU NRPSOHWW QRFK LQ )RUP HLQHU LQ
ZHVHQWOLFKHQ 7HLOHQ lKQOLFKHQ RGHU DQGHUHQ $EKDQGOXQJ EHL GHU )ULHGHULFK
6FKLOOHU8QLYHUVLWlW RGHU HLQHU DQGHUHQ +RFKVFKXOH DOV 'LVVHUWDWLRQ RGHU
3UIXQJVDUEHLWIUHLQHVWDDWOLFKHRGHUZLVVHQVFKDIWOLFKH3UIXQJYRUJHOHJWKDEH



-HQDGHQ-XOL





$VPD$VJKDU






