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Studies of Genes Showing Differential Expression During Plasmodium
Development in Physarum polycephalum

by Lynnette Cook

Abstract

Uninucleate amoebae of the protist Physarum polycephalum develop into multinucleate,
syncytial plasmodia following a developmental transition that is initiated by the
multiallelic mating-type locus, matA. As a step towards understanding the processes
involved in plasmodium development, genes that are expressed primarily during the
amoebal-plasmodial developmental transition were previously identified from a subtracted
cDNA library. The initial aim of the research described in this thesis was to perform
sequence analysis of four such cDNA clones. This analysis revealed that the coding
sequences of the four genes were incomplete. The N-terminus of the deduced P4/10P
transcript contains homology to Rhizobium nodulation N proteins, redB encodes a
calcium-binding protein with homology to sarcoplasmic proteins from invertebrates while
both red4 and D6/18P are novel genes. Northern blotting analysis was then performed to
examine the unique expression pattern of redA and redB in more detail and confirmed that
these genes are expressed primarily during the developmental transition. Southern
blotting analysis indicated that red4 and redB do not belong to gene families. The
complete coding sequence for red4 was deduced from a genomic clone obtained by
inverse PCR and two introns were identified in the 5’ region of the gene; it is possible that
the 3’ region of red4 contains a third intron. To investigate the role of redA, gene
disruption studies were initiated; however, in P. polycephalum such studies are limited
due to considerably low transformation efficiency. A further limitation to transformation
studies using P. polycephalum is the availability of only one selectable marker. To
increase the potential use of this technique, further selectable markers were sought and
preliminary trials were conducted concomitant with the red4 gene disruption studies.

Past genetic analysis has identified many amoeba- and plasmodium-specific genes; such
analysis led to the identification of the fragmin gene family. In parallel with the studies of
redA and redB, northern blotting analysis was performed to examine the expression
pattern for each member of the fragmin gene family during plasmodium development.
These data, together with Southern blotting data, indicated that the fragmin gene family
consists of three plasmodium-specific genes and one amoeba-specific gene.
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CHAPTER 1: INTRODUCTION

1.1  CLASSIFICATION OF PHYSARUM

Physarum polycephalum is an acellular slime mould that belongs to the Myxomycete
division of Protists (Johansen er al., 1992). The Myxomycetes are separated into four
phyla: Myxomycota (syncytial or plasmodial slime moulds, such as P. polycephalum),
Acrasiomycota (cellular or pseudoplasmodial slime moulds, such as Dictyostelium
discoideum), Labyrinthulomycota (“cell-net” slime moulds) or Plasmodiophoromycota
(plasmodiophores; Johansen eral., 1992). The genus Physarum (meaning ‘bubble’,
derived from the morphology of the sporangium) was first discovered by Persoon in 1795
and the subject of this thesis, P. polycephalum (poly - ‘many’ and cephalum - ‘head’,
also derived from the morphology of the sporangium), was first documented by
Schweinitz in 1822 (Lister, 1925).

The classification of acellular slime moulds reported in the literature is somewhat
confusing. The fungal-like morphology of the plasmodia and plant-like fruiting bodies
have resulted in their classification as either fungi, plahts or ‘fungus—animals’ (Lister,
1925; Esser & Lemke, 1994). For example, in addition to the Protist classification above,
they have also been classified to the Myxomycota division of fungi, which includes the
acellular (Myxomycete or Myxogastrid), cellular (Dictyostelid, e.g. Dictyostelium
discoideum) and protostelid slime moulds (Esser & Lemke, 1994). It has been argued that
the acellular slime moulds should be classified as protists, an ancient class of organisms
that emerged before plants, fungi & animals, and this classification is generally accepted
(Johansen eral., 1992; Woese 1996). However, Nowak and Steffan (1997) recently
reported the re-classification of Myxomycetes by Hausmann and Hiilsmann (1996) to the
new taxon of ‘Myxogastra’, belonging to the unicellular eukaryotes.  Using
representatives from each division of the Mycetozoa, molecular phylogenies were
constructed for elongation factor-1a-encoding genes (Baldauf & Doolittle, 1997). This
data, together with phylogenies derived from actin and B-tubulin data led Baldauf and
Doolittle (1997) to propose that the acellular slime moulds are ‘late-emerging’ eukaryotes
and should be classified as monophyletic Mycetozoa that are more closely related to fungi
and animals than to plants. The classification argument continues; future studies of
P. polycephalum and other organisms may help scientists reach an undisputed consensus
for Myxomycete classification.
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1.2 THE LIFE CYCLE OF PHYSARUM POLYCEPHALUM

Physarum polycephalum is found in temperate vegetative areas; for example, North
America where the Wisconsin strains used widely for research were first isolated. The life
cycle of this eukaryote includes two distinct vegetative growth phases: uninucleate,
haploid amoebae and multinucleate syncytial plasmodia. These two cell types differ

vastly and are linked by an irreversible developmental transition.

1.2.1 Amoebae

In nature, P. polycephalum exists predominantly as haploid amoebae, 10-20 um in
diameter, that move by pseudopodia and feed by phagocytosis on microbes and spores
found within their natural soil environment. In favourable conditions, when warmth,
humidity and food resources are available, amoebae grow and divide by mitosis to form
colonies of identical, haploid cells (Figure 1.1). During amoebal mitosis, the nuclear
membrane dissociates resulting in a characteristic ‘open mitosis’ in which asters can be
seen at the spindle poles (Figure 1.1; Havercroft & Gull, 1983). If conditions remain
favourable, the amoebal density reaches a critical level (Section 1.2.5) at which time
compatible, non-identical amoebae fuse and develop into diploid plasmodia (Section
1.2.2; Figure 1.1).

In unfavourable environmental conditions, P. polycephalum amoebae are capable of two
reversible transitions. When immersed in water, amoebae rapidly undergo a reversible
transition into swarm cells or flagellates (Figure 1.1). Amoebae can exist as flagellates for
approximately 12 hours but in this form are unable to ingest food by phagocytosis,
undergo cell division or fuse with genetically compatible amoebae to initiate development
(Wakasugi & Ohta, 1973; Gorman & Wilkins 1980). Since flagellates are unable to feed,
if they remain in water for prolonged periods they will eventually die. A flagellate
possesses one long and one short flagellum that enable the cell to move rapidly with the
flagella foremost, thus enabling it to seek dryer conditions where it reverts to the amoebal
form (Wright, 1982). If amoebae starve or are unable to maintain vegetative growth in
dryer conditions or prolonged exposure to cool temperatures (<16°C; J. Dee, personal
communication), they develop a thickened cell wall to form dormant cysts, from which

they are able to germinate as amoebae or flagellates when favourable conditions return



Figure 1.1:  The heterothallic life cycle of Physarum polycephalum

Uninucleate, haploid (n) amoebae grow and divide by mitosis with cytokinesis to form
dense colonies of identical cells. Under the influence of a chemical inducer secreted by
the cells (Section 1.2.5) compatible amoebae of different mating-types (matAx and matAy)
become competent to develop into plasmodia; cell fusion of the compatible amoebae is
followed by nuclear fusion to generate a developing uninucleate diploid (2n) cell (Section
1.2.3). Subsequent rounds of mitosis without cytokinesis result in the formation of a
multinucleate, vegetative, diploid syncytium known as a plasmodium (Section 1.2.2).
Under the influence of a combination of exposure to light and starvation, the plasmodium
develops sporangia. Within the sporangia, individual nuclei undergo meiosis; three of the
four meiotic progeny degenerate while the fourth becomes encased as a spore (Section
1.2.2). Each spore germinates to release a single haploid amoeba, which then resumes

vegetative growth, as described above.

Under the influence of certain environmental conditions, vegetative amoebae and
plasmodia are able to undergo reversible cell transitions. If exposed to excess moisture,
amoebae are able to transform into highly motile flagellates (Section 1.2.1). If starved or
exposed to non-ambient temperatures, amoebae and plasmodia both develop thickened
cell walls to form resilient dormant cells known as cysts (Section 1.2.1) or sclerotia

(spherules; Section 1.2.2), respectively.
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(Figure 1.1; Gorman et al., 1977). Cysts are resilient and can remain dormant for several

years, thus providing the cell with a survival strategy to overcome the extremes of winter.

1.2.2 Plasmodia

Wild-type P. polycephalum plasmodia are macroscopic, diploid, multinucleate syncytia,
although haploid strains have been isolated within the laboratory (Section 1.2.4). They
feed by both pinocytosis and phagocytosis on decaying vegetation, such as rotting wood
and leaf litter, and the microbes that it harbours, including cannibalisation of any amoebae
present. Plasmodia are naturally yellow in colour, although poorly pigmented, near—white
mutants have been isolated (Anderson, 1977, Nowak & Stefan, 1997). A plasmodium
contains an intricate network of veins through which protoplasmic streaming occurs, both
mixing the cellular contents and providing a mechanism for locomotion (reviewed by
Hatano, 1994). They are capable of vegetative growth by mitosis without cytokinesis or
growth by fusion of individual plasmodia and can cover an area of several square-metres.
The nuclei of a plasmodium undergo synchronous mitosis with no subsequent cytokinesis
(Havercroft & Gull, 1983). This natural synchrony provides a useful model for studies of
events occurring during the mitotic cycle (reviewed by Burland et al., 1993b). Since no
cytokinesis occurs, with every cell cycle the number of nuclei and cell volume doubles; a
single plasmodium can contain several million nuclei. Unlike amoebal mitosis, the
nuclear envelope remains intact and only dissociates at telophase, resulting in a
characteristic ‘closed’, or intranuclear, mitosis in which asters are not visible at the spindle
poles (Figure 1.1; Havercroft & Gull, 1983). If the nuclear membrane dissociated prior to

this, errors could occur in division involving the spindle apparatus from adjacent nuclei
(Havercroft & Gull, 1983).

In P. polycephalum, plasmodial fusion is regulated by the fusion genes (fus). There are
three main fus loci: fusA4, fusB and fusC (reviewed by Haugli et al., 1980), each possessing
two known alleles, although more are likely to exist in natural populations. Additional fus
loci have recently been identified: fusD and fusE (Barber, 1998). The two known alleles
of fusA, fusAl and fusA2, are co-dominant; plasmodia must carry identical fus4 loci for
plasmodial fusion to occur. In contrast to this, fusB2 is dominant to fusBI and fusC2 is
dominant to fusCI; fusion can occur between any plasmodia carrying at least one
dominant allele each (e.g. fusB2/fusB1 with fusB2/fusB2) but not between a plasmodium

carrying two recessive alleles and one carrying at least one dominant allele (e.g.
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fusB1/fusB1 with fusB2/fusBx). Laboratory strains are generally isogenic for fusB, fusD
and fusE loci. If two or more plasmodia that are compatible at the fus loci fuse, a
heterokaryon is formed. Sometimes the heterokaryon is unstable and a lethal post-fusion
reaction occurs. The primary targets of the lethal interaction are the nuclei. Dominant /et
or kil loci cause the destruction of nuclei carrying their recessive counterparts (reviewed
by Haugli ez al., 1980). Where a heterokaryon is formed in the laboratory between diploid
and haploid plasmodia (Section 1.2.4), the diploid nuclei are lost; this suggests that
heterokaryon instability might be related to ploidy (Dee & Anderson, 1984). Since
haploid plasmodia may not develop in nature, this kind of haploid/diploid heterokaryon

instability may only occur in the laboratory.

When a plasmodium encounters unfavourable environmental conditions, it secretes a rigid
cell wall to form a dormant, highly dehydrated sclerotium that can remain dormant for
several years. Within a sclerotium, clusters of distinct compartments (spherules) are
formed, each containing up to 14 nuclei (Gorman & Wilkins, 1980). Like the amoebal
cysts, the spherules revert to vegetative growth when favourable conditions return. When
a plasmodium is exposed to light and begins to starve, multi—faceted sporangia develop
(Figure 1.1). These sporangia appear approximately 10 hours after light induction and
mature melanised spore heads form after a further 8 hours (Schreckenbach &
Werenskiold, 1986). Within these stalked structures, genetic recombination and meiosis
occur; one of the four meiotic products becomes a spore and the remaining three haploid
products degenerate (Laane & Haugli, 1976). Spores germinate to release single amoebae,

thus completing the life cycle (Figure 1.1).

Physarum plasmodia require humidity, warmth and sufficient nutrients and are, therefore,
most prevalent in nature during the early autumn months. In the laboratory, plasmodia can
be maintained for only a few months. Prolonged culturing leads to a reduced growth rate
and ultimately results in plasmodial senescence or cell death; different strains exhibit
varied life expectancies (Poulter, 1969). McCullough et al. (1973) correlated an increase
in DNA content and nuclear size with plasmodial senescence, while Nakagawa et al.
(1998) recently implicated mitochondria in plasmodial senescence and suggested that a
7.9kb region of the mitochondrial DNA is necessary for plasmodial longevity. Since there
are thousands of nuclei within a plasmodium, certain mutations can accumulate in a small

proportion of the nuclei without detrimental effects to the cell. Presumably, once such
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mutations are abundant, the cell undergoes senescence. In nature however, the
plasmodium would sporulate well before such mutations could accumulate to harmful

levels.

1.2.3 Heterothallic plasmodium development

Natural populations of P. polycephalum undergo heterothallic, or sexual, development
(Figure 1.1). The fusion of two amoebae, which ultimately results in the development of a
diploid plasmodium, is under strict genetic control involving three unlinked loci, the most
important of which is mat4 (Youngman et al., 1981). Amoebal fusion is influenced by
matB and matC. Amoebae carrying different alleles of matB show a 100 to 1000-fold
increase in frequency of cell fusions compared with homoallelic populations (Youngman
etal., 1981). Allelic difference at matC increases the range of pH over which cell fusions
occur. When the matC alleles carried by amoebae are identical, optimal fusion occurs
within the range pH 3.6-5.2. However, when the matC alleles are different the upper
limit increases from 5.2 to 5.6-6.0 (Kawano et al., 1987b). Since the matB and matC loci
both affect cell fusion, rather than the events occurring after fusion, it is conceivable that
they may encode cell surface receptors or pheromones. Sharpe & Goodman (1986)
isolated a diffusible factor that is less than 10 kDa in size, from strain MA185 (matA3
matB3). This surface modifying factor (SMF; Sharpe & Goodman, 1986) is capable of
inducing cell surface changes in strain RSD4 (matdAl matBI), which itself does not
produce the SMF. Since the SMF molecule is heat stable, Sharpe and Goodman (1986)
deduced it is not likely to be a degradation product of the 120 kDa developmental inducer
(discussed in Section 1.2.5). Sharpe and Goodman (1986) speculated that SMF may
induce cell surface changes that consequently increase the ability of the two cells to fuse.

However, it is equally possible that the cell surface changes have no effect on cell fusion.

For nuclear fusion to occur and plasmodium development to be initiated, the two fusing
amoebae must differ at matd (Figure 1.1; Dee, 1982). If the two alleles of mat4 are
identical, the binucleate fusion cell usually splits apart to form two uninucleate, haploid
amoebae (Bailey et al., 1990). Occasionally, nuclear fusion occurs during prophase in the
mat4 homoallelic binucleate fusion cell and the completion of mitosis generates two
uninucleate daughter cells that are presumably diploid and are unable to develop into
plasmodia (Bailey ef al., 1990). In a few cases, the matA homoallelic binucleate fusion

cell undergoes mitosis without nuclear fusion giving two binucleate daughter cells, which
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have similar fates to the original mat4 homoallelic fusion cells (Bailey ef al., 1990). The

regulation of plasmodium development by matA is discussed further below.

Analysis of different isolates has identified 18 matA alleles, 15 matB alleles and 3 matC
alleles (reviewed by Barber, 1998). However, more alleles of matd, matB and matC are
considered likely to exist since new matd and matB alleles are discovered almost every

time a natural isolate is brought into the laboratory.

1.2.4 Apogamic plasmodium development

Spontaneous mutations in laboratory strains generated strains of amoebae that could
develop into apparently normal, haploid plasmodia. Anderson et al. (1976) and Bailey
et al. (1987) used time-lapse cinematography to analyse development of one such mutant
(strain CL) and confirmed the original hypothesis of Von Stosch ez al. (1964) that the
plasmodia developed apogamically (i.e. a single amoeba develops directly into a haploid
plasmodium) and not as a result of homothallic development, as proposed by Wheals
(1970). The haploid plasmodia formed as a result of apogamic development are able to
undergo sporulation and produce viable spores. However, the spore viability is very low
when compared to spores formed by diploid plasmodia. The viable spores produced by a
haploid plasmodium are presumed to derive from small populations of diploid nuclei
found within the plasmodium (Laffler & Dove, 1977).

The locus responsible for apogamic development, gad4 (greater asexual differentiation) is
genetically inseparable from matA, but has no affect on mating—-type specificity (Shinnick
& Holt, 1977, Adler and Holt, 1977). Since the gad4 mutations are genetically
inseparable from matA, the relationships of the different mutations cannot be determined
by classical genetics and each new gad4 mutation is therefore assigned a unique gad4
designation. There are currently 29 known gad mutations (Anderson ez al., 1989); the
mutation gad- 12 shows no linkage to matA4, however, the remaining gad mutations are all
tightly linked to mat4 (Adler & Holt, 1977; Anderson & Hutchins, 1986). Many of the
gadA mutations are temperature sensitive and can be inhibited at 30°C; some are more
sensitive to temperature than others and in such strains apogamic plasmodium
development can be inhibited at 28°C (e.g. gadAl11). The strains used for the research
described in this thesis are all mat42 gad4h and exhibit a substantially lower incidence of
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apogamic development when incubated at 30°C than that observed at 26°C (Adler & Holt,
1977).

Apogamic development is suppressed by the npfB and npfC mutations, which are closely
linked to mat4 and gadA (Anderson et al., 1989); however, these npf mutations have no
affect on heterothallic development. Many of the strains used for the research described in
this thesis carry the #pfC5 mutation, which is a leaky mutation that is able to ‘revert’ to a
wild-type phenotype at a frequency of approximately 1 x 10~ (R. Anderson, personal
communication; Dee et al., 1989), although the process by which this occurs has not been
ascertained. The linkage of gadA, npfB and npfC to matA indicates that the matA4 genetic
region is complex and has several roles (Anderson et al., 1989; Bailey 1995). It could be
a complex of several regulatory genes or a single multi-functional locus; since matA4 has

not yet been cloned, this has not been established.

Apogamic strains remain haploid throughout the life cycle and, thus, the phenotypes of
recessive genes are observed at all stages of the life-cycle. Apogamic strains can
therefore be used to study changes in gene expression throughout the life cycle, without
the added complication of changes to the genome resulting from mating. In addition,
recessive mutations affecting plasmodium development or growth can be identified. Since
gadA does not affect mating—type specificity, amoebae from apogamic strains are able to
undergo normal heterothallic development; therefore, linkage studies can be performed on
any mutations identified. Thus, apogamic strains are useful tools for the analysis of gene
function through mutation of random loci or knockout of previously characterised genes;

such analyses could help determine the events occurring during plasmodium development.

1.2.5 The timing of events during plasmodium development

During both heterothallic and apogamic development, amoebae undergo a period of
vegetative growth and proliferation prior to the formation of plasmodia. By placing a
filter between high and low-density populations of amoebae, Youngman et al. (1977)
demonstrated that dense colonies of amoebae make low-density populations competent to
mate or undergo apogamic development. Since the amoebal pseudopodia are unable to
pass through the filters used, they concluded that the amoebae produce a diffusible

chemical inducer that affects mating competence (Youngman etal., 1977 & 1979).
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Further studies suggest that the inducer is a 120 kDa glycoprotein (Shipley & Holt, 1982;

Nader et al., 1984); no further characterisation of this molecule has been performed.

Time-lapse cinematography and immunofluorescence microscopy have been used to
examine the amoebal-plasmodial transition (APT; Blindt ef al, 1986) and the relative
timing of events during apogamic and heterothallic development (Bailey ez al., 1987 &
1990). During heterothallic development, two genetically compatible amoebae fuse
together. Approximately 2 hours later, nuclear fusion occurs to generate a uninucleate,
diploid zygote that enters an extended period of growth before mitosis (Bailey efal,
1990). In contrast, there is no amoebal fusion during apogamic development. Instead, the
haploid amoeba enters an extended cell cycle that resembles that seen in heterothallic
development following cell and nuclear fusion (Bailey et al., 1987). This extended cell
cycle is approximately 2.3 times the length of the mean amoebal mitotic cycle and results
in a cell that becomes binucleate by mitosis without cytokinesis (Figure 1.2). During the
extended cell cycle, growth continues at a constant rate; consequently the resulting
binucleate cell is larger than an amoeba following mitosis and has an increased ratio of
cytoplasm:DNA (Bailey eral, 1987 & 1990). The extended cell cycle is followed
immediately by a short cell cycle, of only 0.7 times the length of the mean amoebal
mitotic cycle, which culminates in the formation of a quadrinucleate cell (Figure 1.2;
Bailey etal, 1987 & 1990). As a result of the short cell cycle, the ratio of
cytoplasm:DNA and the periodicity of mitotic cycles return to levels similar to that found
in vegetative amoebae and plasmodia (Bailey ez al., 1987 & 1990). Thus, the short cell
cycle compensates for the alteration to the ratio of cytoplasm:DNA that occurs during the
extended cell cycle (Bailey et al., 1987 & 1990). The binucleate cells that are formed at
the end of the extended cell cycle exhibit some plasmodial characteristics, such as the
ability to undergo plasmodial fusion and phagocytose amoebae (Bailey ezal., 1987 &
1990; Bailey 1995). The extended cell cycle is a critical step in plasmodium development
and is the time at which many of the changes to gene expression and cell organisation are
initiated; this is discussed further in Sections 1.3 & 1.4.

During the extended cell cycle, the developing cell becomes committed to development
(Figure 1.2). Prior to commitment, removal of developing cells from the inducer (see
above) allows them to revert to amoebal growth. However, once committed to

development, the cells can be removed from the influence of the inducer and will continue
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Figure 1.2: Timing of events during the amoebal-plasmodial transition in
apogamic strain CL (Adapted from Bailey et al., 1987)

The sequence of events during the amoebal-plasmodial transition was deduced from
time-lapse cinematography studies using the apogamic strain CL (Bailey eral., 1987).
The mean amoebal cell cycle (11.8 + 2.2 hours; Bailey et al., 1987) is shown with an
arbitrary unit of 1.0; the length of the other cell cycles indicated are shown relative to this
arbitrary unit. A mean plasmodial cell cycle is similar in duration to an amoebal cell cycle
(Section 1.2.5). The extended (2.3 units) and short cell cycles (0.7 units) are unique to the
early stages in plasmodium development (Section 1.2.4); many of the changes to gene

expression and cell organisation are initiated during the extended cell cycle (Section 1.4).

The timing of commitment was deduced from replating experiments (Section 1.2.5: Bailey
etal., 1987). The loss of ability to flagellate was estimated by comparing the proportions

of flagellates and committed cells in developing cultures (Bailey et al., 1987).

‘Open mitosis’ = amoebal mitosis in which asters can be seen clearly at the spindle poles
due to dissociation of the nuclear membrane (Section 1.2.1; Havercroft & Gull, 1983); this

type of mitosis is accompanied by cytokinesis in Physarum polycephalum.

‘Closed mitosis’ = intranuclear plasmodial mitosis in which the nuclear membrane
remains intact until telophase and thus asters are not observed (Section 1.2.2; Havercroft

& Gull, 1983); this type of mitosis is not accompanied by cytokinesis in P. polycephalum

and thus leads to the formation of a multinucleate cell.
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to develop into plasmodia. In both apogamic and heterothallic development, loss of
ability to transform into a flagellate occurs around the time of commitment (Blindt ef al,
1986; Bailey et al., 1987, 1990 & 1992b) and is believed to be linked to a change in
centriole function (Blindt 1987, Bailey et al., 1987 & 1990); centrioles are necessary for
flagellate formation and are not found in plasmodia (Wright, 1982; Gull ez al., 1985).
Once a cell becomes committed to develop, the type of mitosis changes and the centrioles

are no longer required.

Commitment in apogamic development was defined using replating assays (Youngman
etal., 1977, Burland eral., 1981; Bailey efal, 1987). Briefly, replica plates of
plasmodium-free amoebal cultures are incubated at 26°C. At appropriate times, the cells
on individual plates are harvested, replated at serial dilutions onto assay plates and then
incubated at 26°C or 30°C. The number of amoebal and plasmodial plaques that develop
on the assay plates are then noted at regular intervals. These data are plotted against time
to determine the relative proportion of plasmodia at different times during the culture
period (Youngman et al., 1977). By transferring the developing cell culture to fresh assay
plates, the chemical inducer is washed away and only cells that are committed to
plasmodium development will generate plasmodial plaques. A committed apogamic cell
can thus be defined as a cell that survives replating and continues to develop into a
plasmodium. In heterothallic development, commitment is thought to occur between cell
and nuclear fusion, up to 20 hours prior to the first plasmodial mitosis that generates a
binucleate cell (Bailey ef al.,, 1990). During apogamic development, no cell or nuclear
fusion occurs and commitment occurs much closer to the first plasmodial mitosis, up to
13.5 hours earlier (Bailey et al., 1987). Since commitment is an operational definition, it
has yet to be ascertained whether an apogamic committed cell is at the same

developmental stage as a heterothallic one.

1.3 CELLULAR ORGANISATION AND STRUCTURAL PROTEINS

1.3.1 The tubulin isotypes and microtubule organisation

The differences in mitosis and centriole function described briefly above are just two
examples of the vast differences in gene expression, behaviour and organisation that exist
between amoebae and plasmodia. Microtubule organisation and tubulin expression have
been an area of particular interest in P. polycephalum (e.g. Solnica-Krezel et al., 1991;

Paul efal., 1992; Havercroft & Gull, 1983; Cunningham & Dove, 1993; Cunningham
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etal, 1993; Salles-Passador ef al., 1991 & 1992). Microtubules are structural filaments
found in most eukaryotic cells that form a major component of the mitotic spindle and
function in the cytoplasmic skeleton. Microtubules consist primarily of heterodimers of
o- and B-tubulins. In P. polycephalum there are three f-tubulin genes and as many as
five o.—tubulin genes (Schedl ez al., 1984a & 1984b). The tubulin isotypes were the first

family of developmentally-regulated proteins extensively studied in Physarum.

In interphase amoebae, alA, a3, B1A and B1B tubulin isotypes can be found within a
complex of microtubules radiating from a single cytoplasmic MTOC (reviewed by
Burland e al., 1993a). Two centrioles form part of the MTOC of an amoeba, which is
located adjacent to the nucleus (Havercroft & Gull, 1983). During mitosis, the MTOC
duplicates and divides to give rise to the spindle poles (Salles-Passador et al., 1992).
Asters are clearly visible at each pole as a consequence of the disappearance of the nuclear
envelope at mitosis (Havercroft & Gull, 1983). The centrioles are retained at the spindle
poles but do not act as nucleating centres for the spindle microtubules (Havercroft & Gull,
1983). When amoebae transform into flagellates, the centrioles form the basal bodies of
the two flagella and the cytoplasmic microtubules reorganise into S microtubular arrays
(reviewed by Burland et al., 1993b). Since the nucleus is attached to the MTOC, it comes
to lie at the base of the flagella in flagellates. This alternate use of the MTOC may

account for the lack of mitosis in flagellates.

Plasmodial microtubules also contain the 1A and B1B-tubulins but the amoeba-specific
o3 and PBlA-tubulins are replaced with the plasmodium-specific alB, o2B, and
B2-tubulin isotypes (reviewed by Burland eral, 1993b). Since plasmodia do not
transform into flagellates, they do not possess centrioles (Havercroft & Gull, 1983).
Although a sparse cytoplasmic microtubule network has been observed within plasmodia
during interphase, it is distinct from the nuclei, which show no specific positioning within
the cell (Havercroft & Gull, 1983) and is not nucleated by obvious MTOC’s
(Salles-Passador et al.,, 1991). The function of such cytoplasmic microtubules in the

cytoskeleton and their role in cytoplasmic streaming is unclear (Salles-Passador ef al.,
1991).

1-12



The MTOC necessary for mitosis in plasmodia appears prior to mitosis within the nucleus
and is not detectable during interphase. Although Salles-Passador eral (1992)
demonstrated that the amoebal and plasmodial MTOC’s may share some common
constituents, the plasmodial MTOC is generally believed not to be derived from the
amoebal MTOC (Gull et al., 1985; Solnica-Krezel etal., 1991). Solnica-Krezel et al.
(1991) stained cultures of amoebae undergoing the APT with antibodies specific to
amoeba-specific a3-tubulin and plasmodium-specific f2-tubulin. Some cells that
contained a MTOC associated with a mitotic spindle typical of plasmodia (B2-tubulin
positive and within the nuclear envelope) also contained an a3-tubulin positive MTOC
within the cytoplasm, indicating that the plasmodial MTOC is not derived from the
amoebal MTOC (Solnica-Krezel et al., 1991). Gull etal. (1985) and Solnica-Krezel
etal. (1988 & 1991) also demonstrated that most uninucleate developing cells were
B2-tubulin positive while most binucleate developing cells were a3-tubulin negative.
Immunolocalisation of f2-tubulin revealed that it begins to accumulate in the APT shortly
before mitosis at the end of the extended cell cycle (Solnica-Krezel ef al., 1988) and is
incorporated into all types of microtubule structures generated during the extended cell
cycle, including chimeric (amoebal and plasmodial) and star (MTOC’s and chromosomes
generally located in the centre of the cell, from where the microtubules radiated) mitotic
structures (Solnica-Krezel et al., 1991). Therefore, although the transition from amoebal
to plasmodial mitosis is complete by the end of the extended cell cycle, the acquisition of
B2-tubulin and loss of o3-tubulin takes a number of cell cycles and the lack of
a3-tubulin and acquisition of B2-tubulin is not in itself sufficient to bring about the

changes to the organisation of microtubules, in particular the mitotic spindles, during the

developmental transition.

1.3.2 The actin cytoskeleton and actin-binding proteins

Physarum polycephalum has four unlinked actin loci; ard4 to ardD (Schedl & Dove,
1982; Hamelin ef al., 1988). Mendelian analysis of the four loci led Schedl and Dove
(1982) to conclude that ardB, ardC and ardD each contain a single actin gene, while the
ardA locus is more complex and contains at least two actin genes. Southern blotting
analysis revealed that the ard4 locus contains two actin genes, ard42-17 and ardA2-7
(Hamelin et al., 1988), which were subsequently re-named ard4 and ardE respectively

(Pallotta et al., 1989). Comparison of the ardd, ardB and ardC sequences revealed that

1-13



ardB and ardC are approximately 99% homologous, whereas ardA shares approximately
93% homology with ardB and ardC (Hamelin et al., 1988). However, despite these subtle
differences, these three genes encode an identical protein (Adam et al., 1991). Analysis of
amoeba-specific and plasmodium-specific cDNA libraries suggested that the ardB and
ardC genes encoded the majority of actin transcripts (Hamelin etal., 1988). Northern
blotting analysis confirmed that the majority of transcripts were from ardB and ardC, and
revealed that ardC transcripts were the most abundant (Hamelin et al., 1988). The relative
abundance of the two major actin transcripts was then estimated at 3:1 ardC:ardB by dot
blot analysis and S; mapping (Hamelin ez al., 1988). The ardB and ardC transcripts can
be detected at all stages of the life cycle (Hamelin ez al., 1988); thus, actin provides an
ideal internal control for northern blotting analysis. No evidence of ard4 expression was
found from northern blotting (Hamelin ez al., 1988). However, using nuclear RNA
run-on transcription assays, Arellano et al. (1992) found evidence of ard4 transcription
during the late G2 phase of the cell cycle. Analysis of the deduced ardD amino acid
sequence revealed 84% identity to the protein encoded by ardA, ardB and ardC (Adam
etal., 1991). In contrast to ardd, ardB and ardC, expression of ardD is
plasmodium-specific and is most abundant in spherules (Section 1.2.2; Adam etal.,
1991). The ardE locus is highly divergent (Pallotta, personal communication) and
northern blotting analysis suggests that it may not be functional (Hamelin ef al., 1988).

The actin cytoskeleton is involved in several cellular functions including motility,
chemotaxis, cytokinesis, phagocytosis, signal transduction and RNA localisation
(Sutherland & Witke, 1999). In Physarum plasmodia, actin filaments are organised into
two kinds of arrays:

i. Cytoplasmic fibrils consisting of bundles of actin filaments and myosin
(actomysin), extending throughout the cytoplasmic matrix and vein network
(Stockem & Brix; 1994).

ii. A cortical actin layer consisting of a continuous irregular network of actin
filaments found just under the cell surface (Kukulies ef al., 1987, Stockem & Brix,
1994).

The cytoplasmic fibrils form a complex network that is involved mainly in the
maintenance of cell shape and mediation of cell surface adhesion sites (Stockem & Brix,
1994). The cortical actin layer is more complex and is thickest at the growing edge of

plasmodia. The organisation of this layer varies depending on the distance from the
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growing edge (reviewed by Stockem & Brix, 1994). In contrast, amoebae do not contain
thick bundles of cytoplasmic actin filaments, instead actin filaments are localised beneath
the cell membrane to form an irregular layer, located predominantly where pseudopodia
form and resembling the cortical actin layer found in plasmodia (Stockem & Brix, 1994).
Genetic studies of processes such as cytokinesis in Physarum and other systems have
contributed to a better understanding of the multi-functional actin cytoskeleton (reviews:
Hatano, 1994; Sutherland & Witke, 1999). Although the localisation of actin in plasmodia
and amoebae has been characterised (Kukulies ez al., 1987; Stockem & Brix, 1994), very
little is known about changes to the actin cytoskeleton that occur during plasmodium

development in P. polycephalum.

Actin exists in two forms: globular-actin (G-actin), the monomeric form of actin, and
filamentous actin (F-actin). The two forms of actin exist in an equilibrium that is
regulated by actin-binding proteins (Hatano, 1994). Actin-binding proteins were initially
thought to play a passive role in preventing polymerisation of actin monomers. Recent
studies have shown that actin-binding proteins not only promote actin polymerisation but
also regulate the formation of various actin-dependent cell structures, e.g. the contractile
ring required for cytokinesis (Sun etal., 1995). The first actin-binding protein to be
characterised, profilin, was discovered more than 20 years ago and has been the subject of

much research (reviews: Sohn & Goldschmidt-Clermont, 1994; Sun ez al., 1995).

Profilin is a small (12-15 kDa) ubiquitous actin monomer binding protein that regulates
the polymerisation of G-actin into F-actin and is involved in at least two signal
transduction pathways (Sohn & Goldschmidt-Clermont, 1994; Theriot & Mitchison,
1993). Since the concentration of profilin is higher than other actin-binding proteins
(with the exception of thymosin-B4, which is not found in P. polycephalum), it is believed
to be one of the main regulators of actin polymerisation in non-muscle cells (reviewed by
Hatano, 1994). Two profilin genes, pro4 and proP, have been identified in
P. polycephalum, each being specific to only one of the two main cell types; prod in
amoebae and proP in plasmodia (Binette ef al., 1990). These two profilins share 66%

homology and, like profilins from other eukaryotes, are not as highly conserved as actin
(Binette ef al., 1990).
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Functional studies of profilin in systems such as yeast, Dictyostelium discoideum,
Drosophila and the mouse have confirmed that profilin plays an important role in cell
regulation and development (reviews: Sutherland & Witke, 1999; Sohn &
Goldschmidt-Clermont, 1994). Using gene-targeting techniques to alter the wild-type
profilin gene and introduce a null-mutation in embryonic stem cells, Sutherland and
Witke (1999) generated profilin-null mouse embryos. Without functional profilin, these
mouse embryos died before they reached the blastocyst stage of development (Sutherland
& Witke, 1999). There are two constitutive isoforms of profilin in D. discoideum, profilin
I and profilin I (Haugwitz et al., 1994). A functional study of profilin in D. discoideum
found that removal of just one isoform of profilin led to phenotypes virtually
indistinguishable from wild-type, whereas removal of both profilin isoforms altered the
growth of the cells, led to an increase in F-actin and rendered the cells unable to form

fruiting bodies (Haugwitz et al., 1994).

Since the two P. polycephalum profilin isoforms are expressed in a cell-type specific
manner, it seems unlikely that they could substitute for one another in functional studies
such as those performed in D. discoideum (Haugwitz et al., 1994). Functional analysis of
proP in Physarum by gene knockout through homologous recombination is in progress,
however, no homologous transformant has been identified to date (D. Pallotta, personal
communication). Recently, over-expression studies of the two P. polycephalum profilin
isoforms in profilin-deficient Saccharomyces cerevisiae cells has suggested that they are
not functionally equivalent (Marcoux ef al., 1999). These profilin-deficient yeast cells
exhibited reduced mating efficiency, abnormalities in cortical actin localisation, no visible
actin cables and no growth at 37°C or in the presence of caffeine (Marcoux et al., 1999)
Expression of either P. polycephalum profilin isotype restored the cortical actin patches
and mating efficiency in the profilin-deficient yeast cells (Marcoux eral, 1999).
However, ProA was more effective than ProP at restoring the actin cables and ability to
grow at 37°C or in the presence of caffeine (Marcoux et al., 1999). Therefore, since the
two P. polycephalum profilins do not correct the mutant phenotypes to the same extent,
they are not functionally equivalent in yeast (Marcoux e al., 1999); this suggests they do

not have identical roles in P. polycephalum.

The first actin-severing protein described was gelsolin, isolated from rabbit macrophages

(reviews: Hatano, 1994; Matsudaira & Janmey, 1988). Like profilin, the severing proteins
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are also able to bind actin monomers. Gelsolin can sever, cap and nucleate (form new
filaments from actin monomers) actin filaments in response to different conditions. The
action of the molecule is regulated by calcium and polyphosphoinositides such as
phosphatidylinositol-4,5-bisphosphate (PIP;; Meerschaert et al, 1998). When calcium
concentrations are high, the gelsolin molecule binds to F-actin and induces cleavage of
the filament. The molecule then remains bound to the end of the actin filament,
preventing actin polymerisation. This capping activity is reduced in the presence of PIP,,
which binds the gelsolin molecule and dissociates it from the actin filament end (reviewed
by Matsudaira & Janmey, 1988). Gelsolin-related molecules have been identified in other
systems, including capG or villin in vertebrates and severin or fragmin (discussed in
Chapter 6) found in the lower eukaryotes D. discoideum and P. polycephalum,
respectively (reviewed by Matsudaira & Janmey, 1988).

1.4 THE AMOEBAL-PLASMODIAL TRANSITION

Initiation of plasmodium development in Physarum polycephalum is regulated by matA.
The only absolute requirement for heterothallic development in Physarum is that the two
fusing amoebae possess different alleles of mar4 (Section 1.2.3; Youngman et al., 1981;
reviewed by Bailey, 1995 & 1997). In addition, apogamic development can occur if an
amoeba carries a gad4 mutation at matA (Section 1.2.4; Shinnick & Holt, 1977; Adler and
Holt, 1977). Therefore, matA is clearly the most important locus for initiation of
plasmodium development. The matA region of P. polycephalum is multi-functional.
Heterothallic development depends on genetic diversity at matA and yet apogamic (gadA)
mutants are able to by-pass this dependence without changing mating-type. The
frequency at which apogamic development occurs can be influenced by the npfB and npfC
mutations (Section 1.2.4; Anderson et al., 1989). In addition, mat4 influences uniparental
inheritance of mitochondrial DNA (discussed further in Section 1.5). Therefore, matA is a
multi-functional complex locus that has at least four roles. Studies of the APT may help

to ascertain why the matA4 region can influence all these developmental events.

1.4.1 Differentially expressed genes and proteins

Comparisons of 2-D gels of abundant proteins from amoebae and plasmodia indicated
that the majority of proteins (74%) were common to both stages of the life cycle but some
proteins were cell-type specific (26%), i.e. differentially expressed (Turnock et al., 1981).

It was estimated that a quarter of the cell-type specific proteins detected on the 2-D gels
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were the result of post-translational modification and were not, therefore, differentially
expressed (Turnock efal., 1981). Thus, approximately 20% of the abundant proteins
detected were differentially expressed throughout the life cycle.

A logical progression was to investigate differences between amoebae and plasmodia at
the level of gene expression (Pallotta ef al., 1986, Sweeney et al., 1987). Pallotta et al.
(1986) generated cDNA libraries from amoebae and plasmodia to compare the mRNA
populations of the two cell types. They screened randomly selected clones from the two
libraries using dot blots and identified many cell-type specific mRNAs. The majority of
these randomly selected clones could not be classified due to weak hybridisation to the
probes. In the plasmodial library, 10% of the clones gave a strong plasmodium-specific
signal and were classified as representing abundant plasmodium-specific mRNAs. A
large class of clones in the plasmodial library (30%) hybridised to both
plasmodial-specific and amoebal-specific probes. A further 5.6% of the clones produced
a weaker plasmodium-specific signal and probably represented moderately abundant and
rare plasmodium-specific transcripts (Pallotta e al., 1986). In the amoebal library, only
2.2% of the clones hybridised specifically to the amoebal probe; the remainder either
hybridised to both plasmodial and amoebal probes or could not be classified (Pallotta
etal., 1986).

The relative abundance of the most prevalent cell-type specific clones from each library
were then categorised based on the frequency of their occurrence in the libraries (Pallotta
etal., 1986). The most abundant plasmodium-specific clones corresponded to six
sequences, representing 4.8%, 2.4%, 1.4%, 1.0%, 0.4% and 0.2% of the clones in the
library (Pallotta ez al.,, 1986). The abundant amoeba-specific clones corresponded to
seven different sequences, with one being most prevalent and representing 1.2% of the
clones in the library (Pallotta et al., 1986). It is clear from the studies of Turnock et al.
(1981) and Pallotta et al. (1986) that amoebae and plasmodia possess cell-type specific
proteins and it was hypothesised that the cDNA clones encoding such proteins, or the

proteins themselves, may serve as markers for further analysis of the APT.

Blindt efal. (1986) devised a method to enrich for cells committed to plasmodium
development by removing cells able to flagellate, since the ability to flagellate is lost prior

to commitment in the apogamic strain they used. This involved inducing the
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amoeba-flagellate transformation in the cell population and then passing the cells through
a glass bead column; the flagellates passed through while the amoebae and developing
cells adhered to the beads (Blindt ef al., 1986). Sweeney ef al. (1987) screened cDNA
libraries, constructed from populations of axenically grown cells containing different
proportions of uninucleate, binucleate and multinucleate cells, which were enriched using
the method of Blindt erfal (1986), and identified cDNA clones from
developmentally-regulated genes. These clones were then used to probe northern blots
containing RNA from developing populations of cells enriched for different cell-types, as
before, in order to analyse changes in gene expression during the transition (Sweeney
etal., 1987). Some plasmodium-specific mRNA transcripts were first detected in
populations containing a high proportion of uninucleate committed cells, while others
were evident in populations that contained a high proportion of quadrinucleate cells
(Sweeney et al., 1987). These results indicated that the changes in gene expression
associated with the developmental transition occur over several nuclear divisions
(Sweeney et al., 1987). Some amoeba-specific transcripts appeared to remain present for
some time after the transition. However, since the enriched cell samples also contained
vegetative amoebae, it was unclear at which stage in development the amoeba-specific

transcripts were no longer evident (Sweeney et al., 1987).

The transition from production of amoebal to plasmodial proteins and the associated
changes in cellular organisation begin during the extended cell cycle of the APT
(Figure 1.2; Section 1.2.5). During this developmental transition, a3-tubulin gradually
disappears from B2-tubulin positive cells (Solnica-Krezel et al., 1991). The timing of
o3-tubulin loss and P2-tubulin accumulation varies for different developing cells
(Solnica-Krezel eral., 1991). In addition, the different types of B2-tubulin positive
spindle apparatus present in developing uninucleate cells demonstrate that the changes to
tubulin expression are not sufficient to induce the formation of specific mitotic apparatus
and that mitosis occurs irrespective of the changes to the mitotic spindle and cytokinesis
(Solnica-Krezel et al., 1991). Solnica-Krezel et al. (1991) suggested that the differences
in the type of mitosis exhibited at the end of the extended cell cycle could reflect
differences in the timing of initiation of development. The complex cytoskeletal and
cellular rearrangements that occur when an amoeba develops into a plasmodium are

initiated by the mating-type gene, matA (Section 1.2).
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1.4.2 Developmental mutants characterised by phenotype

Mutagenesis of apogamic strains by exposure to UV light, caffeine, or NMG
(N-methyl-N-nitro-N-nitrosoguanidine) has led to the identification of a class of
mutants that are unable to undergo normal plasmodium development (Wheals, 1973,
Anderson & Dee, 1977; Solnica-Krezel et al., 1995). These were originally termed apt
(amoebal-plasmodial transition) mutants by Wheals (1973) but the terminology that is
more recently favoured is npf (no plasmodium formation; Anderson & Dee, 1977)
mutants. Analysis of such mutants could determine their functional relationship and may
reveal some of the mechanisms involved in the developmental transition (Wheals, 1973).
Since the majority of the research described in this thesis is concerned with the
characterisation of genes expressed primarily during the APT (Chapters 3 to 5), the npf

mutants are described in detail below.

The npf mutants can be categorised as follows:

i. Those mapping to matA that block the induction of development (npfB, npfC;

Section 1.2.4). The majority of npf mutants isolated fall into this category.

ii. Those that block development during the extended cell cycle.

iii. Those that block development after the extended cell cycle.
Six recessive npf mutants were analysed extensively by Bailey eral. (1992a) and
Solnica-Krezel etal. (1995). These cellular and genetics studies considered each
mutation in turn and examined their phenotypes during the developmental transition.
Most npf mutations affect development of plasmodia and have no affect on amoebal
growth, with the exception of mpfMI, which significantly slows amoebal growth
(Solnica—Krezel et al., 1995).

1.4.2.1 The early acting npf mutants

The npf4 and npfG mutants are unlinked to the other studied npf loci or to matA
(Solnica-Krezel ezal., 1995) and they both block apogamic development early in the
extended cell cycle. However, crosses between two npf4 strains or two npfG strains,
compatible at matA loci, revealed that these alleles are not essential to heterothallic
development, since numerous apparently normal plasmodia developed (Solnica-Krezel
et al., 1995). Plasmodia form at a frequency of approximately 1in 10° cells that carry the
recessive npfA1 mutation (Anderson & Dee, 1977). Spores from one such plasmodium

were allowed to germinate to determine whether the mutation had reverted to wild-type.
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However, since the ability to form plasmodia remained at a low frequency in the progeny,
a reversion had not occurred and instead the mutation was described as ‘leaky’
(Solnica-Krezel etal., 1995). Since only a small proportion of npfdl cells were
B2-tubulin positive (higher than could be attributed to the mutation being leaky) and the
majority of cells showed no further signs of development and presumably died,
Solnica-Krezel et al. (1995) concluded that the npfd” gene product is required close to the

initiation of apogamic plasmodium development.

Cells with the recessive npfG/ and npfG2 mutations revert to apparently normal
plasmodium development at a frequency of 1 in 10°. Although there was evidence from
tubulin studies, DAPI (4’-6-diamidino-2-phenylindole) staining and cellular studies that
some npfG mutants initiated development, the majority of cells showed no evidence of
development and presumably died, indicating that, like npf4”, the npfG* gene product is
required close to the initiation of apogamic plasmodium development (Solnica-Krezel
etal., 1995).

1.4.2.2 The late acting npf mutants

The first npf mutant, npfF'1, originally termed apt- 1, was isolated through mutagenesis of
an apogamic strain derived from Colonia (Wheals, 1973). This allele was shown to be
unlinked to all loci tested, except the plasmodial fusion gene fusC (Section 1.2.2;
Anderson & Dee, 1977, Bailey et al. 1992a; Solnica-Krezel ez al., 1995). The recessive
npfF 1 mutation affects both apogamic and heterothallic development under all conditions
tested. Hardly any binucleate cells develop, although many large, uninucleate cells are
observed. Time-lapse cinematography revealed that the developing uninucleate cell
enters an extended period of growth, similar to the extended cell cycle, but instead of
culminating in the formation of a binucleate cell, the cell usually divided and the daughter
cells resumed proliferative growth (Solnica-Krezel et al., 1995). The rare binucleate cells
that formed at the end of the extended cell cycle possessed condensed nuclei that
suggested they died in an apoptosis-like manner (see below; Solnica-Krezel et al., 1995).
Many of the npfF cells contained B2-tubulin and had no detectable a3 -tubulin indicating
that some cellular changes had been initiated although development was blocked
(Solnica-Krezel et al., 1995). The npfF+ gene product is therefore believed to play an
important role in development towards the end of the extended cell cycle (Solnica—Krezel
etal., 1995).
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Another recessive mutation that blocks development late in the APT is npfK
(Solnica-Krezel et al., 1995). The npfK gene is linked to the plasmodial fusion gene, fus4
(Section 1.2.2). Plasmodium development in npfK mutants generates multinucleate cells
that are unable to fuse with one another. These large cells contain a few hundred nuclei,
display rapidly moving pseudopodia but barely any motility and do not develop veins or
display the rhythmic pulsations characteristic of plasmodia of a similar size
(Solnica-Krezel et al., 1995). Since the abnormalities appear after the extended cell
cycle, it was concluded that this is when the npfK" gene product is required
(Solnica-Krezel et al., 1995). In addition, since the multinucleate npfK cells rarely fuse
with one another or engulf amoebae and display abnormal pseudopodia along with little or
no locomotion, it was suggested that the npfK’ gene may play an essential role in

plasmodial membrane structure (Solnica-Krezel et al., 1995).

In npfM mutants, abnormalities are first detected after the extended cell cycle and small
multinucleate cells develop; npfM is recessive and unlinked to all loci tested
(Solnica-Krezel eral, 1995). These multinucleate cells exhibit plasmodia-like
morphology but lack the ability to fuse with other plasmodia. They are incapable of
phagocytosis and unable to develop into macroscopic plasmodia (Solnica-Krezel et al.,

1995). Therefore, as with npfK, the npfM" gene may affect the plasmodial membrane.

The recessive npfL mutation has been the subject of extensive research (Bailey ezal.,
1992a). Time-lapse cinematography of developing npfL1 cells (Bailey etal., 1992a)
revealed that the abnormalities in cell behaviour and structure caused by npfL1 appear at
the end of the extended cell cycle (Bailey efal, 1992a). Abnormalities in mitotic
characteristics suggest that the transition from amoebal to plasmodial nuclear structure is
incomplete by the end of the extended cell cycle (Bailey et al., 1992a). However, the npfL
cells display some apparently normal plasmodial characteristics, such as the ability to
ingest passing amoebae and fuse with other developing cells that are still capable of
locomotion (Bailey et al., 1992a). The nuclei condense and the cells become rounded and
highly vacuolated, exhibiting rapid cytoplasmic activity that resembles the characteristic
‘boiling’ phenotype observed during apoptosis (Bailey ez al., 1992a). The npfL mutants
possess condensed nuclei similar to those observed in npfG, npfM and some npfF’ mutants

(Solnica-Krezel efal., 1995) and undergo an apoptosis-like cell death (Bailey ez al.,
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1992a). This apparent apoptosis is probably a response to the block in development and

not a direct result of the npf mutation.

The fact that some aspects of the APT appear normal, while others are abnormal in many
of these npf mutants suggests that a number of developmental pathways are involved in
plasmodium development. Analysis of double mutants could provide evidence to support
the existence of such developmental pathways. In npfK-npfL double mutants, both
mutant phenotypes are observed and therefore neither is dependent on the other suggesting
that they probably lie on different developmental pathways. In npfG-npfF’ double
mutants, however, only the npfG phenotype is observed (Solnica-Krezel et al., 1995).
Solnica-Krezel et al. (1995) suggested that npfG and npfF act in the same developmental
pathway. However, since it is unclear exactly when cell death occurs in npfG mutants, the
earlier action of npfG may have resulted in cell death prior to the point at which npfF’
expression normally occurs and therefore they may be expressed in different pathways, as

with the npfK-npfL double mutant.

1.4.3 Regulation of the amoebal-plasmodial transition

Initiation of the APT depends upon the multi-functional matA4 region (see above). It is
interesting that many of the npf mutations block development during the extended cell
cycle, the time at which many of the structural changes are beginning and regulatory genes
controlling the transition are believed to function (Bailey, 1995 & 1997). The analysis of
npf mutants provides further evidence of the importance of the extended cell cycle during
the APT. Some of the npf mutations may have occurred at loci that are important for the
regulation of the developmental transition. There may be several regulatory pathways
involved in the APT, as suggested by the study of double mutants containing npfK/ and
npfL1 (Solnica-Krezel et al., 1995) and the npfL! study (Bailey etal., 1992a). It is
possible that some genes will function transiently whilst others will be required

throughout plasmodium growth.

Dee (1975) speculated that “plasmodial properties are acquired simultaneously by multiple
gene activation or inactivation under the influence of regulatory genes”. Similarly,
Gorman and Wilkins (1980) hypothesised that “there should exist a set of control genes
specific to the transition”. However, it was only during the 1980’s that biochemical and

genetic evidence of differential gene expression in amoebae and plasmodia was obtained
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(Section 1.4.1; Turnock etal, 1981, Pallotta eral, 1986; Sweeney etal., 1987).
Time-lapse cinematography and immunolocalisation studies of plasmodium development
in wild-type and the npf mutants demonstrated that the extended cell cycle is a critical
stage in the APT and is when many of the changes in gene expression and cell
organisation are initiated (Sections 1.2.5, 1.3.1 & 1.4.2; Bailey etal, 1987 & 1990;
Solnica-Krezel et al., 1991; Bailey et al., 1992a;, Solnica-Krezel et al., 1995). These
studies led back to the idea that a set of APT-specific regulatory genes exist (Bailey et al.,
1992b). Studies to isolate and characterise APT-specific genes form a major part of the
research described in this thesis and are discussed in detail in Chapters 3, 4 and 5. Such
studies may help to determine the regulatory events occurring during the transition as well
as identifying a hierarchy of gene transcription during developmental cascades, such as
those proposed as a result of the #pf studies. Identification and characterisation of these
genes could clarify how mat4 initiates plasmodium development and may ultimately lead
to a greater understanding of complex developmental processes in other eukaryotic cells
(reviewed by Bailey, 1995 & 1997).

1.5 GENOME ORGANISATION

Some procedures involving genomic DNA, e.g. the construction and screening of genomic
libraries, are facilitated by an understanding of the organisation of the genome being
utilised. Since genomic DNA was used in this thesis, some properties of the Physarum

polycephalum genome and technical considerations are discussed below.

1.5.1 Chromosomal DNA

Studies on ploidy throughout the life cycle of P. polycephalum have generally revealed
approximately 40 chromosomes within haploid P. polycephalum nuclei although this
varies dramatically from one isolate to the next, ranging from 25-75 (reviewed by
Mohberg & Babcock, 1982). The variety of chromosome numbers in different strains
probably reflects differences in ploidy that have arisen through laboratory culture
(Mohberg et al., 1973). The Colonia isolate, from which all strains utilised in this thesis
were derived, contains 35-40 chromosomes per haploid nucleus (Mohberg et al., 1973;
Mohberg, 1977). Since P. polycephalum nuclei possess so many chromosomes, it is no
surprise that many gene loci examined to date are unlinked. The DNA content in the
haploid unreplicated nucleus is estimated at 0.3pg, which corresponds to approximately

2.7 x 10°bp per haploid genome (reviewed by Burland et al., 1993b).
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Studies on the Hpall-resistant, methylated fraction of Physarum genomic DNA, which
represents 4-20% of the genome, identified a large repetitive element whose length was
estimated to exceed 5.8kb (Peoples & Hardman, 1983). Further analysis of this element
revealed that it forms part of a larger repetitive structure (approximately 8.6kb in size),
found in scrambled clusters of up to 50kb, which shares several features with transposable
elements (Pearston efal., 1985). This Hpall-repeat element was renamed Tpl
(Transposon Physarum 1; McCurrach etal., 1990) and contains homologies to the
protease, endonuclease, reverse transcriptase and nucleic acid-binding domains of copia
and other retrotransposons (Rothnie ez al., 1991). Although northern blotting analysis
suggests that Tp1 is transcribed, no full-length transcript was detected (Rothnie ef al.,
1991). McCurrach et al. (1990) identified a smaller retrotransposon-like sequence within
the large scrambled clusters of Tpl, which was named Tp2. Tp2 is much smaller than
Tpl, at 1.7kb, and does not contain all components required for independent mobilisation
(McCurrach et al., 1990). Retrotransposons contain highly conserved elements, e.g.
reverse transcriptase, which can be used to determine evolutionary pathways and aid
classification through phylogenetic studies (Rothnie et al., 1991). The Tp elements may
be useful for integrative DNA transformation studies, since DNA flanked by such
sequences would be targeted for integration by retrotransposition. However, there could
be associated problems with stability or multiple integration, since there are numerous
target integration sites. In addition, since Tpl sequences have only been found in
association with methylated DNA (Rothnie et al., 1991) there may be problems with the
activity of such integrated fragments; since there is generally a negative correlation
between methylation and gene activity, DNA inserted at these sites might have reduced or
little activity due to de novo methylation (Rothnie et al., 1991).

In addition to the methylated repetitive elements described above, moderately repetitive
sequences that are A/T-rich are also found in the genome. Kruse ez al. (1993) examined
one such sequence and discovered that certain regions of the element were likely to form
secondary structures. Furthermore, the sequence contains a region that is almost identical
to a highly conserved 11bp core consensus sequence from autonomously replicating
sequence (ARS) elements in yeast that suggested it could be a replicator sequence (Kruse
etal., 1993). However, the existence of an interspersed sequence typical of yeast

replicator sequences does not prove an involvement in replication. Indeed, replication
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origins in P. polycephalum have been identified in the promoter regions of proP, ardB and
ardC and do not contain any ARS-like sequences (Bénard & Pierron, 1992; Pierron et al.,
1999).

Reassociation kinetic analysis by Hardman eral. (1980) revealed three sequence
components in the nuclear DNA; foldback DNA dispersed approximately once every 7kb
(6%), repetitive sequences including the Hpall-repeat element (31%) and single-copy
sequences (63%). Hardman eral. (1980) estimated that as many as 80 families of
repetitive elements exist in the Physarum genome, spaced on average once every 1300
nucleotides. The single copy sequences encode the majority of genes and are interspersed

at regular intervals by the foldback DNA and repetitive elements (Hardman et al., 1980).

Evidence from cloned P. polycephalum genes shows that they tend to have several short
introns and exons (e.g. Nader eral., 1986; Binette et al, 1990; Hamelin etal., 1988;
Kozlowski etal.,, 1993). Introns in P. polycephalum vary from approximately
50bp-300bp in size (e.g. Nader efal, 1986; Binette efal, 1990), but are generally
100bp-150bp. Similarly, exons generally vary from approximately 50bp-350bp (e.g.
Nader et al., 1986; Binette efal., 1990). Because the introns and exons are small, the
genes are generally small and are not spread over large areas of the genome. In addition,
reassociation kinetic analysis of genomic DNA by Hardman ez al. (1980) indicates that
most genes are contained between the foldback DNA and repetitive elements throughout

the genome.

1.5.2 Repetitive elements can cause instability of cloned genomic DNA

Repetitive elements in Physarum genomic DNA can cause instability in genomic libraries
carried by plasmids or phage A in bacterial hosts (Nader ez al., 1985; Nader et al., 1986;
Kruse et al., 1993). Kruse et al. (1993) encountered problems with cloning an A/T-rich
repetitive element. Recombination deficient strains were required and it was suggested
that the instability was caused by sequence-specific secondary structures (Kruse et al.,
1993). Exonuclease I (sbcB) and V (recBC) activity in some bacterial hosts results in
removal of DNA by recombination between repetitive sequences (Nader ef al., 1985).
Nader et al. (1985) cloned a region of Physarum genomic DNA in the proximity of the
ardA locus and discovered that a region of 360bp, which was subsequently found to

contain poly(dT) and poly(dC) homopolymeric sequences (single nucleotide repeats;
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Nader eral, 1986), had been deleted. Similar losses were observed by
Trzcinska-Danielewicz et al. (1996) across poly(dC) homopolymeric regions of the
Pprasl gene. Using recombination deficient (recBC™, sbcB™) bacterial hosts reduced the
frequency at which the 360bp ardA region was lost from the vector and enabled Nader
etal. (1985 & 1986) to clone the gene. Nader efal (1986) proposed that the
homopolymeric regions were becoming single-stranded (ss) under torsional stresses and
that these ss regions were targeted by the endonuclease activity of the recBC enzyme,
leading to deletion or degradation of the region located between the nucleotide repeats. In
addition, Nader et al. (1986) suggested the poly(dT) regions might be degraded by
exonuclease I (sbcB). However, Nader e al., (1986) concluded that the instability of the
360bp ardA region may have depended on a particular conformation of several
homopolymeric regions, since similar instability was not evident in regions containing

single homopolymeric sequences.

Hardman and Jack (1978) estimated that foldback repeats (inverted complimentary repeat
sequences) are dispersed approximately once every 7kb throughout the P. polycephalum
genome; the majority of foldback duplexes are up to 800bp in size. Since foldback repeat
structures may resemble intermediates of DNA recombination, they may serve as targets
for cleavage by exonucleases I and V and could, therefore, be unstable in recBC sbcB
hosts (Nader et al., 1986). Restricting DNA fragments for cloning to 7kb or less should
reduce the occurrence of such repeats on the same fragment, although the presence of
other factors (such as single nucleotide repeats) may also cause instability, in particular
with recA™ hosts (Nader et al., 1986).

1.5.3 Ribosomal and mitochondrial DNA

Other well-characterised DNA components from Physarum are the ribosomal RNA
(rRNA) genes and mitochondrial DNA (mtDNA). In P. polycephalum, the rRNA genes
are present on 60kb, linear mini-chromosomes (rDNA) found within the nucleolus, at
approximately 150 copies per haploid nucleus (Burland et al., 1993b); IDNA constitutes
approximately 1-2% of the total DNA content (Hardman & Jack, 1978). The molecule
contains two sets of rRNA genes on 13.3kb regions separated by a 23kb non-transcribed
spacer containing varied repetitive elements (Burland efal, 1993b). Every rDNA

molecule typically replicates once per cell cycle. The complete nucleotide sequences for
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the 26s, 5.8s (Otsuka et al., 1983) and 19s rRNA (Johansen ef al., 1988) genes have been

determined.

Mitochondrial DNA represents 5—10% of cellular DNA from P. polycephalum (reviewed
by Burland ez al., 1993b). The mtDNA is a linear molecule (Sasaki et al., 1994) that has
been estimated to vary between 56-86kb in size (reviewed by Burland ez al., 1993b).
Different strains of P. polycephalum carry mtDNA molecules with distinct RFLP
(Restriction Fragment Length Polymorphism) patterns. Using RFLP markers, Kawano
etal. (1987a) demonstrated that mitochondria show uniparental inheritance during
heterothallic development. Subsequent studies established that mtDNA inheritance is
subject to a linear hierarchy, governed by the matA allele carried by the two parent strains
(Kawano & Kuroiwa, 1989; Meland et al., 1991). In heterothallic development, the loss
of one parental mitochondrial genotype is virtually complete by the second plasmodial
mitosis following zygote formation (Meland ez al., 1991). Since the mitochondria of one
parental type are lost much faster than expected from passive dilution alone, an active
process of elimination is thought to be involved (Meland ez al., 1991). Presence of the
16kb linear mitochondrial fusion plasmid (Mif, Kawano et al., 1991) results in fusion of
mtDNA into larger ‘knotted’ mitochondria (Kawano ez al., 1991). On spore germination,
these large mitochondria are resolved into smaller mtDNA molecules in which
recombination of mtDNA RFLP markers can be observed (Kawano et al., 1991). The Mif
plasmid is nearly always inherited by the progeny and, where present, the hierarchical

uniparental inheritance of mtDNA is not seen (Kawano ef al., 1991).

1.6 DNA TRANSFORMATION IN PHYSARUM POLYCEPHALUM

Stable DNA transformation provides a means by which the genome of an organism can be
manipulated. This provides the opportunity to examine the function of a gene of interest
either by removal of a particular gene’s function, e.g. through homologous gene
replacement with an altered copy of the gene (Section1.6.6) or by mis-expression, e.g. by

constitutive expression of a cell-type specific gene.

1.6.1 Development of strains for transformation
Improvements in culture methods and the isolation of strains of amoebae able to grow in
liquid, semi-defined or axenic (axe) medium (Dee ef al., 1989) allowed easy growth of

the high numbers of amoebae required for transformation. Without axenic strains, several
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agar plates would be required to grow the number of amoebae required (100mis of axenic
culture contains the equivalent number of amoebae as would grow on 100 plates). In
addition, the cells grown on plates would need thorough washing to remove the
background bacterial cells and agar debris; a procedure which would be both time

consuming and problematic.

The early axe strains such as CLd-AXE (CL-derived axenic strain, McCullough e al.,
1978) became abnormal in ploidy and development after continuous growth in axenic
conditions for several years (reviewed by Dee ez al., 1989). The extent to which these
abnormalities occur varies from one strain to the next (Dee et al., 1989). The frequency of
npfC reversion (Section 1.2.4) decreased and the few revertant plasmodia that developed
no longer produced viable spores. This led Dee ef al. (1989) to develop new axenic strains
and investigate the stability of such strains after a prolonged period of growth in axenic
conditions. Dee eral, (1989) took CLd-AXE amoebae and crossed them with
heterothallic strains. The progeny from these crosses were tested for axenic growth
properties, inheritance of abnormal characteristics and were classified for known genetic
markers, such as matA, fusA and whiA. Several progeny were tested, but one in particular,
LU352, grew well in both axenic and monoxenic culture and readily produced npfC5
revertant plasmodia that were morphologically normal and gave rise to viable spores (Dee
etal., 1989). The strains were maintained in axenic conditions for up to sub-culture 28 to
assess the growth of the axe strains during “prolonged culture”. The doubling time for
LU352 decreased from approximately 55 hours to 25-30 hours over the first 5-10
sub-cultures and then remained at this level (Dee ez al., 1989). In addition, DNA content
remained haploid. LU352 exhibited a decreased frequency of flagellate formation after
prolonged culture and Dee ef al. (1989) suggested that continuous axenic culture could

lead to a complete loss of this transition.

1.6.2 Early transformation studies in P. polycephalum

DNA transformation provides a means by which genes can be added or removed from the
genome or the expression of genes can be altered. Early attempts at transformation in
Physarum included treatment with calcium chloride or polyethylene glycol (Haugli &
Johansen, 1986); both methods had previously been successfully applied to other systems.
Haugli and Johansen (1986) used the aminoglycoside resistance gene (Kan®) in

conjunction with G418 (geneticin) as a selectable marker for their preliminary
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transformation experiments. Preliminary results suggested that transformation could be
achieved in P. polycephalum using both methods, albeit at a low frequency (approximately
1077; Haugli & Johansen, 1986). McCurrach ef al. (1988) compared the efficiency of
transformation using the calcium chloride treatment and electroporation techniques with
the reporter gene chloramphenicol acetyltransferase (car) under the control of a putative
promoter from the Hpall-repeat (Tp1; Section 1.5.1). They reported similar levels of cat
activity for both methods, although Burland ef al. (1992a) were unable to reproduce their
findings, perhaps due to background cat activity in the amoebae. Recent advances in
transformation techniques in Physarum have focussed on electroporation (Burland ef al.,
1992b; Burland & Bailey, 1995; Burland & Pallotta, 1995).

1.6.3 Promoters and reporter genes

Promoters play a vital role in transformation, without which the reporter gene/selectable
marker cannot function. Using several vectors that exhibited cat expression in the fission
yeast, Schizosaccharomyces pombe, but failed to do so in Physarum polycephalum,
Burland etal. (1992a) demonstrated that P. polycephalum can only recognise
P. polycephalum promoter sequences. A similar situation exists for Dictyostelium
discoideum, this contrasts to some experimental systems, such as the yeast Saccharomyces

cerevisiae, which are able to utilise promoters from foreign systems.

Two constitutive actin gene promoters from P. polycephalum, PardB and PardC, were
tested with the reporter genes cat and luc (firefly luciferase; Promega Notes) in transient
expression studies by Burland et al. (1992a) and Bailey et al. (1994) respectively. The
ardB and ardC actin transcripts are known to account for most of the actin mRNA found
within cells at all stages of the life cycle (approximately 5%; Section 1.3.2; Pallotta et al.,
1986) and it was estimated that ardC accounted for approximately two-thirds of the
mRNA and ardB for approximately one-third (Hamelin ez al., 1988). Using cat-based
vectors, Burland ef al. (1992a) confirmed that PardC exhibited higher promoter activity
than PardB; for this reason, PardC is generally favoured for use in Physarum
transformation studies. Bailey etal. (1994) tested PardC and PardB using luc as a
reporter and, interestingly, the relative levels of luc activity generated by the two
promoters were more similar (5:4 respectively) than predicted from previous studies

(Hamelin et al., 1988). This may have been due to differences in the vector sequence
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immediately downstream of the /uc gene affecting the stability of the transcript

(Section 1.6.8).

The reporter gene, /uc (Brasier & Ron, 1992; Luehrsen efal, 1997), has been used
extensively in transient and stable expression studies under the control of PardC to
determine the effect of various DNA elements on transcription (Burland ef al., 1992b;
Bailey et al., 1994). Oxidation of luciferin by luciferase, releases light which can be
measured on a luminometer. The luciferin molecule is relatively short lived and therefore
provides a good indication of mRNA abundance; the higher the levels of light emitted, the
higher the transcriptional activity of the particular element of DNA under investigation. In
Physarum, luciferase activity from a non-integrated plasmid peaks 2~5 hours after
electroporation and drops rapidly thereafter (Bailey ef al., 1994). Such a rapid decline in
luciferase activity does not occur in other systems, such as mammalian cells, where the
luciferase appears to be more stable accumulating for 48-72 hours after transfection
(Brasier & Ron, 1992). The rapid decline in Physarum is not thought to be associated
with plasmid loss at cell division since the level declines faster than that expected for a
non-replicating plasmid; it is likely that some active mechanism is responsible for the
rapid decline of luciferase expression (Bailey ez al., 1994). Protease inhibitors are added
to the cell lysate from the transformed Physarum cells to stabilise the luciferase
sufficiently for an assay to be performed (Bailey eral., 1994). The luciferase assay is
simple to perform, reliable and inexpensive. Other reporter genes, such as cat, involve
costly and time-consuming assays and are often associated with high levels of
background activity. Compared to cat, the luciferase assay is approximately 100 times
more sensitive (Bailey efal, 1994). In addition, the car assay is potentially more
hazardous than the /uc assay, since it involves the use of radiolabelled probes (Burland
etal., 1992a). Although the cat system was the first reporter gene tested for use in P.
polycephalum (McCurrach et al., 1988; Burland ez al., 1992a), it has been used very little

since the /uc system was developed (Bailey ef al., 1994).

1.6.4 Optimisation of electroporation parameters

Electroporation has been widely adopted by researchers for transformation/transfection
experiments (reviewed by Lurquin, 1997). When a cell is exposed to an electric field,
pores open within the cell membrane. Under the influence of the electrical charge, the

negatively—charged DNA outside the cell passes into the cytoplasm through these pores.
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Pore formation is reversible and, provided the electrical parameters are not too severe, the

cell survives the treatment (Lurquin, 1997).

The optimum conditions required for electroporation vary for each cell system. Several
factors are important; for example, the temperature and ionic strength of the medium can
affect the electrical resistance, which in turn will affect the current. The size of the cell
can affect the electrical field required for membrane poration; generally smaller cells
require higher electrical fields (reviewed by Lurquin, 1997). Extensive studies were,
therefore, conducted on P. polycephalum amoebae to optimise the buffer, temperature,
electrical parameters, cell concentration and volume used for electroporation (Burland
etal., 1992a & 1992b; Burland & Bailey, 1995). It has not yet been possible to transform

plasmodia.

Burland efal. (1992a) conducted the early optimisation procedures using the reporter
vector PardC-cat and the apogamic, axenic strain, LU352 (Section 1.6.1). Several
electroporation buffers at different concentrations and pH were tested. The optimum
buffer from these studies contained 30mM sucrose buffered by 8-10mM HEPES
(N-[2-hydroxyethyl]piperazine- N '~[2—-ethanesulfonic acid]) at pH 8.2 (Burland et al.,
1992a).

Once the electroporation buffer had been optimised, other factors affecting the efficiency
of electroporation were considered. The optimum temperature and period of incubation of
the cells before and after electroporation was established, together with the best cell
density and cuvette temperature for electroporation (Burland ezal, 1992a). The
expression of caf was highest when the cells were pre-incubated on ice overnight and then
electroporated in a cuvette pre-chilled to 0°C (Burland ef al., 1992a). However, the
overnight pre-incubation step was impractical and thus a 2-hour period is routinely used
(Burland & Bailey, 1995). Immediately following electroporation, optimum expression is
obtained if the cells are allowed a recovery period of 20 minutes at 30°C before the axenic
medium is added; if the outgrowth temperature is reduced to 26°C (or less) or is increased
to 37°C, there is a reduction in the level of expression of car (Burland et al., 1992a).
Although Burland et al. (1992a) had optimised the electrical parameters for their studies,
these are routinely optimised for each new sub-line of axenic amoebae, or once every

10-20 subcultures, to account for cell culture variation.
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Further optimisation of buffers was performed by Burland and Bailey (1995) using the
reporter gene /uc. They confirmed that sucrose was the best osmotic stabiliser for the
electroporation buffer but found, for their luciferase vectors, that 40mM sucrose was more
effective than 30mM sucrose; largely due to differences in the electrical parameters
selected for electroporation (Lurquin, 1997). As a result of the optimisation procedures
(Burland et al., 1992a; Burland & Bailey, 1995) the efficiency of transformation was
improved from 1 x 107® to approximately 1 x 1077 per cell (Burland et al., 1992b).

1.6.5 Selectable markers

To identify individual cells with integrated DNA resulting from transformation, selectable
markers are required. Different selectable markers are available that facilitate the isolation
of transformant cells. These include nutritional markers, for example leucine or
tryptophan requirement in Saccharomyces cerevisiae (Zhang etal., 1996), and drug
resistance genes such as the antibiotic resistance genes commonly used in plasmid vectors,
e.g. ampicillin and tetracycline. P. polycephalum is naturally resistant to many drugs that
are suitable for use in transformation experiments. This natural resistance is discussed

further in Chapter 7.

The hygromycin phosphotransferase gene, Aph (Gritz & Davies, 1983; Zalacain et al.,
1986), confers resistance to hygromycin and has been used under the control of PardC for
transformation of P. polycephalum (e.g. Burland et al., 1992b; Burland et al., 1993a). At
concentrations of 50pug ml™', approximately 1 in 10° amoebae exhibit hygromycin
resistance (Burland ef al., 1993a). Therefore, the working concentration of hygromycin
used for selection of transformants was increased to 100pug ml™'; at this concentration no
spontaneous hygromycin resistance was detected amongst more than 10'° amoebae
(Burland et al., 1993a). The best frequency of hygromycin-resistant stable transformants
was approximately 1 x 107 per cell and was obtained following transformation with
PardC-hph (Burland etal. 1992b). With this vector, transformants arising through
homologous integration at PardC are unlikely to be recovered, since ardC is an essential
actin gene (Section 1.3.2). Southern blotting analysis demonstrated that each transformant
had a single copy of PardC-hph integrated at a random site within the genome (Burland
etal., 1992b & 1993a). This contrasts to Dictyostelium discoideum where multimerisation
occurs at the site of integration, leading to an increased copy number (Barth et al., 1998).

Genetic analysis of PardC-hph transformants in the absence of selection revealed that the
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hygromycin resistance is stable through mitosis and can be inherited through meiosis
(Burland et al., 1993a).

Transformation in some systems has been shown to be more effective when linear DNA is
used instead of circular, for example Tetrahymena thermophilia (Gaertig et al., 1994). In
contrast, other systems exhibit their highest transformation efficiencies when circular
plasmids are used, for example D. discoideum (Pang et al., 1999; Barth et al., 1998).
Therefore, Burland & Pallotta (1995) tested both linear and circular constructs and
revealed that, like 7. thermophilia, linear fragments integrate more efficiently in
P. polycephalum; recovery of Physarum transformants from experiments using circular

constructs has not been reported to date.

Based on the frequency of transformants generated per cell using the different sized DNA
fragments, Burland and Pallotta (1995) concluded “smaller DNA fragments transform
Physarum amoebae with higher efficiency”. The effect of varying plasmid size from
2.9-12.6kb in Bacillus subtilis, on the efficiency of transformation was investigated by
Ohse et al. (1995). Although the transformation efficiency (transformants per ug DNA)
was seen to decrease for larger molecules, the molecular efficiency (transformants per
plasmid molecule) remained constant. By adjusting the transformation efficiency figures
of Burland and Pallotta (1995) from number of transformants per ug DNA to number of
transformants per plasmid molecule, as suggested by Ohse efal (1995), the
transformation efficiency for the larger fragment improved from 6.4 x 10~ to 2.8 x 1077,

this is much closer to the efficiency of 1.8 x 10”7 obtained using the smaller fragment.

Recently, Pierron efal. (1999) demonstrated that introduced DNA is sometimes only
partially integrated following electroporation. Southern blotting analysis indicated that
only 2.1kb of an 8.4kb linear plasmid had been integrated and sequence analysis revealed
that the hph gene was truncated and missing the last 18 amino acids of coding sequence.
However, the hygromycin resistance was unaffected (Pierron eral, 1999). Since
functional hygromycin resistance must be maintained in order for the amoebae to survive
the selection procedure, the PardC-hph component of integrated DNA must be integrated.
However, additional sequences included in the transformation construct, such as targets
for homologous gene replacement (see below), may be lost through such truncation

events.
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1.6.6 Homologous gene replacement

Homologous gene replacement in P. polycephalum was achieved for the
plasmodium-specific ardD gene (Burland & Pallotta, 1995). The ardD gene is the least
conserved actin gene in P. polycephalum (Section 1.3.2; Adam etal, 1991); thus
simplifying northern and Southern blotting analysis of transformants since there would be
no cross hybridisation with the other actin genes under stringent hybridisation conditions.
The ardD gene was also suited to these studies because it is developmentally regulated,
exhibiting its highest level of expression in developing spherules, low levels of expression
in plasmodia and no detectable expression at any other stage in the life cycle (Adam et al.,
1991). Thus, any deleterious effects resulting from the replacement of ardD should not
affect the amoebae. Burland and Pallotta (1995) utilised a genomic clone (ardDAl),
which contained a “natural” deletion of approximately 1kb across intron 5 and part of
exon 6 of ardD (Adam et al., 1991), to construct gene knockout vectors. They positioned
the selectable marker, PardC-hph, either at the 3’ end of ardDAI or within ardDAI, close
to the end of exon 2. This created two vectors for transformation, one in which the
homology to the target gene was positioned to one side of the selectable marker and one in
which the homology flanked the selectable marker. Electroporation was performed using
these two vectors either undigested (circular) or linearised by single or double digestion,

which generated different-sized linear fragments for each vector.

Burland and Pallotta (1995) did not recover transformants from experiments using the
construct where PardC-hph was flanked by ardDAI sequence. This suggested that this
design of vector for transformation of Physarum polycephalum might not be effective.
However, since this is the only homologous gene knockout study that has been performed
for P. polycephalum, there is insufficient data to determine which design of vector is the
most effective in targeting homologous gene replacement (Burland & Pallotta, 1995).
Further studies are required before it is clear which designs are best for stable
transformation and homologous gene replacement in Physarum. Analysis of 38
independent transformants revealed two independent homologous integration events at
ardD using the vector where the selectable marker was positioned at the 3’ end of ardDAl
(Burland & Pallotta, 1995). Approximately 1 in 20 of the integration events were
homologous. Therefore, to be certain that a transformant is generated by homologous

recombination, it may be necessary to analyse as many as 60 transformants in future
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experiments (95% confidence limit; Burland & Pallotta, 1995). However, since this is the
only homologous gene replacement study that has been reported for P. polycephalum, this

figure may differ significantly from one gene to the next

1.6.7 Stability of introduced DNA and elements used to improve stability of
transcripts

Circular plasmids carrying PardC are not maintained within amoebae (Burland eral.,
1993a; Bailey et al., 1994, Burland & Pallotta, 1995) and one of several explanations for
this was a lack of replication origin on the plasmid. However, recent studies by Pierron
etal. (1999) demonstrated that PardC contains an origin of replication that is able to
promote early replication within plasmodia, even when integrated into a late-replicating
chromosomal fragment. Therefore, since PardC contains an active origin of replication,
the lack of maintenance of non-integrated plasmid molecules may be due to problems
associated with extrachromosomal DNA molecules, such as inability of the amoebae to

replicate circular plasmid molecules or active degradation of the plasmid molecule.

Types of sequence known to improve levels of expression in other systems, such as yeast,
have been included in vectors for transformation in Physarum polycephalum (Burland
etal., 1992a; Bailey efal, 1994). These include 7ardC, a transcriptional terminator
containing a polyadenylation site located downstream from the ardC gene (Burland et al.,
1992a), and AC/-A, a sequence from Physarum polycephalum which contains homology
to a budding yeast ARS (Bailey ez al., 1994). The AC1-A sequence, which confers ARS
activity on budding yeast, was shown to display some characteristics expected for

enhancer elements in a transient study using luciferase (Bailey et al., 1994).

The transcriptional terminator, 7ardC, had no measurable effect on the activity of cat
when first tested (Burland er al., 1992a). However, recent experiments using /uc-based
plasmids have indicated that transcription terminates more effectively if TardC is included
(Hernon, 1996; E. Swanston, unpublished data). 7ardC prevents transcription of /uc from
progressing too far beyond the end of the gene, which can adversely affect the stability of
the luciferase transcript. Therefore, since the site of integration in non-transient studies is
generally random, it follows that different mRNA transcripts for the Aph gene may be
produced for each unique integration event if 7ardC is not included, which may be

detrimental to hygromycin resistance.
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1.6.8 Natural suppressers of hygromycin resistance

Burland ef al. (1993a) demonstrated that the Aph gene is stable following mitosis and
meiosis. Subsequent genetic analysis of the segregation of hygromycin resistance (Hyg")
amongst progeny derived from crosses of transformant amoebae with non-transformed
amoebae indicated that natural suppressers of Hyg' may exist in P. polycephalum (Burland
& Pallotta, 1995). Southern blotting analysis provided no evidence of genetic
recombination of PardC-hph within the progeny that would account for the reduction in
Hyg" (Burland & Pallotta, 1995). Burland and Pallotta (1995) crossed one of the
hygromycin sensitive (Hyg®) progeny, which was shown to contain sph by Southern
blotting analysis, with a wild-type strain. The progeny from this cross were both Hyg'
and Hyg®, suggesting that a dominant unlinked suppresser of Hyg' existed in some strains
(Burland & Pallotta, 1995). Such natural suppressers of Hyg' could complicate
transformation studies; therefore, development of other selectable markers may prove

useful for future transformation work.

1.7 AIMS

The two vegetative cell types in Physarum polycephalum, amoebae and plasmodia, differ
in gene expression and cell organisation and are linked by a developmental transition. The
complex cytoskeletal and cellular rearrangements that occur during the APT are initiated
by the mating-type gene, matd. A combination of gene expression, time—lapse
cinematography and immunofluorescent microscopy studies have demonstrated that
although some aspects of the transition are usually complete by the end of the extended
cell cycle (e.g. transfer from amoebal to plasmodial type of mitosis), the acquisition of
some plasmodium-specific proteins and loss of amoeba-specific proteins can take a
number of cell cycles (e.g. B2 and a3-tubulin; Solnica-Krezel ez al., 1991). In addition,
the timing of protein accumulation and loss varies for different developing cells
(Solnica-Krezel etal, 1991). The mixture of abnormal and normal plasmodial
characteristics in the npf mutants and evidence from the npfK/ and npfL1 double mutants
suggest that a number of developmental pathways are involved in plasmodium
development (Bailey et al., 1992a; Solnica-Krezel et al., 1995). The idea that the APT is
controlled by a set of regulatory genes activated by matA4 has been suggested several times
within the last 25 years (e.g. Dee, 1975; Gorman & Wilkins, 1980; Sweeney et al., 1987,
Bailey et al., 1992b; Bailey 1995 & 1997). Studies to isolate and characterise such genes
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form a major part of the research described in this thesis and are discussed in detail in
Chapters 3,4 and S.

Actin is present at all stages of the life—cycle (Hamelin et al. 1988). However, amoebae
and plasmodia possess notably different actin localisation and cytoskeletal structures. The
various actin-binding regulatory proteins, such as profilin and fragmin, co-operate to
regulate the polymerisation of actin and the formation of the various actin—dependent cell
structures, e.g. the contractile ring required for cytokinesis (Sun ez al., 1995). During the
course of the studies described in this thesis, I became involved in some collaborative
work to characterise the P. polycephalum fragmin gene family; this is described in
Chapter 6.

DNA transformation by electroporation has been developed for Physarum. Functional
analyses by gene knockout or mis-expression studies provide an opportunity to
characterise the role of a gene. However, the only selectable marker that has been
developed for use in P. polycephalum is hygromycin resistance. Development of a second
selectable marker would expand the usefulness of transformation, for example by
simplifying multiple gene knockout analysis. The final aim of the research described in
this thesis was to develop a second selectable marker for use in future transformation

studies in P. polycephalum; this work is discussed in Chapter 7.

1-38



CHAPTER TWO

MATERIALS AND METHODS



CHAPTER 2: MATERIALS AND METHODS

2.1 AMOEBAL CELL CULTURE AND TRANSFORMATION

2.1.1 Gene loci

matA mating—-type locus affecting initiation of development (Section 1.2.1).

gadA greater asexual differentiation mutation, genetically inseparable from
matA, permitting apogamic development (Section 1.2.2).

npfCS no plasmodium formation mutation, genetically inseparable from mat4,
blocks apogamic plasmodium development (Section 1.4.1).

matB, matC  mating-type loci affecting frequency of amoebal fusion (Section 1.2.1).

JusA, fusC ~ Plasmodial fusion loci (Section 1.1.3).

whiA Recessive white plasmodial colour gene (whidl, Anderson, 1977).
Wild-type, whid+, plasmodia are yellow.

2.1.2 Strains

2.1.2.1 Escherichia coli (bacterial) strains

XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 reld1
lac [F’ proAB lacl ? ZAM15 Tnl0 (Tet "))

B145 thre™ leu™ thi” his™ arg™ lac™ gal” xylI” mal"™ man™ str”
TIR T2 T6" A% colP? F(K12)

2.1.2.2 Physarum polycephalum strains
LU352 matA2 gadAh npfC5, matB3, matC1, fusAl, fusC1, whid+.
CL matA2 gadAh npfC+, matB1, matCl, fusA2, fusC1, whid+.

2.1.3 Media

(Unless stated otherwise sterile distilled water was used as a solvent for all media and

chemicals utilised in the studies described throughout this thesis).

SDM Semi-defined medium (Blindt e al., 1986).

SDM-agar  1.5% w/v agar containing 50% v/v SDM (Blindt ez al., 1986).

DSDM Dilute SDM (Blindt et al.,, 1986). 1.5% w/v agar containing 6.25% v/v
SDM.
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DSPB

SDM+PSA

LB broth
LB-agar
LB-amp

LB-tet
SOC broth

SBS

FKB

Dilute SDM with phosphate buffer (Dee ef al., 1997). DSDM containing
10mM sodium phosphate buffer, pH 6.8 (Sambrook ez al., 1989).

SDM containing 150pg ml™' sodium benzyl penicillin (GlaxoWellcome),
250pug mi™' streptomycin sulphate (Sigma) and 100ug ml™' ampicillin
(Sigma).

Luria Bertani broth (Sambrook et al., 1989). 0.5% w/v bacto—peptone
(Difco), 0.25% w/v bacto-yeast (Difco), 250mM NaCl, pH 7.0.

LB broth containing 1.5% w/v agar (Sambrook et al., 1989).

LB-agar containing 100pg ml~! ampicillin (Sigma).

LB-agar containing 10 - 100ug ml™ tetracycline (Sigma).

2% w/v bacto-tryptone (Difco), 0.5% w/v bacto-yeast (Difco), 8.5mM
NaCl, 2.5mM KCl, 10mM MgCl,, 10mM MgSO,s, 20mM glucose
(Sambrook et al., 1989).

Live standard bacterial suspension (Burland et al., 1981) prepared by
washing a lawn of Escherichia coli (strain B145; Leicester University),
grown on a 9cm LB-agar plate at 37°C for 16-24 hours, with Sml of
sterile distilled water.

Formalin-killed bacteria (Dee 1986; Dee et al., 1997).

FKB were used as a food source for culture of amoebae in transformation
experiments and for analysis of transformants. Live bacteria are resistant to
hygromycin at the concentrations used to aid selection of transformants and
would produce false positive results due to inactivation of the drug within
the plate. Using FKB for culture of stable transformants was also useful
when the transformant strains were transferred back to axenic conditions.
A background of live SBS within the axenic culture required treatment with
antibiotics and delayed isolation of genomic DNA. Otherwise, SBS was

used as a food source for all amoebal culture.

2.1.4 Culture and maintenance of amoebae

Amoebae were cultured from cysts stored frozen in 15% v/v glycerol (Dee, 1986). The

frozen stocks were thawed, 20-100pl of the stock was mixed with 100ul of SBS or FKB,

as a food source, and then spread to cover a 9cm DSPB plate using a sterile glass spreader.

The plate was incubated at 26°C for 1-5 days to allow excystment and enable the culture
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to become established. Since LU352 and LU352-based transformant amoebae carry the
npfC5 allele, these amoebae were incubated at 26°C for up to 5 days; the low ‘reversion’
rate of npfC5 meant plasmodia would rarely form during this period of culture (Section
1.2.4). Strains that carry npf+ more readily form plasmodia; amoebae of this type only
require pre—incubation at 26°C for 24 hours to allow excystment; if npf+ amoebae are left

at 26°C for longer periods, plasmodia will develop.

After incubation at 26°C, the amoebae were incubated at 30°C to block apogamic
development into plasmodia (Section 1.2.4). Once confluent, a sterile toothpick was used
to sub—culture a small sample of the amoebae into 100l of bacterial suspension on a fresh
DSPB plate. The amoebal/bacterial cell suspension was spread evenly across the plate
surface using a sterile glass spreader and the plate was then incubated as described above.
Confluent plates were stored at 4°C for periods of up to four months and served as the

resource for amoebae used in subsequent experiments, thus preserving the frozen stocks.

2.1.5 Encystment of amoebae for freezer stocks

Amoebal stocks remain viable for longer periods if the amoebae are stored as cysts in
frozen stocks (J. Dee, personal communication). Amoebae grown to confluence on DSPB
form resistant cysts when their food source is depleted. Since exposure to cold is also
known to induce encystment (Dee et al., 1997), confluent plates were incubated at 4°C for
24 hours, to ensure complete encystment. The cysts were harvested from each plate using
3ml of cold (4°C), sterile 15% v/v glycerol, transferred to two 1.5ml sterile, screw-cap
cryo-tubes and stored at ~80°C (Dee, 1986). Frozen stocks prepared in this way remain

viable for several years.

2.1.6 Transfer of amoebae into axenic medium

Confluent amoebae were washed from a 9cm DSPB plate into a sterile, conical-base,
screw-cap 15ml polystyrene tube (Sterilin) using 5ml of flagellation buffer (FB; 10mM
phosphate buffer, pH 6; Gorman e al., 1977; Sambrook ef al., 1989). The amoebae and
cysts were pelleted by centrifugation at 400 xg for 1.5 minutes and the supernatant was
discarded to remove excess bacteria, which do not pellet under such low centrifugation.
The cells were then resuspended in 3ml of FB and the cell density was determined using a
haemacytometer. The tube was transferred to a reciprocating shaker, at room temperature,

for up to 4 hours to induce amoebal excystment and flagellation. After 1 hour, and every
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30 minutes thereafter, a haemacytometer was used to determine the proportion of
flagellates. The cells were transferred to SDM+PSA after 4 hours, or sooner if the
proportion of flagellates reached > 50%. For the majority of strains used in these studies,
the proportion of flagellates did not reach 50% during the 4~hour period. However, if left
in FB for a period longer than this, those cells that had become flagellates generally began

to die.

The cells were pelleted at 400 xg and were then resuspended in SDM+PSA at cell
densities of 5 x 10° for new LU352 axenic cultures or 2 x 10° for stable transformants and
‘sub-culture 10’ LU352 amoebae (see below), based on the final haemacytometer count,
LU352 “sub-culture 10’ and LU352-based transformant strains more readily adapt when
returned to axenic conditions and therefore a lower starting density of 2 x 10° cells ml™
was used. The cell suspensions were then split into four 1.5ml aliquots, each in a sterile
15ml screw—cap tube, and incubated at 30°C on a reciprocating shaker (Dee ef al., 1989).
Cells were sub-cultured to fresh SDM before the cell density reached 1 x 107 cells ml™".
When actively growing, the amoebae divide once every 24-48 hours resulting in a
doubling of cell density. At cell densities exceeding 1 x 10’ cells ml™', amoebae become
dormant and can take several weeks to return to active growth (Dee ef al., 1997). Once
the LU352 amoebae reached sub-culture 15-20, they were cultured in 100ml SDM at
30°C using 500ml screw—-cap conical flasks, to enable growth of the large number of cells

required for transformation.

New LU352 cultures took approximately 10 sub-cultures to show consistent, active
growth in axenic conditions. To reduce the time required to establish the amoebae in
axenic culture for use in transformation studies, frozen glycerol stocks were made from
cultures that had reached sub-culture 10. Once at sub-culture 10, amoebae were plated
on 9cm DSPB plates at 5 x 10° cells per plate. These plates were then incubated at 30°C
for six days to induce encystment. To guarantee viability in the frozen stock and
standardise the conditions for re-initiation of axenic culture from the stock (described
below), a triton test (Dee et al., 1997) was performed to determine the proportion of cysts;
cysts will not stain with trypan blue in the presence of Triton-X100. The cells from one
plate were washed into 2ml distilled water and a triton test was performed (Dee et al.,

1997). If the proportion of cysts was less than 50%, the plates were maintained at 4°C for
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a further 48 hours to increase the level of encystment and the triton test was repeated.
Once the proportion of cysts was >50%, the remaining plates were used to make frozen

stocks of ‘sub—-culture 10’ amoebae (Section 2.1.5).

To return the stock to axenic conditions, the contents of a 1.5ml frozen aliquot were
thawed, transferred to a 15ml screw—cap tube and the cells pelleted by centrifugation at
400 xg for 1.5 minutes. The supernatant was discarded and the cell pellet washed once in
1ml FB and then resuspended in 1ml FB. The starting cell density was determined using a
haemacytometer and the cells were then transferred to a reciprocating shaker for

flagellation and subsequent culture in SDM+PSA as described above.

2.1.7 Transformation of axenically grown LU352 amoebae

Transformation experiments were conducted using a Bio—Rad Gene Pulser” with pulse
controller and 4mm cuvettes (Bio-Rad). Axenically grown amoebae of strain LU352
were prepared for electroporation as described by Bailey et al. (1994) with the exception
that ultrapure 50mM sucrose, 10mM HEPES (pH 8.2), was used for washing and
resuspending the cells. Each transformation was performed using 5 x 10 cells and

1-10ug DNA.

Optimum electrical parameters were determined for each new LU352 axenic culture line
used in transformation experiments and thereafter at intervals of approximately 6-12
weeks using the luciferase assay (see below). This was necessary in order to maximise the
transformation efficiency, since the amoebae changed after prolonged culture in axenic
conditions (Section 1.6.1). Therefore, when the cell survival was seen to increase to 70%

or more, or a noticeable decrease in luciferase activity was evident, a new optimisation test

was performed as below.

2.1.7.1 Optimisation of electrical parameters for electroporation using the luciferase assay

Immediately prior to electroporation, 1ug of undigested pPardC-luc plasmid DNA
(Bailey et al., 1994) was added to each aliquot of 5 x 1077 cells. The first aliquot was
electroporated using Gene Pulser” settings of 0.65 kV (voltage), 400 Q (resistance) and
2.5 pF (capacitance). The settings were varied for each subsequent aliquot, using voltage
increments of 0.05 kV (to a maximum of 0.90 kV) combined with resistance settings of

400, 600, 800 or “w” Q respectively. A negative control was included to determine the
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background luciferase activity in the amoebae and was electroporated at 0.65kV, 800
and 2.5uF. Each sample was assayed for luciferase activity approximately 2.5 hours after
electroporation as described by Burland & Bailey (1995). The optimum electrical
parameters were those which resulted in the highest photon (light) emission, as measured
over a 30 second period, and allowed approximately 50% cell survival, these parameters

were used for subsequent transformation experiments.

2.1.7.2 Transformation of amoebae by electroporation

Transformation experiments were performed using the optimised parameters and included
one pPardC-luc (positive) and two ‘No DNA’ (negative) controls. The positive control
and one negative control were harvested approximately 2.5 hours after electroporation to
confirm the transformation had worked before proceeding with the outgrowth and
selective plating as described by Burland & Bailey (1995). Details of the selective plates
and vectors used are described in the relevant Chapters (Chapters 5 & 8). The remaining
samples, including the second negative control, were transferred to sterile screw-cap
conical flasks containing 50ml SDM+PSA and incubated on a reciprocating shaker at
30°C for a 2 day outgrowth period. During the outgrowth period, the surviving cells
continued active growth, generally undergoing 2-3 cell divisions. After outgrowth,
assuming 50% survival and three cell divisions following transformation, as many as

2 x 108 cells were present.

The cells were counted using a haemacytometer and pelleted by centrifugation at 2500 xg
for 3 minutes. The supernatant was discarded and 600-800ul FKB was added to each
pellet (plus residual liquid) to produce a final volume of 800ul-1ml. Plates used to
determine the viable count (VC) were prepared by diluting up to 100ul of the negative
control sample to approximately 10° cellsmli™”' in SDM and inoculating 100ul
(approximately 100 cells) to DSDM with 100ul FKB, in duplicate. These VC plates were
then incubated as described below. The remaining negative control cell suspension and all
other transformation cell suspensions were plated evenly across 4-5 selective plates per
sample, corresponding to 150ul FKB and a maximum density of 7.5 x 10’ amoebae per
plate. Based on the reported transformation efficiency of 2 x 10”7 (Burland & Pallotta,
1995), this density of plating was expected to yield 4 colonies per plate.
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The selective and VC plates from the electroporation experiments were incubated at 26°C
and were inspected for colony growth every 3-4 days. The final VC was determined after
10 days and the selective plates were maintained for 3-4 weeks. The VC was used to
determine the percentage of cells surviving electroporation and replating. The VC,
together with the luciferase result, gave an indication of the efficiency of transformation.
Any colonies appearing on the selective plates were transferred to new selective plates
once the colony was approximately 3mm in diameter. This was achieved using a sterile
toothpick to ‘streak’ amoebae from the colony across 100ul FKB in the centre of the new
plate. In this instance, the amoebal/bacterial suspension was not spread over the entire
surface of the plate because cells plated in close proximity to one another grow more
efficiently. These plates were incubated at 26°C, until growth was evident and then
incubated at 30°C to prevent apogamic plasmodium development. The sub-culture to a
second selective plate was included in the transformation experiments to exclude false
positives arising as a result of reduced activity of the selective agent in the original plates,
thereby reducing the need for laborious Southern analysis to confirm integration of the

selectable marker.

Once growth had been established for individual colonies on the second selective plates,
the amoebae were sub-cultured onto three DSPB plates with FKB and grown to
confluence (Section 2.1.4). Cells from the first plate were used to produce a frozen stock
(Section 2.1.5). The second plate was used to provide cells to determine whether
apogamic plasmodium development was possible (Section 2.1.8) and then stored at 4°C to
provide a convenient contingency stock. The cells from the third plate were grown in
axenic conditions for 2-3 weeks and then their genomic DNA was isolated (Section 2.2.1)

for Southern blotting analysis.

2.1.8 Induction of apogamic plasmodium development

Transformants, grown to confluence on DSPB plates as described above, were
sub-cultured using a sterile toothpick into 100ul SBS on DSDM plates and were then
incubated at 26°C until small plasmodia developed, DSDM plates have a pH of 4.8 and
are more suitable for growth of plasmodia than DSPB, which have a higher pH of 6.5.
Once a plasmodium had grown to 25mm?, the block of agar with the plasmodium was
excised and transferred to a fresh 9cm SDM agar plate and incubated at 26°C for 3-5 days

or until the plasmodium had almost grown to cover the surface of the plate. The
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plasmodium was then sub-cultured onto fresh SDM agar by transferring a 1cm? block
from the growing edge, as before. The morphologies of the plasmodia were noted
throughout this period. Plasmodia can be maintained in this manner for 2-3 months;
culture beyond this was avoided in order to minimise the risk of plasmodial senescence
(Section 1.2.2).

2.2 ISOLATION OF DNA

2.2.1 Isolation of Genomic DNA from axenically grown amoebae

Genomic DNA was isolated from axenically grown amoebae using a method modified
from one devised by D. Pallotta (personal communication). The method is quick and
simple, but the DNA isolated is impure and generally contaminated with extranuclear
materials. DNA isolated using this method was suitable for Southern blotting analysis.
Where genomic DNA was required for cloning, PCR or genome restriction enzyme

mapping, a method that yields purer DNA was used (Section 2.2.3).

Cells that had been maintained for at least 2 weeks in axenic conditions were used to
prepare four tubes each containing 5 x 10° cells ml™ and the cells were grown to between
5 x 10% and 1 x 107 cells ml™}, at 30°C, for DNA isolation. The cells were not allowed to
grow to stationary phase because actively growing cells generally yielded better quality
DNA (personal observation). The cells from the four tubes were pooled and pelleted by
centrifugation at 400 xg for 1.5 minutes. The pellet was washed once in 5ml BSS (basal
salt solution; 14mM citric acid, 24mM KH,PO4, 4.3mM NaCl, 850uM MgSO,, 340uM
CaCl,, pH 5.0; Bailey et al., 1994), then resuspended in the residual liquid and gently
lysed in 1.5ml of 4M guanidium thiocyanate (filter sterilised) using a sterile pasteur
pipette. The cell debris was pelleted by centrifugation at 1400 xg for 5 minutes and the
supernatant was then transferred to a fresh sterile tube. The DNA was precipitated by
addition of 3.5ml of ethanol and 150ul of 3M sodium acetate (pH 5.2). The DNA was
then pelleted by centrifugation at 1400 xg for 3 minutes. The pellet was washed with 1ml
of 75% v/v ethanol and transferred to a sterile eppendorf tube and re-pelleted using a
microfuge at 13800 xg for 1 minute. The supernatant was removed and the DNA pellet
was allowed to dry slightly before resuspension in 400ul of 10mM TE (Tris-HCl, 1mM
EDTA, pH 8; Sambrook et al. 1989). The DNA was initially treated with 100ug ml™

RNaseA for 15 minutes at 65°C and then an equal volume of Phenol:Chloroform:Isoamyl
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alcohol (P:C:I; 50:49:1 v/v) for 20 minutes with gentle agitation to extract impurities and
proteins. The RNaseA/P:C:I-treated mixture was centrifuged at 13800 xg and the
aqueous phase transferred to a fresh eppendorf, where the DNA was recovered by ethanol
precipitation, as described above. The supernatant was discarded and the DNA pellet was

air-dried and resuspended in 50l of sterile distilled water.

2.2.2 Quantification of nucleic acids by spectrophotometry

Spectrophotometric quantification of the DNA was performed using a 1:500 dilution of
DNA as described by Sambrook et al., (1989). Briefly, 0.5-1ml of DNA diluted in sterile
distilled water was transferred to a 1ml quartz cuvette. Absorbency readings were taken
using a Hitachi U-2000 spectrophotometer at wavelengths of 260nm and 280nm against a
background reference sample of sterile distilled water. For DNA diluted to 40pg ml™" the
absorbency reading at 260nm was 1.0, whilst for RNA, which is single stranded, a reading
of 1.0 was obtained when the RNA concentration was 50ug ml™'. The purity of the
sample was assessed by comparing the absorbencies at 260nm and 280nm. For a pure
DNA sample, the absorbency at 260nm was 1.8 times greater than at 280nm, for a pure
RNA sample this ratio increased to 2.0. Ratios were often slightly lower than these, due to
contamination from proteins, which also absorb light at 280nm and, therefore, reduce the
ratio. If a purer sample was required, further P:C:I extractions were performed to remove

the contaminating proteins (Section 2.2.1).

2.2.3 Isolation of Genomic DNA for cloning, PCR and restriction mapping

Clean genomic DNA was isolated from microplasmodia, of strains CL or LU352, grown
essentially as described by Daniel and Rusch (1961). A lcm? block of agar, cut from the
growing edge of a macroplasmodium on SDM agar (Section 2.2.1), was transferred to
50ml SDM in a 500ml screw-cap conical flask. The plasmodia were incubated on a
reciprocating shaker at 26°C or 30°C. The action of the shaker prevented plasmodial
fusion, resulting in small or microplasmodia containing several hundreds of nuclei. The
culture density was maintained such that large quantities of ‘slime’ and
starvation-induced spherulation were avoided, generally by sub-culturing 2-10ml into
50-100ml fresh SDM every 3-4 days. Microplasmodia were used for genomic DNA
isolation because they are easier to harvest than plasmodia grown on SDM agar
(macroplasmodia) and grow more rapidly than axenic amoebae. However,

microplasmodia were not used for crude genomic DNA isolation (Section 2.2.1) because
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they produce large quantities of extracellular protein, including lipopolysaccharides,

which are not removed by the single P:C:I extraction.

Genomic DNA was isolated as described by T’Jampens et al. (1997). Using this method,
intact nuclei were released by gentle homogenisation in nuclear homogenisation solution
(NHS; 250mM sucrose, 0.1% v/v Triton X-100, 15mM CaCl,, 10mM Tris-HCI, pH 7.5).
The nuclei were washed once in NHS:percoll (7:2 v/v) and twice in NHS, prior to lysis
with 100mM EDTA, 0.5% v/v Triton X-100, 25mM Tris—HCI, pH 8. The percoll creates
a gradient which traps the ‘slime’ at the top and thus separates it from the nuclei The
lysed nuclei were then treated with 100ug ml™' Proteinase K and 1mg ml~' DNase-free
RNaseA to remove contaminant proteins and RNA. After a series of extractions using
phenol, P:C:I and chloroform:isoamyl alcohol (49:1 v/v), the purified genomic DNA was
recovered by ethanol precipitation and then washed twice with 75% v/v ethanol. The
DNA was resuspended gently in sterile water at Imgml™' (or less) and quantitated
spectrophotometrically (Section 2.2.2). To minimise possible damage to the DNA,
vortexing was avoided and the DNA was stored at 4°C rather than frozen.

2.2.4 Isolation of plasmid DNA

Frozen stocks of bacterial strains were stored in 10% v/v glycerol at —80°C. A sterile
nickel loop was used to inoculate a small sample of bacteria from the top of frozen stocks
without thawing, onto 9cm LB-amp or LB-tet plates. By avoiding repeated
freeze-thawing of the stocks, they remain viable for longer periods. The plates were
incubated overnight at 37°C, individual colonies were then inoculated into 10ml or 100ml
LB-broth containing relevant antibiotics and grown overnight using a shaker at 37°C.

Plasmid DNA was isolated using Qiagen kits in accordance with the manufacturers

instructions (Qiagen, UK).

2.2.5 Rapid isolation of plasmid DNA

Individual colonies, grown on selective media, were inoculated into 1ml LB-broth in an
eppendorf tube and to fresh LB-amp plates using a sterile nickel loop. Both the plates
and broth were incubated at 37°C overnight. The plates were then stored at 4°C until
required. Plasmid DNA was isolated using the ‘lysis by boiling method’ (Sambrook et al.
1989). With this method, the cells in LB-broth were pelleted using a microfuge at
maximum speed for 45 seconds. The pellet was resuspended in 100ul of STET buffer
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(8% w/v Sucrose, 5% v/v Triton X-100, 50mM EDTA, S0mM Tris, pH8) and 10ul of
10mg mi™' lysozyme. After 2 minutes at ambient room temperature, the tube was
transferred to a boiling water bath for 40 seconds and then centrifuged in a microfuge at
maximum speed for 10 minutes to pellet the cell debris. Next, 65ul of supernatant was
transferred to a fresh eppendorf tube containing 65ul of Propan-2-ol. The tube was
vortexed and placed at -20°C for 10 minutes before recovery of the DNA by
centrifugation. The pellet was air-dried and the plasmid insert was then checked by
restriction enzyme digestion and gel electrophoresis. Once the desired plasmid was
identified, the plate stored at 4°C was used to set up 100ml LB-broth cultures for plasmid
isolation (Section 2.2.4).

2.3 VECTOR CONSTRUCTION AND DNA CLONING

2.3.1 Restriction enzyme digestion

Restriction enzyme digestion was performed using Gibco enzymes in accordance with
manufacturers instructions, except where stated otherwise (Gibco BRL). Plasmid DNA
was digested at SOng pl™ for 1 hour at 37°C. The level of digestion was confirmed by
running 200-500ng on a 0.8% agarose gel (Section 2.3.2). If digestion was incomplete,
further enzyme was added and incubation was continued overnight at 37°C. Genomic
DNA was digested at 25ng pl™' overnight at 37°C using a 5 to 10-fold excess of enzyme
to ensure complete digestion. For double digestions in which the enzyme buffers were
incompatible, the DNA was digested to completion using one of the enzymes, recovered
by ethanol precipitation and then digested with the second enzyme. Digested DNA was
recovered by precipitation with 2 volumes ethanol and '/1o volume 3M Sodium Acetate

(pH 5.2) at -20°C for a minimum of 1 hour, followed by a wash with 75% ethanol.

2.3.2 Isolation of DNA fragments

DNA was restriction digested to release the desired fragment(s) (Section 2.3.1). The
digested DNA was cleaned by ‘P:C:I extraction’ (Section 2.2.1) followed by ethanol
precipitation. The DNA was resuspended in sterile distilled water and electrophoresed in
a 0.8-1.5% w/v agarose gel containing approximately 200ng ml™' ethidium bromide. All
agarose gels were prepared using SeaKem® LE or GTG grade agarose (FMC) in 1 x TBE,
(90mM Tris-Cl, 90mM boric acid, 2mM EDTA pH 8; Sambrook ef al., 1989). The

concentration of agarose used varied depending on the size separation required.
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Generally, 0.8% w/v agarose was used, however 1.1% w/v agarose was used to separate
plasmid fragments running close together in the range 1kb to 10kb and 1.5% w/v agarose
for fragments smaller than 3kb. DNA samples were loaded using 10 volume loading

buffer (0.25% w/v bromophenol blue in 40% w/v sucrose; Sambrook et al. 1989).

The required fragment or genomic fraction was located using a hand-held UV lamp, in
order to minimise risk of UV-induced damage to the DNA, relative to A HindIll and
$X174 Haelll DNA size markers (Gibco BRL). The desired fragment or fraction was
isolated from the gel using Na45-DEAE cellulose membrane (Schleicher & Schuell Inc.;
Sambrook et al., 1989) or by filtration of the section of agarose gel containing the desired
fragment(s) through mineral wool. With the latter of these procedures, a small plug of
mineral wool was placed loosely into the bottom of an eppendorf tube that had been
pierced with a hypodermic needle to create a small hole in the bottom. The section of
agarose containing the desired fragment was excised from the gel and then placed on the
wool in the eppendorf tube. The eppendorf was positioned at the top of a sterile 15ml
polystyrene conical-based tube (Sterilin) and both tubes were then centrifuged at 800 xg
for 15 minutes. The DNA was recovered from the eluate that had collected in the 15ml
tube by ‘P:C:I extraction’ and ethanol precipitation (Section 2.2.1); the DNA pellet was
resuspended in water at 0.5 — 1lug ml™\. The mineral wool filtration method produces a
crude DNA extract but was suited to preparation of size-fractionated genomic DNA,
especially where large fractions were prepared. For all plasmid purification and

preparation of some small genomic DNA fractions, DEAE membrane was used.

Plasmid fragments were used either as templates for radio-labelled probes (Section 2.4.4)
or cloned into a suitable vector (Section 2.3.3). Digested vector molecules were also
separated from uncut plasmid in this manner. Genomic fractions were used to construct

size—fractionated genomic libraries or for PCR.

2.3.3 DNA ligation

Most plasmids were constructed using pBluescript® II (Stratagene). Bluescript II is a
convenient high-copy number ColEI-based vector, derived from pUC19, that was
designed to simplify commonly used cloning and sequencing procedures. It has the
convenience of ampicillin resistance and the lacZ blue-white colour selection system. In

addition, the multiple cloning site (MCS) contains a series of unique restriction sites that
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generate all possible overhangs. This MCS is flanked by T3 and T7 RNA polymerase
promoters and sites for several primers, including the universal reverse and M13 -40
primers. In addition to the bacterial ColEI origin, Bluescript II contains the fl1(+)
filamentous phage origin, which allows recovery of single-stranded phagemids in the

presence of helper phage.

Generally, the MCS in pBluescript II provided ample choice of restriction sites and could
be digested to generate compatible ends of DNA for cloning. Occasionally, no suitable
sites were available, for example when the DNA fragment was derived from PCR. In
these instances, a blunt-end generating site such as EcoRV was used. During
construction of some complex plasmids, blunt-end generating restriction sites were not
always available. In such cases, the overhangs on both the vector and insert fragment
were removed by DNA polymerase I large (Klenow) fragment (Gibco BRL, UK), which
fills 5> overhangs with deoxynucleotide triphosphates (INTPs) or removes 3’ overhangs
(Sambrook et al., 1989).

To prevent self-ligation, plasmid vector molecules were treated with shrimp alkaline
phosphatase (Amersham Life Sciences) to remove the 5’ phosphate group. Reactions
were performed for 1 hour at 37°C using 50-100 pug ml™' DNA and an excess of shrimp
alkaline phosphatase (lunit pg™") in accordance with the manufacturers guidelines. The
phosphatase was inactivated by incubation at 65°C for 15 minutes and the DNA was then
recovered by ‘P:C:I extraction’ and ethanol precipitation. The efficiency of phosphatase
treatment was determined through self-ligation of 1pug of treated DNA and compared to
ligation of 1pg vector plus insert. Following transformation to XL1-Blue (Stratagene), as
described below, the number of colonies per ligation reaction were compared.
Background levels for self-ligation of <10% compared to vector plus insert were
considered acceptable. If self-ligation was >10%, the phosphatase treatment was
repeated. High levels of background from the vector were avoided because they would
increase the level of screening required to identify single plasmids and, within genomic
libraries, would lead to a dramatic decline in insert-bearing vectors following

amplification of the library.

Ligation reactions were performed using T4 DNA ligase in 10ul volumes in accordance

with the manufacturers guidelines (Gibco BRL). Three different vector:insert DNA ratios,
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based on the DNA concentration (ug ml™"), were used; generally 3:1, 1:1 and 1:3.
Ligations were incubated at ambient room temperature or 4°C for 24-36 hours. From
each 10pul ligation reaction, 3-5ul was used to transform E. coli XL1-Blue competent

cells (Stratagene) as described in Section 2.3.5.

2.3.4 Size-fractionated genomic libraries

Genomic DNA, isolated from CL microplasmodia (Section 2.2.3), was digested to
completion and the required fragments were size-fractionated either using DEAE
membrane or by mineral wool filtration (Section 2.3.2). A small amount of the digested
genomic DNA fraction was used to test three different vector:insert ligation ratios as
described above. For each ratio, 18 colonies were selected at random for plasmid isolation
(Section 2.2.5). The plasmids were digested to release the insert DNA and the proportion
of inserts was determined. The vector:insert ratio that produced plasmids containing a
single genomic fragment and gave the highest proportion of inserts was selected for the
construction of the library. = Where the expected background of self-ligation
(approximately 10%) was not observed, this was assumed to be a result of insufficient
vector:insert and in these circumstances double inserts were often also observed. Such
ratios would lead to loss of genomic inserts either through self-ligation or because of
insufficient vector and were, therefore, not selected for construction of the library. If the
initial ratios did not yield a sufficient proportion of single inserts, three additional ratios

were tested, adjusted as appropriate to alter the deficit or excess of vector DNA.

Once a suitable ratio had been identified, the remainder of the digested genomic DNA
fraction was used to prepare multiple 10ul ligation reactions (Section 2.3.3). After
ligation, the reactions were pooled. If the pooled volume was >45pl, the ligation mixture
was ethanol precipitated and resuspended in 30l of sterile distilled water to reduce the
total number of individual transformations required to 10. The pooled ligation reactions
were precipitated, rather than increasing the volume used for each transformation, as there
was an increased risk of electrical arcing if volumes higher than 3l were used, due to the
electrolytes present in the ligation buffer. The entire ligation mixture was used in 3pl

aliquots for transformation to bacteria as described below.
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2.3.5 Transformation of bacteria with plasmid DNA

The bacterial host strain XL1-Blue (Stratagene) was used for transformation throughout
these studies. XL1-Blue is a recombination deficient strain that supports growth with
some vectors and is particularly suited to Bluescript-based plasmids. The strain is
recombination deficient (rec4), which helps to stabilise the insert, especially where
repetitive sequences occur, and endonuclease deficient (end4I), which improves the
quality of plasmid DNA preparations. In addition to this, the AsdR mutation protects the
inserts from cleavage by the EcoK endonuclease system, however, the transfected DNA
can still be modified by exonucleases I and V (sbcB & recBC). 1t was anticipated that this
strain would be sufficiently recombination deficient to improve the stability of Physarum

genomic DNA fragments.

Competent E. coli, strain XL.1-Blue, were prepared as described by Miller (1994) and
stored in 10% v/v glycerol at —80°C as 200ul aliquots, sufficient for S transformations.
Electroporation was as described by Miller (1994) with the exception that the shocking
chamber and electroporation cuvettes were stored at —20°C before use and the cells were
allowed a 1-hour period of outgrowth. A Bio-Rad Gene Pulser” with pulse controller
was used to apply a pulse of 12.5 kVecm™ (2.5 kV, 25 uF, 200 Q) across 40ul of
competent bacteria plus DNA using 2mm cuvettes (Bio—Rad). The cells were then
transferred to 1ml SOC broth for outgrowth at 37°C for 1 hour. In addition to vector alone
and vector plus insert ligations, positive (100ng pGEM7Zf+; Promega, UK) and negative
(3ul sterile distilled water) controls were included in each bacterial electroporation

experiment.

Selective plates (LB-amp or LB-tet) were inoculated with 100ul or 10ul from each
experimental sample (two plates for each sample), 200ul from the negative control or
0.01pl from the positive control and incubated at 37°C overnight. For genomic libraries,
sterile 50% v/v glycerol was added to the remaining electroporated bacteria to a final
concentration of 10% v/v. This suspension was transferred to cryo-tubes in 1ml aliquots,
frozen rapidly using a dry-ice/ethanol bath and then stored at —80°C until required. The
remainder of other bacterial transformation suspensions were stored at 4°C for re-plating
in the event of technical problems. Occasionally, 40pgml™" X-gal (5-bromo-

4-chloro-3-indolyl-pB-D-galactopyranoside) and 0.ImM IPTG (isopropyl-
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B-thiogalactopyranoside) were added to the selective plates to aid selection of
insert-bearing plasmids. The B-galactosidase activity of the lacZ gene is disrupted by
insertion of a DNA fragment in the MCS and the cells appear white; without an insert the
cells appear blue (Sambrook et al., 1989).

A 10-fold difference in plating volumes for the vector alone and vector plus insert DNA
ligations was used to ensure individual colonies could be isolated and to account for
individual differences in transformation and ligation efficiencies. If the plating density
was too high or low, the plating density was adjusted accordingly using the bacteria stored
at 4°C. Since no colonies were expected on the negative control plate, any colonies
present indicated the competent cells were contaminated with plasmid DNA and the
transformation was therefore repeated. The positive control was included to check the
transformation efficiency.  Freshly prepared competent cells generally vyielded
transformation efficiencies of 1 x 10° colonies ml™!, but this declined after prolonged
storage at —80°C. To check the efficiency of insert ligation and isolate the desired
plasmid, 18 colonies were chosen at random from the selective plates for plasmid isolation
(Section 2.2.5).

24  ANALYSIS OF NUCLEIC ACIDS

2.4.1 Southern blotting

DNA for Southern blotting was fractionated using 0.8% w/v agarose gels containing
approximately 200ng ml~' ethidium bromide. DNA markers (A HindlI and $X174 Haelll
markers; Gibco BRL) were loaded in the first and last lanes of the gel, at least one lane of
the gel was left empty between the markers and the DNA samples to allow easy removal
of the markers before blotting. The digested genomic DNA was run at 26V overnight on a
gel 20cm in length to ensure complete separation of the fragments. Plasmid DNA was run
at 100V for approximately 4 hours. The gels were photographed against a fluorescent
ruler using Kodak Tmax 100 film. The fluorescent ruler provided an accurate scale to
allow the size of bands to be determined after hybridisation. Lanes containing DNA
markers were then cut away from the gel and the section containing the DNA samples was
treated with depurinating (250mM HCI), denaturing (IM NaCl, 500mM NaOH) and
neutralising (500mM Tris, 3M NaCl, pH 7.5) solutions for 15-20 minutes each as
described by Sambrook ef al. (1989). The DNA was transferred from the gel to
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Hybond” -N membrane (Amersham Life Sciences) using the 10 x SSC (1.5M sodium
chloride, 150mM sodium citrate; Sambrook et al., 1989) alkaline transfer method
described by Sambrook et al. (1989). The DNA was fixed to the membrane prior to
hybridisation by UV irradiation using an UV Crosslinker (Amersham Life Sciences, UK)
with an energy setting of 700 x 100pJ cm™.

2.4.2 Northern blotting

Total RNA was isolated from amoebae, plasmodia and developing cells using the method
of Chomczyinski & Sacchi (1987), with modifications by Puissant & Houdebine (1990).
Briefly, the cells were cooled and then lysed in a solution containing 4M guanidium
thiocyanate, 25mM sodium citrate, pH 7.0, 0.5% v/v sarcosyl and 100mM
f-mercaptoethanol;, the guanidium thiocyanate and sodium chloride are both protein
denaturants and lyse the cells, B—mercaptoethanol is a potent RNase inhibitor that
prevents degradation of the RNA. The RNA was then separated from the DNA by phenol
extraction under acidic conditions. This was followed by several washes in 4M lithium
chloride to remove contaminant polysaccharides (Puissant & Houdebine, 1990);
polysaccharides are soluble in water and have an absorbency in UV light that interferes

with the correct quantification of nucleic acids (Puissant & Houdebine, 1990).

Total RNA from crossed microplasmodia (LU648 x CH508) was isolated using the
commercially available RNAzol™ B method (AMS Biotechnology) which was modified to
include two lithium chloride washes to remove polysaccharides (Barber, 1998). All RNA
samples were quantitated spectrophotometrically (Section 2.2.2) and the integrity of each
RNA sample was determined prior to northern blotting by running approximately 3ug of

denatured RNA on a small 1 x MOPS gel as described below.

The RNA from strain CL undergoing apogamic development was isolated and assayed by
Bailey et al., (1992b); the results of this assay are shown in Table 2.1. Briefly, 100 plates
each containing 5 x 10° CL amoebae, on initial culture, were harvested for each RNA
sample. The cells were harvested from each plate in Sml sterile distilled water and the
total cell density was determined using a haemacytometer. The cell suspension was
examined by phase microscopy to determine the number of amoebae and bi- or
multinucleate cells. Serial dilutions of the suspension were plated onto fresh DSDM and

incubated at 26°C. After 2-3 days, committed cells were seen as small plasmodia
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Table 2.1

Sample Amoebae Uninuclgate Multinuclgate 5 Tc;tal.
Cote | b Devlonbs Do | Delopne
A 100 0 0 0
1% 98.9 1.1 0 1.1
4% 95.9 34 0.7 4.1
10% 90.4 93 0.3 9.6
11% 893 10.4 0.3 10.7
22% 77.9 212 0.9 22.1
23% 773 18.8 3.9 22.7
38% 623 325 52 37.7
39% 61.0 347 43 39.0
56% 44.0 46.1 99 56.0
Mi 0 0 100 100
Ma 0 0 100 100

Distribution of cell types in CL cultures used for RNA isolation (Bailey et al., 1999)
A: amoebal RNA, 1% ~ 56%: total percentage of developing cells, Mi: microplasmodia,

Ma: macroplasmodia.

The percentage of total developing cells was determined using replating assays (Section
1.2.5). The percentage of uninucleate developing cells was determined by subtracting the
percentage of multinucleate cells, determined by microscopic analysis, from the

percentage of total developing cells.

2-18



(plateable plasmodia) and after a further 1-2 days the non-committed cells formed

amoebal colonies (Bailey et al., 1987).

The RNA samples used to study expression patterns in heterothallic development were
isolated and assayed by Barber (1998) and the results of this assay are shown in Table 2.2.
Briefly, flagellates from the mating strains were mixed together in equal proportions and
plated as 60 x 10ul spots onto 9cm SM-2 plates (Blindt, 1987) at a density of 3 x 10*
cells per spot. For each RNA isolation, 100 plates were prepared and incubated at 26°C
until required. At the time of harvest, two plates from each batch of 100 were used to
determine the number of plateable plasmodia, as above. The cell suspension was also
examined using phase microscopy to determine the number of amoebae, fusion cells,

zygotes and multinucleate developing cells present (Barber, 1998).

Northern blots were performed using 10ug total RNA per sample and 3ug RNA size
markers (Promega, UK). The RNA was denatured at S0°C for 20min in GFM (1.1IM
glyoxal, 78% v/v formamide, 0.06 x MOPS). RNA loading buffer (4% v/v formamide,
5% v/v glycerol, 0.1 x MOPS, 0.0825% w/v xylene cyanol, 0.0025% w/v bromophenol
blue) was added to each denatured RNA sample and these were size fractionated in 1.1%
w/v agarose made using 1 x MOPS buffer (20mM MOPS, SmM sodium acetate, 100uM
EDTA, pH 7) as described by Murray et al. (1994). The lane(s) containing the RNA size
markers were cut away from the gel and stained for 10 minutes in 1 x MOPS containing
approximately 100ng ml™! ethidium bromide. A photograph of the markers was taken
against a fluorescent ruler using Kodak Tmax 100 film. The remaining RNA was
transferred from the unstained gel to Hybond -N membrane (Amersham Life Sciences,
UK) using the 20 x SSC alkaline transfer method described by Sambrook ez al. (1989).

The RNA was fixed to the membrane by UV irradiation in an UV cross-linker as before.

2.4.3 Colony blots

Bacterial stocks were plated onto 9cm LB-amp plates at a density of 1000-3000 colonies
per plate, and incubated overnight at 37°C. An 82mm Hybond~N circle (Amersham Life
Sciences, UK) was then placed gently onto the surface of each plate. The filter was
pierced using a sterile hypodermic needle to uniquely code the filter and to aid

re-orientation later. After 2 minutes, the filter was gently lifted from the surface and

placed, colony side up, onto 3MM" blotting paper to dry. The LB-amp plates were placed
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Table 2.2

Sér:g;e Anz;:;)ae Fusi(();/lo §Iells Zy(%/(:;es I\glels;z;lf:gte Dege(;:)ap}ing
Cells (%) Cells (%)
CH508 100 0 0 0 0
LU648 100 0 0 0 0
2% 97.7 0.8 1.5 0 23
4% 95.7 2.1 2.2 0 43
17% 82.8 3.7 13.5 0 17.2
24% 76 12 14.4 8.4 24
38% ! 62 4.1 25.7 8.2 38
41% "' 59 49 29.1 7.0 41
Mi 0 0 0 100 100
Ma 0 0 0 100 100

Distribution of cell types in cultures of heterothallic strains used for RNA isolation
(Barber, 1998)

CHS08 and LU648: amoebal RNA, 2% - 24%: total percentage of developing cells in
cultures derived from LU648 x CH508 (2-strain cultures), 38% ' & 41% T total
percentage of developing cells in cultures derived from 10-strain cultures (strains below;
Barber, 1998), Mi: microplasmodia derived from LU648 x CH508, Ma: macroplasmodia
derived from LU648 x CH508.

The percentage of fusion cells, zygotes and multinucleate cells was determined by
microscopic analysis, the total percentage of developing cells was determined from these
figures. Replating assays were also performed and the figures closely resembled those
shown here (Barber, 1998).

' Derived from 10-strain cultures using strains: CH508 (matA2, matB3, matC2);, LU648
(matAl, matBl, matC1); DP14 (matA7, matB7, matC6), DP15 (matA8, matB8), DP74
(matA12, maiB5), DP75 (matA11, matB6), DP89 (matA15, matB12, matC5), DP90
(rhatA 16, matB13, matC4); Ppll1.17-100 (matAS, matB10), Ppll1.17-80 (matA6, matB11).
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at 37°C for a 4-6 hour recovery period to allow re-growth of the colonies, before being

stored at 4°C.

Once dry, the Hybond-N filters were transferred, colony side up, onto a double thickness
of filter paper soaked with denaturing solution (0.5SN NaOH, 1.5M NaCl) for 7 minutes.
They were then moved to filter paper soaked in neutralising solution (1.5M NaCl, 0.5M
TRIS- HCI, pH 7.4) for 3 minutes. The neutralising step was repeated before the filters
were washed in 2 x SSC to remove cellular debris and dried, colony side up, on dry 3MM
paper. The DNA was fixed to the membrane by UV irradiation. The filters were then
hybridised with the appropriate radiolabelled probe (Section 2.4.4) and, following
exposure, the position of each filter and orientation marks were clearly marked on the
X-ray film. The film was then laid on an illumination box and positive ‘spots’ on the film
were aligned with colonies on the plates using the orientation marks for reference. These
positive colonies were inoculated individually to LB-broth for plasmid isolation

(Section 2.2.4). The integrity of the plasmid DNA was then confirmed by restriction

digestion.

2.4.4 Radioactive-labelling of probes

Radio-labelled DNA probes were synthesised by the random primer method of Feinberg
& Vogelstein (1983) using DNA fragments isolated as described in Section 2.3.2. A
Klenow reaction in the presence of 200-500ng of DNA template (Section 2.3.2),
10mCi ml™! a-P*? dCTP, 1.5-2.5mM dNTPs (excluding dCTP; Pharmacia) and 0.8-1.4
OD units of hexa-deoxyribonucleotides (Pharmacia) was used to generate P**~labelled
probe fragments. Unincorporated P*’~dCTP and small labelled fragments, which would
produce background hybridisation, were removed by ethanol precipitation in the presence
of 90ug unsheared salmon sperm DNA (Sigma). The resulting pellet was resuspended in
500ul sterile distilled water and heat denatured for 5 minutes in a boiling water bath

followed by rapid cooling on ice prior to hybridisation.

Hybridisation was performed in 0.5M Na,HPO, (pH 7.5), ImM EDTA, 7% w/v SDS
using approximately 0.2ml cm™? of membrane in a rotisserie dual hybridisation oven
(Hybaid). The blot was incubated at 65°C (or 50-55°C for lower stringency probing) in

the hybridisation solution for a period of 2-6 hours prior to the addition of the
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radio-labelled probe. The denatured probe was then added and incubation was continued
for a further 18 hours. Two 10-minute post-hybridisation washes were performed at the
hybridisation temperature for each wash solution using approximately 1ml cm™? of 0.2M
Na,HPO, (pH 7.5), 1% w/v SDS and then 0.1M Na,HPO, (pH 7.5), 1% w/v SDS (based
on Church & Gilbert, 1984). If background hybridisation was high following the fourth
wash, an additional 10-minute wash was performed using 0.04M Na,HPO,4 (pH 7.5), 1%
w/v SDS.

The filter was then covered with saran wrap and exposed to X-ray film (Fuji RX) in the
presence of a SMIT rapid intensifying screen at —80°C for up to 3 weeks. The exposure
time required was assessed using a hand-held Geiger counter. Generally, the blot was
exposed for an initial period of 24-72 hours if the signal was strong (<50 cps) or 1-3
weeks if the signal was low (>50 cps). Where the signal was strong and the initial
exposure resulted in saturation of the film, a second shorter exposure was performed,;
where the film was under—exposed a second longer exposure was performed. So that
blots could be re-probed after the exposures were complete, radioactive probes and
background activity were removed using boiling 1% w/v SDS as described by Sambrook
et al. (1989). The blots were treated this way and re—used in further hybridisations up to

four times.

2.4.5 DNA sequence analysis and primer design

Sequencing reactions were performed manually or using an ‘in-house’ automated
sequencing facility with an Applied Biosystems, 337 or 337XL ABI automated sequencer
(Protein and Nucleic Acids Laboratory; PNACL, Leicester University). Manual
sequencing was performed using a T7 DNA polymerase Sequenase Version 2.0 kit in
accordance with the manufacturers instructions (Pharmacia) together with the Sequagel™
sequencing acrylamide gel system (National Diagnostic) and BioRad sequencing
apparatus. Sequencing gels were run in 1.1 x TBE at a constant temperature of 50°C for
2-6 hours and gels were dried onto 3MM blotting paper using a vacuum gel dryer
(BioRad). The gel was exposed to X-ray film (Fuji RX) without an intensifying screen at

ambient room temperature for up to 3 weeks.

The sequence analysis and primer design utilised the Wisconsin Package, Genetics

Computer Group (GCG; Madison, USA) on the Leicester University mainframe computer.
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Databases comparisons were performed using the BLAST, FASTA, and TFASTA

programs.

All primers were designed with 17-22 nucleotides homology to the sequence of interest
and melting temperatures (Tp) of 50-55°C, this generally correlated to approximately
50% G-C content. Keeping the T, over a narrow range ensured primer combinations
would anneal in standardised conditions and reduced potential problems resulting from
primer dimerisation. Primers were synthesised using an ABI 394 DNA synthesiser
(Perkin Elmer) at a concentration of 40nM by PNACL (Leicester University). The
primers were recovered by precipitation with one volume propan-2-ol overnight at
-20°C followed by centrifugation in a microfuge at 13800 xg for 10 minutes; the pellet
was resuspended in 100ul sterile distilled water. The primer concentration was
determined after spectrophotometric analysis (Section 2.2.2) using molar extinction

coefficients in the following calculation, where A,, T,, G, and C, are the number of

respective bases in the sequence.

OD,, xdilution

C tration (mM) =
oneen ( (A, x154) + (T, x8.8) + (G, x11.7) + (C, x 7.7)

2.4.6 Polymerase Chain Reaction (PCR)

DNA polymerases synthesise DNA in the 5’ to 3’ direction using a single-stranded
template starting from a region that is double-stranded. In PCR, DNA polymerase is used
to amplify a region of DNA between two primers that are complementary to opposite
strands of the DNA. The template is denatured and allowed to anneal in the presence of
an excess of primers. Since the primers are in excess, they anneal to the template
preferentially and the action of the DNA polymerase leads to synthesis of a new strand
from the 3’ end of the primer. Several cycles result in an exponential synthesis of the
region of DNA flanked by the two primers. Several factors can affect the efficiency of
PCR, these are discussed in Chapter 4 (reviewed by McPherson ef al. 1991 & 1995).

PCR cycles were performed using an OmnE® Hybaid thermal cycler (Hybaid). Generally,
50ul reactions were set up in 0.5ml eppendorf tubes using 50mM KCI, 10mM Tris-Cl
(pH 8.4), 1.5SmM MgCl;, 150mM dNTPs, 200nM primers, 8ug ml™' plasmid DNA or
20pug ml~' genomic DNA template and 1 unit Tag DNA polymerase I (Sunits pl™;
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Applied Biosystems). Where genomic DNA was utilised as a template, the PCR reactions
were prepared using 0.5-1.0pug of DNA. This ensured that sufficient copies of the gene
were present for effective PCR, since the Physarum genome is comparatively large at
2.7 x 10°bp (Burland et al., 1993b), and also compensated for problems associated with
the structural complexity of the DNA. Control reactions were included in all PCR
experiments. Negative controls were used to determine whether the primers were
contaminated and generally included the primer pair without a DNA template and single
primer:template reactions. Positive controls were set up using the primer pair and
8ug ml™' cDNA plasmid as a template to confirm the enzymatic activity of the polymerase

and primer viability.

Thermal cycles included denaturing, annealing and extension steps. The denaturing step
(94°C) separated the double-stranded DNA template strands, the annealing step
(50-53°C) enabled the primers to bind to the single-stranded DNA template and the
extension step (70°C or 72°C) was optimal for strand synthesis by 7agl DNA polymerase.
An additional final prolonged extension step at 72°C or 77°C was sometimes included
(McPherson et al., 1991 & 1995). 1t is generally recommended that a 1-minute extension
period is allowed for each 1kb of DNA to be amplified, although 7agl DNA polymerase
actually transcribes at 2-4kb per minute (McPherson efal., 1995). Therefore, for
amplification of large fragments, the extension period was increased accordingly

(e.g. Program 2, see below). The thermal cycle programs used in these studies were as

follows:
Program 1: Program 2:
94°C 40 seconds } 94°C 40 seconds }
53°C 1minute } x25cycles 53°C 1minute }  x25cycles
72°C 1 minute } 72°C 4 minutes }
72°C 15 minutes 72°C 15 minutes
Program 3: Program 4:
94°C 30 seconds } 94°C 1 minute }
50°C 30seconds } x2S cycles 53°C  1.5minutes} x40 cycles
70°C 2 minutes } 72°C 3 minutes }

77°C 15 minutes
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CHAPTER 3: IDENTIFICATION AND SEQUENCE ANALYSIS OF
RED GENE cDNAS.

3.1 INTRODUCTION

As discussed in Chapter 1, although it is possible that the mating-type gene matA directly
regulates all the genes involved in the amoebal-plasmodial transition (APT), it is more
likely that matA initiates a cascade of gene transcription, which concludes with the
formation of a plasmodium. The phenotypes of strains carrying mutations in the late
acting npf genes, such as npfKI and npfL1, suggest that they probably act towards the end
of any such cascade (Section 1.4.1). A cascade of gene function within the early oocyte of
Drosophila establishes morphogenic gradients of transcription factors (e.g. the homeobox
containing transcription factors) that regulate the expression of the zygotic segmentation
genes. This induces a second regulatory cascade that ultimately subdivides the embryo.
As these early oocyte genes are only required to establish the expression of more stable
genes, such as the homeotic genes, their expression is short and transient (Tautz &
Schmid, 1998). It is possible that similar genes function transiently during the

developmental transition in Physarum polycephalum.

Bailey ez al. (1992b) sought to clone and analyse genes expressed at highest levels during
the APT by screening a cDNA library that they constructed from a culture containing a
high proportion of developing cells. The culture used to construct the library contained
46% uninucleate committed cells, 10% multinucleate cells and 44% amoebae
(Bailey eral,, 1992b & 1999). Since the library would contain ¢DNAs from
constitutively-expressed, amoeba-specific and plasmodium-specific genes, it was
subtracted against poly(A)+ RNA from amoebae and plasmodia to enrich for genes
expressed at high levels during the developmental transition. A detailed description of the
construction of the cDNA library was published (Bailey et al., 1999). However, since this
library and clones derived from it have been used extensively during the course of these

studies, this process is summarised below.

3.1.1 ¢DNA library design and construction
An oligo (dT) column was used to purify poly(A)+ RNA from total RNA, isolated from
the developing cell culture. The poly(A)+ RNA was then used as a template for cDNA

synthesis with RNase H-free Moloney Murine Leukaemia Virus Reverse Transcriptase
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and the Oligo(dT),s NofI primer (Promega). Second strand synthesis was performed with
DNA polymerase in the presence of RNase H, to remove the original poly(A)+ RNA
template, NTPs, DNA ligase and P*> a-dCTP. The population of cDNA molecules were
then phosphorylated (phosphate groups added) with T4 Kinase, treated with T4 DNA
polymerase to generate blunt-ends and size-fractionated to remove molecules smaller
than 500bp. Transcripts smaller than 500bp were removed from the cDNA library since,
with the occasional exception (e.g. haemagglutinin I, Mortia, 1998), Physarum mRNA
molecules are rarely smaller than this. It is considered that the majority of cDNAs smaller
than 500bp were the product of incomplete reverse transcription of the poly(A)+ RNA
during the library construction.

Next, EcoRI adapters were added to the blunt-ended cDNAs using T4 DNA ligase and
these cDNAs were phosphorylated with T4 kinase. Restriction digestion was performed
using No#l, which cut within the Oligo(dT);s primer sequence at the poly(A)+ end of the
c¢DNA. A spin column was used to remove the cut primer ends and excess adapters from
the cDNAs, which were then ligated to pBluescript I KS- (Stratagene) prepared with
Notl-EcoRI cloning ends. The resulting plasmids were transformed to XL1-Blue to
generate the cDNA library ML8 (Madison Library 8). This primary ¢cDNA library
consisted of 1 x 10’ phagemid-carrying cells, approximately 95% of which contained
cDNA inserts. The insert size varied from 500bp - 2kb, with a mean of approximately
900bp (Bailey etal., 1992b). Approximately 30% of ML8 was amplified to produce
MLBA (ML8 Amplified) and following this amplification, approximately 70% of the
plasmids contained inserts (Bailey et al., 1992b).

For cDNA subtraction, M13 helper phage were added to 3.2 x 10'® colony forming units
of ML8A for 6 hours at 37°C in the presence of Kanamycin. This resulted in the synthesis
of single-stranded phagemids, since Bluescript II contains an M13-related f1 filamentous
phage origin of replication. The newly synthesised single-stranded phagemids were
pelleted by centrifugation in the presence of 4% v/v polyethylene glycol and 500mM NaCl
and purified using a caesium chloride gradient. The phagemids. were then lysed and the
DNA was harvested. The single-stranded phagemids were hybridised to an excess of
biotinylated amoebal and plasmodial poly(A)+ RNA and the hybridised abundant,
constitutive, amoeba—- and plasmodium-specific phagemids were then removed using

streptavadin, which is a high-affinity biotin-binding protein. Contaminants were then
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removed from the non-hybridised phagemids by phenol:chloroform extraction and the
resulting purified phagemids were finally transformed into Escherichia coli strain
DHSaMCR to produce the subtracted library, ML8S (ML8 Subtracted; Bailey eral.,
1999). Since non-insert-containing phagemids were not removed through subtraction,

approximately 15% of the subtracted library still contained inserts (Bailey et al., 1999).

Approximately 5% of ML8S was screened using three replica colony blots against
amoeba-specific (A), plasmodium-specific (P) or developmental-transition enriched (D)
probes (Bailey etal., 1999). The A and P probes were enriched for low-abundance
constitutive transcripts by subtraction against the mRNA from which they were derived.
By removing the more abundant transcripts from these two probes, the sensitivity of
detection was improved. Such transcripts would constitute the majority of the labelled
probe if they were not removed and hence, greater proportions of the labelling components
would be required to ensure all low abundance transcripts were detected. The D probe
was enriched by subtraction against mRNA from amoebae and plasmodia. By subtracting
amoeba and plasmodium specific transcripts, the majority of abundant constitutive and

cell-type specific transcripts were removed.

Each clone that hybridised to only one or two of the probes was assigned a unique code
based on the hybridisation pattern produced. If a clone produced a signal with just the D
probe, it was assigned the letter D and a unique number (e.g. D1; Figure 3.1, step 2). Ifa
signal was observed using the A or both the A and D probes, it was assigned the letter A
plus a number (e.g. Al; Figure 3.1, step 2). Similarly, a clone that produced a signal with
just the P or with both the P and D probes was assigned the letter P and a number (e.g. P1;
Figure 3.1, step 2). This preliminary screen identified 150 colonies that failed to hybridise
to all three probes. Any colonies that hybridised to all three probes were considered to

represent constitutive transcripts and were not investigated further.

Since the preliminary screening was performed on plates containing a high density of
colonies, the 150 stocks often contained mixed populations of cDNAs and secondary
screening was necessary to enable individual positive colonies to be identified. Of the 150
colonies assigned to the A, D and P categories, approximately 30 were selected at random
for secondary screening. These were re—-plated individually on LB-amp to a density of

approximately 200 colonies per plate (Figure 3.1, step 3). Individual colonies were then
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Figure 3.1

The screening strategy for the ML8S ¢DNA library and stock code designation

Plate cDNA library ML8S,make three replica filters and then probe with
the A, D or P probes

Categorise the colonies based on the pattemn of hybridisation observed
and make freezer stocks for 150 colonies.

Dilute stock and plate out approximately 200 colonies.

Transfer 21 colonies onto three replica filters and 4 ; 2 ; g

a stock plate in the pattern shown. 910111213

Probe the filters with the A, D or P probes. 1415161718
192021

Stock D1/4D Stock D1/18P

Assign positive colonies to new stocks based on the position of the
colony in the ordered array.



transferred from the stock plate to a fresh LB-amp plate and three replica Hybond-N
filters, supported on LB-amp plates, in an ordered array of 21 colonies (Figure 3.1, step 4)
and grown overnight at 37°C. The plasmid DNA was fixed to the filters (Section 2.5.3)
and the filters were screened against the A, D or P probes, as before (Figure 3.1, step 4).
Individual clones were then assigned a two—part code. The first part of the code relates
directly to the A, D or P stock from which they were derived. The second part of the code
relates to the signal obtained from the probing and the position of the clone in the ordered
array. For example, if screening of stock D1 identified a clone with a
plasmodium-specific expression pattern in position ‘4’ on the array, this clone would be
designated D1/4D (Figure 3.1, step 5). Often more than one type of classification (A,D or
P) was assigned to individual colonies from the same stock sample (e.g. D1/4D and
D1/18P; Figure 3.1, step 5); this reflected differences in the nature of mixing in the
original stock due to the high density of plating, as described above.

Following the secondary screen, 12 clones were analysed in detail using northern blotting
against RNA prepared from amoebae, plasmodia and a culture containing a high
proportion of developing cells. Comparison of the sizes of the transcripts from the
northern analysis and the cDNA inserts revealed that many clones were shorter than the
corresponding mRNAs, suggesting that they were missing the start of their coding
sequences (J. Bailey, personal communication). Three different results were observed on
these preliminary northern blots.

i. Some of the clones failed to produce a discernible signal. This was generally
considered to be associated with a very low transcription rate below the level of
sensitivity of northern blots, although plasmid instability or associated problems
could not be ruled out (J. Bailey, personal communication).

ii. Some clones produced a weak pattern of expression across all the samples and
therefore represented low abundance constitutive genes. These were not
eliminated during the colony screening due to uneven transfer of the bacterial
colonies resulting in an apparent failure of the colony to hybridise to all three
probes.

iii. Finally, some of the clones produced a unique pattern of expression unlike the
others. These clones were selected for further screening.

The fact that none of the clones produced an amoeba- or plasmodium-specific expression

pattern indicates that the subtraction step was a success.
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Four of the 12 clones exhibited an apparently novel pattern of expression (D6/18P,
D13/3D, P4/10P and P8/8A). Comparison of the sizes of these cDNA clones and their
corresponding transcripts, detected by the preliminary northern analysis, indicated that
they were all partial cDNAs. It was anticipated that more complete transcripts might exist
within the cDNA library ML8A, since inserts of up to 2kb in size were evident in this
library (Bailey et al., 1992b).

3.1.2 Aims

The first aim of the work presented in this Chapter was to screen the ML8A and ML8S
cDNA libraries to identify longer transcripts of D6/18P, D13/3D, P4/10P and P8/8A. The
second aim was to then complete the preliminary sequence analysis of the cDNA clones,

adding any additional sequence obtained from the screen for longer transcripts.

Once the sequence analysis was completed, the final aim of the work presented in this
Chapter was to further characterise D13/3D and P8/8A using detailed northern and
preliminary Southern blotting analysis to determine whether the genes are members of

multi-gene families and to confirm their expression patterns.

3.2 RESULTS

3.2.1 Screening cDNA libraries for longer transcripts.

Initially, the amplified cDNA library, ML8A, was screened for longer transcripts of
D6/18P, D13/3D, P4/10P and P8/8A by colony blotting (Section 2.4.3). The MLSA
library was an appropriate resource for such screening, since the library from which the
original clones were isolated, ML8S, was derived from it. In addition, a large volume of
MLB8A was available containing several thousands of colonies, whereas ML8S was a
much more limited resource. Two rounds of screening were performed on ML8A using
approximately 30,000 colonies and then 21,000 colonies, distributed over 10 and 14 plates
respectively. For the second screen, the colonies were plated at a lower density to
simplify the isolation of a single cDNA clone. Finally, a third screen was performed using
approximately 10,500 colonies from the subtracted library, ML8S, distributed over 10
plates. For each round of screening, the filters were probed individually for D6/18P,
D13/3D, P4/10P and P8/8A. In addition, the filters were stripped of radioactivity between
each probing to reduce the level of background signal (Section 2.4.4). The order of
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probing for each cDNA was varied for the three sets of filters, with the exception that
P8/8A was consistently probed last since this probe often produced a strong signal that
was difficult to reduce by high stringency ‘stripping’ and generated a high background

signal. The reason for this background became apparent later (Section 3.2.3).

The screening of libraries ML8A and ML8S identified the following additional clones:

D6/18P D13/3D P4/10P P8/8A I

MLSA none 1 smaller clone none 5 smaller clones u
MLS8S 1 smaller clone none none 2 larger clones I

With the exception of P8/8A, the screening of the cDNA libraries did not identify longer

c¢DNA molecules. The cDNA libraries were a limited resource and the fact that only a few
positive clones were detected despite screening a large number of colonies suggests that
full length cDNAs are unlikely to be present in these libraries. Therefore, no further
screening was performed. The sequences of the longest clone for P8/8A, obtained from
screening ML8S, together with the three original cDNA clones for D6/18P, D13/3D and
P4/10P were then analysed in detail, as described below, in order to identify any domains,
motifs or homologies to genes from other systems that may provide indicate the roles of

the four genes in Physarum polycephalum.

3.2.2 Sequence analysis of D6/18P and P4/10P

Initial sequencing of D6/18P and P4/10P was performed using just the universal reverse
and —40 primers located in the vector (Table 3.1). Since Oligo(dT):s Nofl primers were
used for the construction of the cDNA library, ML8, all cDNAs are orientated such that
the —40 primer will amplify the reverse strand of the cDNA, beginning in the poly(A)+
region. With manual sequencing, approximately 200 nucleotides of good sequence can be
generated, thus there were errors in the mid-region of the preliminary sequences, since
these were furthest away from the primer sites. Therefore, internal primers (Table 3.1)
spaced at intervals of between 200~-300 nucleotides were designed and further sequencing

was performed (Section 2.4.5).

The sequence of the 516bp D6/18P cDNA clone, including the location of the putative
polyadenylation signal (AAATTTA) and the stop codon (TAA) together with the deduced

amino acid sequence is shown in Figure 3.2. The coding region ends with a TAA stop
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Table 3.1

Primer code Sequence Strand synthesis I
Reverse 5’-GGAAACAGTATGACCATG-3’ Forward |
M13 -40 5’-GTTTTCCCAGTCACGAC-3’ Reverse
D6/18P-1 5’-GCCATCAAGGGAGTTAAGG-3’ Forward I
D6/18P-2 5’-AGCACATGGCTTTGATCC-3’ Forward
D6/18P-3 5’-GCATTTGGGCCAACATTC-3’ Reverse
D6/18P-4 5’-CTCTGGTTAAATGGATCAAAGC-3’ Reverse
D6/18P-5 5’-GCAGTGTCTGACCTTTTCCC-3’ Forward
D13/3D-1 5’-TGGTGTAGTCCCTTCCCTCC-3’ Reverse
D13/3D-2 5’-GGCTGTTACGGTGTTAATTGG-3’ Reverse
D13/3D-3 5’-TTGGGTGACGCTGTGTGGGC-3’ Reverse
D13/3D-4 5'-GCACTTGGAATCAGAGAATT-3’ Reverse
D13/3D-5 5’-GCAATAAGGAGGGAAGGGAC-3’ Forward
D13/3D-6 5’-CAAATGCCACCTTCACTATG-3’ Forward
D13/3D-7 5’-TATTGACAAGAAACCAGGC-3’ Reverse
P4/10P-1 5’-CTTACTCCCATATCTGGTGGTG-3’ Forward
P4/10P-2 5’-AACCACTGGAAATTCGCC-3’ Reverse |
P4/10P-3 5’-GCAGGTTTGAAGGAATACGTAG-3’ Forward
P4/10P-5 5’-AAACGACACGTCCTCTTACG-3’ Reverse
P4/10P-6 5’-GATTGCTCCTTATCCTTGCC-3’ Forward
P4/10P-7 5’-CGTAGCAGCACTTCATTG-3’ Reverse
P8/8A-1 5’-TCCACTCGTAGATTCCGTCG-3’ Reverse
P8/8A-2 5’-TTGGCGATTTGTAGCTTACC-3’ Reverse
P8/8A-3 5’-TTCACAGCCTTCCATCATCC-3’ Reverse
P8/8A-4 5’-GATGATGGAAGGCTATGAAC-3’ Forward

[ P8/8A-5 5’-TTCAAGCGCCAATGGTAAGC-3’ Forward I
P8/8A-6N 5’-CAGCCGATAAGAACAAGGAC-3’ Forward
P8/8A-7N 5’-AGATTCTCGGCACAAATG-3’ Reverse
P8/8A-8 5’-CAAGTTCACCGCTGCTGGAG-3’ Forward
P8/8A-9 5’-GA9CGAAACTTTTCCGTCC-3’ Reverse

Primers used for sequencing of the four cDNA clones

Primers were designed using the Wisconsin Package, Genetics Computer Group
(Madison, USA) on the Leicester University mainframe computer and synthesised as

described in Section 2.4.5.



Figure 3.2: The cDNA and deduced partial amino acid sequences for cDNA clone
D6/18P isolated from subtracted cDNA library, MLSS.

The nucleotide and deduced amino acid sequence of the 516bp D6/18P ¢cDNA clone,
isolated from ML8S (Section 3.1.1) is shown. The D6/18P cDNA clone was considerably
smaller than the transcript detected on northern blots, 516bp compared to approximately
2500 nucleotides and is therefore incomplete (Section 3.2.2). The sequence of both the
forward and reverse strands were determined manually using T7 DNA polymerase and the
Sequagel™ sequencing system (Section 2.4.5) with the Reverse, -40 and D6/18P primers
listed in Table 3.1. The sequences obtained from each primer were aligned using the
Wisconsin Package, Genetics Computer Group (Madison, USA) on the Leicester
University Mainframe computer. All regions of sequence discrepancy identified in the

overlapping regions were clarified by further sequencing.

The standard single-letter code for the deduced partial amino acid sequence is shown. The
coding region ends with a TAA stop codon at base 414 (TAA), this is indicated by an
asterix in the amino acid sequence (*). The coding region is followed by a short 3’
untranslated region of 85bp. The putative polyadenylation signal is located 11bp ahead of
the poly(A)+ residues and is shown underlined (AAATTTA). Since an Oligo(dT);s primer
was used for construction of the cDNA library, ML8S (Section 3.1.1), the cDNA sequence

ends with 15 ‘A’ residues.
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codon at base 414; P. polycephalum exhibits a bias towards use of this stop codon (e.g.
Green & Dove, 1988; Binette ef al., 1990). The 3’ untranslated region of D6/18P is 85bp,
which is also consistent with previous observations (e.g. Binette ef al., 1990). The low
abundance of the transcript meant that it was difficult to accurately define the D6/18P
expression pattern using northern blots. Further northern analysis of D6/18P indicated a
plasmodium-specific expression pattern, which was contradictory to the preliminary
findings (E. Swanston, Unpublished data). The D6/18P cDNA clone was considerably
smaller than the transcript detected on northern blots, 516bp compared to approximately
2500 nucleotides. Since a longer cDNA for D6/18P could not be found and no

homologues were identified, the analysis of D6/18P was suspended.

The sequence analysis of P4/10P was completed under my supervision as part of a MSc
project (Evans, 1997). The sequence of the 634bp P4/10P cDNA clone, including the
location of putative polyadenylation signal (AAATTAR) and the stop codon (TAA) together
with the deduced amino acid sequence is shown in Figure 3.3. As with D6/18P, the
coding region ends with a TAA stop codon at base 590 and is followed by a short 3’
untranslated region (27bp; Figure 3.3). Preliminary northern blotting analysis revealed
that P4/10P encodes a mRNA of approximately 900 nucleotides. Allowing for a poly(A)+
tail of approximately 50 residues (discussed in Section 3.3.1), comparison of the size of
transcript detected on northern blots and the cDNA clone suggest that the cDNA clone is
missing approximately 230bp of coding and 5’ untranslated sequences. Since the 5’
untranslated region can be as small as 15bp (Binette ef al., 1990), this could account for up

to 70 amino acid residues.

Further analysis of P4/10P was performed at Leicester University by Evans (1997), who
failed to identify any P4/10P-related sequences in the computer databases (Section 2.4.5).
I recently repeated the database comparisons and identified genes with significant identity
to the C-terminal region of P4/10P (Figure 3.4). The protein most closely related to the
protein encoded by P4/10P is a predicted 16.5kDa protein, encoded on chromosome A3(2)
in Streptomyces coelicolor, that exhibits 54% identity and a further 11% similarity in
amino acid residues (Figure 3.4). Two other proteins that exhibit high levels of similarity
to the protein encoded by P4/10P are the nodulation N protein from Rhizobium
leguminosarum (46% identity, 17% similarity) and the hypothetical 16.0kDa protein from
Mycobacterium tuberculosis (46% identity, 15% similarity, Figure 3.4). In addition to
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Figure 3.3: The cDNA and deduced partial amino acid sequences for cDNA clone
P4/10P isolated from subtracted cDNA library, MLSS.

The nucleotide and deduced amino acid sequence of the 634bp P4/10P cDNA clone,
isolated from ML8S (Section 3.1.1) is shown. The sequence analysis of P4/10P was
completed under my supervision as part of a MSc project (Evans, 1997). Preliminary
northern blotting analysis revealed that P4/10P encodes a mRNA of approximately 900
nucleotides, thus the P4/10P cDNA clone is incomplete (Section 3.2.2). The sequence of
both the forward and reverse strands were determined manually using T7 DNA
polymerase and the Sequagel™ sequencing system (Section 2.4.5) with the Reverse, -40
and P4/10P primers listed in Table 3.1. The sequences obtained from each primer were
aligned using the Wisconsin Package, Genetics Computer Group (Madison, USA) on the
Leicester University Mainframe computer. All regions of sequence discrepancy identified

in the overlapping regions were clarified by further sequencing.

The standard single-letter code for the deduced partial amino acid sequence is shown. The
coding region ends with a TAA stop codon at base 590 (TAA), this is indicated by an
asterix in the amino acid sequence (*). The coding region is followed by a short 3’
untranslated region of 23bp. The putative polyadenylation signal is located 10bp ahead of
the poly(A)+ residues and is shown underlined (aaaTTAA). Since an Oligo(dT);s primer
was used for construction of the cDNA library, ML8S (Section 3.1.1), the cDNA sequence

ends with 15 ‘A’ residues.
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Figure 3.4:  Amino acid sequence for P4/10P compared with homologous sequences
from BLAST database search

Sequence alignment generated from the BLAST database comparison of the putative
protein encoded by P4/10P with the Streptomyces coelicolor predicted 16.5kDa protein
from A3 (2) chromosome (Accession number: CAB46796), Mycobacterium tuberculosis
predicted 16.0kDa protein (Accession number: P96807) and the Rhizobium
leguminosarum (biovar viciae) and Rhizobium meliloti nodulation proteins N (Accession

numbers: P08634 and P25200, respectively).

The black boxes indicate regions of amino acid identity to P4/10P whilst the shaded
boxes (J) indicate regions of amino acid similarity to P4/10P. Gaps in some sequences
were necessary to obtain the best sequence alignment and these are indicated by a dot (.).

The sequence alignment between the other sequences is not shown.
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R. leguminosarum, P4/10P shares significant homology with R. meliloti nodulation N
protein (Figure 3.4). These Rhizobium nodulation N proteins are known to be involved in
production of host-specific root hair deformation factors although their exact role is
unclear (Surin & Downie, 1988). Unfortunately, none of these homologies indicate a role
for P4/10P in Physarum polycephalum. However, the fact that this homology only
extends to the C-terminal half of the protein suggests that P4/10P may have a second
functional domain at the N-terminus and does not function in a manner related to the

genes described above.

Following further northern analysis, a constitutive expression pattern for P4/10P was
observed (Evans, 1997), therefore, since this gene does not exhibit the novel pattern of

gene expression observed during the APT, no further characterisation has been performed.

3.2.3 Sequence analysis of D13/3D and P8/8A

Sequencing of D13/3D and P8/8A was performed initially using the universal primers and
then using internal primers designed as required (Table 3.1). The original clone and one
of the longer clones for P8/8A were sequenced completely. All regions of discrepancy
were clarified by further sequencing of both clones. The longer clone contained an
additional 15bp of coding region. The sequence and deduced amino acid sequences for
D13/3D (Accession number: Y18123; Bailey ez al., 1999) and P8/8A (Accession number:
Y18124; Bailey etal, 1999) are presented in Figures 3.5 & 3.6. The putative
polyadenylation signals are underlined (AATAAR) and the stop codons are shown in bold
type (TAA). As with P4/10P and D6/18P, the coding regions of both cDNAs ends with a
TAA stop codon and are followed by 3’ untranslated regions of up to 80 nucleotides.
Both the D13/3D and P8/8A c¢DNAs contain the putative polyadenylation signal,
AATAAA, located 16bp ahead of the poly(A)+ tract, consistent with previous findings
(e.g. Hamelin et al., 1988; Kozlowski et al., 1993; Morita, 1998). The D13/3D and P8/8A
cDNAs were compared with the sequence databases. No significant sequence
homologies, domains or motifs were identified in D13/3D. Further analysis of D13/3D is

discussed in Chapters 4, 5 & 6.

A pair of well conserved EF-hand calcium-binding domains was identified in P8/8A
(Bailey et al., 1999); EF-hand calcium-binding domains have a consensus sequence of 13

amino acids and generally occur in pairs (Figure 3.6). Unfortunately these domains occur
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Figure 3.5: The cDNA and deduced partial amino acid sequences for cDNA clone
D13/3D isolated from subtracted cDNA library, MLS8S.

The nucleotide and deduced amino acid sequence of the 674bp D13/3D c¢cDNA clone,
isolated from MLS8S (Section 3.1.1) is shown (Accession number: Y18123; Bailey eral,,
1999). Northern blotting analysis revealed that D13/3D encodes a mRNA of
approximately 800 nucleotides, thus the D13/3D cDNA clone is incomplete (Section
3.3.1). The sequence of both the forward and reverse strands were determined manually
using T7 DNA polymerase and the Sequagel™ sequencing system (Section 2.4.5) with the
Reverse, -40 and D13/3D primers listed in Table 3.1. The sequences obtained from each
primer were aligned using the Wisconsin Package, Genetics Computer Group (Madison,
USA) on the Leicester University Mainframe computer. All regions of sequence

discrepancy identified in the overlapping regions were clarified by further sequencing.

The standard single-letter code for the deduced partial amino acid sequence is shown. The
coding region ends with a TAA stop codon at base 600 (TAA), this is indicated by an
asterix in the amino acid sequence (*). The coding region is followed by a short 3’
untranslated region of 57bp. The putative polyadenylation signal is located 16bp ahead of
the poly(A)+ residues and is shown underlined (aaTAAR). Since an Oligo(dT);s primer
was used for construction of the cDNA library, ML8S (Section 3.1.1), the cDNA sequence
ends with 15 ‘A’ residues. The sequence shown in bold-type, beginning at base 115,
denotes the Xcml restriction site used during the construction of cDNA-based vectors for

homologous gene replacement of the D13/3D gene (redA; Section 5.2)
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Figure 3.6: The cDNA and deduced partial amino acid sequences for cDNA clone
P8/8A isolated from subtracted cDNA library, MLSS.

The nucleotide and deduced amino acid sequence of the 660bp P8/8A cDNA clone,
isolated from ML8S (Section 3.1.1) is shown (Accession number: Y18124; Bailey et al,,
1999). Northern blotting analysis revealed that P8/8A encodes a mRNA of approximately
800 nucleotides, thus the P8/8A cDNA clone is incomplete (Section 3.3.1). The sequence
of both the forward and reverse strands were determined manually using T7 DNA
polymerase and the Sequagel™ sequencing system (Section 2.4.5) with the Reverse, -40
and P8/8A primers listed in Table 3.1. The sequences obtained from each primer were
aligned using the Wisconsin Package, Genetics Computer Group (Madison, USA) on the
Leicester University Mainframe computer. All regions of sequence discrepancy identified

in the overlapping regions were clarified by further sequencing.

The standard single-letter code for the deduced partial amino acid sequence is shown. The
coding region ends with a TAA stop codon at base 563 (TAA), this is indicated by an
asterix in the amino acid sequence (*). The coding region is followed by a 3’ untranslated
region of 80bp. The putative polyadenylation signal is located 16bp ahead of the
poly(A)+ residues and is shown underlined (aATAAR). Since an Oligo(dT);s primer was
used for construction of the cDNA library, ML8S (Section 3.1.1), the cDNA sequence
ends with 15 ‘A’ residues. The boxed regions (

) denote the location of two
putative EF-hand calcium-binding domains (Section 3.2.3). The sequence shown
underlined in italics (438bp: cc Gc) indicates the location of a Mspl restriction site that
was used to prepare template DNA for generation of radio-labelled probes as discussed in
Section 3.2.3.
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I C A E N L A K G L K F T A A G A

AGAGGCCTTG AAGCAAGCTC AGATTCGCAC ATATTCCGAG TGGGTGAAAG
E A L K 0 A Q I R T Y S E W V K A

CAGCCGATAA GAACAAGGAC GGAAAAGTTT CGCTCCCCGA GTTTCTTGAG

TATGCTGAGA AGCATTTCGC TGGAAAGAAA TACGAGGAGA TCCCATCTTT
Y A E K H F A G K K Y E E I P S F

TTTCCGTGAC GACTTGGAGG GCCAGGCCCA GCACTTTGAC GCAAATGGAG

F R D DL E G Q A Q H F}

ATGGCATTAT TACTTTGGAT GAATGGAAGG CTATGAACAG CAGCTACCCT
M N S S Y P

AACCACGCTC CCGAGGCCGA GTTTGTTGCT GCTTTCCACC GGTTTGCTGG
N H A P E A E F V A A F H R F A G

AGGAGACAAA TTGGACTTAG CCAAGCTCAA GCACGGAATC TACGAGTGGA
G D K L D L A K L K H G I Y E W T

CCTCGACCAA GGGCCCCGTC CCCGACCTCG AAATCCTTTT CCCGTTTTTC
S T K G P V P D L E I L F P F F

AAGCGCCAAT GGTAAGCTAC AAATCGCCAA TTTTGGCAAA ACTACCATTT
K R Q W *

TGTAGCTAGG CAAATTTATA TTTAATAAAA TTGTAAATTC CATTTAAAAA
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in genes with several different functions and thus do not indicate a role for P8/8A during
plasmodium development.  Analysis of P8/8A was continued by J. Bailey and
subsequently revealed homologies to sarcoplasmic calcium-binding proteins from
invertebrates. Unfortunately, the exact role of these proteins is unclear at this time and,

therefore, they provide no indication of the role of P8/8A (Bailey et al., 1999).

The P8/8A probe often generated a high background signal on colony blots. Sequence
analysis revealed that two small regions, located at the 3’ end of the P8/8A cDNA, were
homologous to sequences in the Bluescript II vector molecule and were a likely cause of
the unusually high background signal. The level of background hybridisation was reduced
considerably in subsequent probes by truncation of the template DNA to eliminate this 3’

region, using an Mspl site located 438bp into the cDNA sequence (ccag, Figure 3.6).

3.2.4 Northern blotting analysis of D13/3D and P8/8A

To confirm the expression pattern of D13/3D and P8/8A observed during preliminary
northern analysis, more detailed northern analysis was performed using total RNA isolated
from amoebae, microplasmodia, macroplasmodia and cultures of developing cells of the
apogamic strain CL (Section 2.4.2). The proportions of different cell types represented in
the samples used are shown in Table 2.1. The northern blots were probed for D13/3D,
P8/8A, amoeba- and plasmodium-specific profilins (proA [pLAV3-1la] and proP
[PLAVS5-1]; Binette et al., 1990) and constitutively expressed actin (pPpA35; Hamelin
et al., 1988). Hybridisation was conducted at low (55°C) and high (65°C) stringency for
both D13/3D and P8/8A probes and at 65°C for all other probes (Section 2.4.4).

Actin is expressed at a steady state throughout all stages of the life cycle and constitutes a
large proportion (approximately 4-5%; Pallotta ez al., 1986) of mRNA. Therefore, actin
was used as a control for sample loading and transfer to the membrane and to check the
integrity of the RNA. The actin probe, pPpA35, encodes the P. polycephalum ardC actin
gene and hybridises to a 1400 nucleotide transcript. Since the genes for ardB and ardC
differ by just 16 nucleotides, this probe cross-hybridises to both ardB and ardC
transcripts (Section 1.3.2; Hamelin eral., 1988). Representative results from three
northern blotting experiments are shown in Figure 3.7 and the actin signals from two of
these are included. The actin signal shown at the top of this Figure (‘upper actin’) was

derived from the same blot as pro4 and proP, whilst the actin signal shown at the bottom
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Figure 3.7: Northern blotting analysis of differentially-expressed genes during
apogamic development of Physarum polycephalum strain CL

Total RNA was isolated from amoebae (A), plasmodia (Mi: microplasmodia, Ma:
macroplasmodia) and populations of developing cells (1-56%) of the apogamic strain CL
and amoebae of the heterothallic strain LU353 as described in Section 2.4.2; for more
information on the CL RNA samples see Table 2.1. 10ug denatured total RNA and 3ug
denatured RNA size markers (Promega) were size-fractionated in 1.1% agarose gels as
described in Section 2.4.2. The sample RNA was blotted to Hybond-N membrane using
the 20 x SSC alkaline transfer method (Sambrook e? al., 1989) and the RNA was fixed to
the membrane by exposure to UV (Section 2.4.1). The RNA size markers were stained
and photographed as described in Section 2.4.2 and were used to estimate the transcript

sizes detected on autoradiographs following probing (see below).

The cDNA clones for actin (pPpA3S5, Hamelin efal, 1988), amoebal- and
plasmodial-specific profilins (pro4 [pLAV3-la] and proP [pLAVS5-1] respectively,
Binette et al,, 1990), D13/3D (redA) and P8/8A (redB) were radio-labelled using the
method of Feinberg and Vogelstein (1983), as described in Section 2.4.4. These radio-
labelled probes were hybridised at high stringency (65°C) to northern blots; the results
shown are representative of the signals obtained from three independent blots containing

the same samples.

The probes hybridised to transcripts of the following sizes, as estimated from the RNA
size markers: Actin, 1400 nucleotides, pro4, 600 and 500 nucleotides; proP, 520
nucleotides; red4 (D13/3D), 800 nucleotides; redB (P8/8A), 800 nucleotides.
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(‘lower actin’) was derived from the same blot as D13/3D (redA) and is representative of
the actin signal obtained using the blot probed for P8/8A (redB).

All lanes produced clear actin bands with minor smearing, suggesting there was negligible
degradation of the samples used. The hybridisation pattern for the ‘upper actin’ is
somewhat uneven, probably due to slight differences in the loading and/or transfer of the
samples to the membrane. The lowest intensity of hybridisation was to the plasmodial
samples (Mi & Ma; Figure 3.7). However, since a strong hybridisation signal was
obtained for the proP probe using these samples and this blot was not used for the genes in
question, these differences bear little relevance to the general observations. The low
intensity of hybridisation to the A (CL) amoebal sample in the ‘lower actin’ (Figure 3.7)
could be attributed to under-loading, which resulted from technical problems during the

quantitation of the RNA sample.

The profilin genes were included as examples of amoeba- and plasmodium-specific
genes to confirm that the newly characterised genes exhibited a novel expression pattern.
Although the expression patterns for proA and proP were previously examined in
amoebae and plasmodia (Binette ef al., 1990), this study provided the first opportunity to
compare the expression in cells undergoing apogamic development. The proAd probe
hybridised to 500 nucleotide and 600 nucleotide transcripts and proP hybridised to a 520
nucleotide transcript as expected (Binette ez al, 1990). The proA transcripts are the
product of a single gene and are known to differ in the lengths of their 5° and 3’
non-coding regions (Binette ef al., 1990). Binette et al. (1990) found that the largest pro4
mRNAs were twice as abundant as the smaller transcripts and this observation was
reflected in my analysis with the strongest hybridisation occurring to the 600 nucleotide
transcripts (Figure 3.7). In contrast to pro4, the proP gene produces a single transcript
(Binette etal.,, 1990). The proA transcripts were detected in all samples containing
amoebae but neither of the plasmodial samples (Mi & Ma; Figure 3.7), while proP
transcripts were first detected in samples containing as little as 4% developing cells and
gradually increased as the percentage developing cells increased to reach a peak in
plasmodia (Ma; Figure 3.7). There are less than half as many amoebae in the sample
containing 56% developing cells than in the amoebal sample and yet the level of
expression of proA appears to remain constant (Figure 3.7). Therefore, proA transcripts

must also be present in the developing cells. Since the sample containing 56% developing
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cells only contained approximately 10% multinucleate cells, this indicates that proA

mRNA may be present well into the extended cell cycle.

Studies of expression of the plasmodium-specific betC locus, encoding the f2-tubulin
isotype, revealed that befC transcripts begin to accumulate early in the APT
(Solnica-Krezel etal, 1988). The patten of betC expression observed by
Solnica-Krezel et al. (1988) resembles the pattern detected for proP (Figure 3.7). Using
antibodies to 2-tubulin, Solnica-Krezel ef al. (1988) demonstrated that there is a delay
in relation to befC expression before the 82-tubulin protein accumulates, which correlates
to later in the extended cell cycle, shortly before mitosis. Solnica-Krezel et al. (1991)
expanded the analysis of the transition using antibodies to the amoeba-specific
o3-tubulin and plasmodium-specific B2-tubulin isotypes as markers to study the
reorganisation of the mitotic spindle in populations of cells undergoing plasmodium
development. The B2-tubulin isotype was not detected in cultures that lacked committed
cells and therefore it was deduced that $2—-tubulin is only expressed in cells committed to
development (Solnica-Krezel ez al., 1991). In contrast, the amoeba-specific a3-tubulin
could be detected in committed cells up to the bi- and quadrinucleate stage of
development (Solnica-Krezel et al,, 1991). Solnica-Krezel et al., (1991) observed that
some developing cells that contained P2-tubulin, and were thus committed to
development, were able to undergo at least one amoebal-type mitosis before binucleate
cell formation. The presence of a3-tubulin in bi~ and quadrinucleate cells demonstrated
that the changes to the mitotic spindle are not caused by a lack of a3-tubulin. This is

consistent with the notion that the changes associated with this transition are regulated by

independent factors (Section 1.4).

An important question concerning profilin expression is whether a single cell committed
to development can express both pro4 and proP at the same time. The expression patterns
observed on the northern blots described in this Chapter provide evidence in favour of
proA expression only declining once proP expression has been established.
Immunofluorescence using isotype—specific antibodies on populations of cells undergoing
the developmental transition would confirm the existence of both profilins in a single cell,
as was observed for a3- and B2-tubulin. Since profilin has been shown to be essential

for cytokinesis and, in addition, is implicated in the regulation of actin filament dynamics
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(Schliiter ez al., 1997), it is likely that the two profilins have different roles. Recent
over-expression of the two P. polycephalum profilin isoforms in profilin-deficient
Saccharomyces cerivisiae cells, provide evidence to suggest that they are not functionally

equivalent (Section 1.3.2; Marcoux et al., 1999).

Having established the expression patterns of constitutive (actin), amoeba-specific (proA)
and plasmodium-specific (proP) genes, the expression of D13/3D (red4; see below) and
P8/8A (redB; see below) was investigated. A single transcript was detected for red4 and
redB at both low and high stringency, suggesting that these genes do not have any closely
related Physarum homologues. The redA and redB mRNAs are both of approximately
800 nucleotides; however, these are not the same since they do not cross—-hybridise. No
expression of these two genes is detected in amoebae (A; Figure 3.7). Expression of both
genes is first evident when as few as 4% committed cells are present in the culture
(1-4%,; Figure 3.7) and reaches their peak level when the number increases to 56%
(Figure 3.7). Both genes are detected at reduced levels in microplasmodia (Mi; Figure

3.7) and lower still in macroplasmodia (Ma; Figure 3.7).

Although the expression pattern for redA, redB and proP appear similar in populations of
cells containing small proportions of developing cells, the expression is clearly different in
populations of cells containing a high proportion of developing cells and in plasmodia
(Figure 3.7). The red gene transcripts reach their highest levels in populations of cells
containing a high proportion of developing cells whereas proP transcripts are most
abundant in plasmodia (Figure 3.7). The expression patterns for red4 and redB differ
dramatically from the amoeba-specific pro4 and constitutive actin transcripts (Figure
3.7). Since the expression patterns for red4 and redB differ from constitutive, amoeba-
and plasmodium-specific genes, they therefore represent a new class of differentially
expressed genes that are up-regulated during the developmental transition. These genes
were therefore re-named red genes (regulated in development; Bailey et al., 1999); this
nomenclature is included in Figure 3.7 and used for the rest of the thesis. The expression

of red genes is discussed further in Section 3.3.4.

3.2.5 Southern blotting analysis of red4 and redB
Southern blotting was performed to confirm that red4 and redB were single copy genes, as

suggested by the northern blotting analysis. Southern blots (Section 2.5.1) were prepared
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using 3pug of genomic DNA isolated from CL microplasmodia (Section 2.3.2), digested to
completion using a variety of restriction enzymes (Section 2.4.1). The Southern blots
were probed for redA and redB at both low and high stringency and data from the high

stringency probing are shown in Figure 3.8.

At high stringency, only fragments from the gene being probed and highly conserved
homologues can be detected. Digestion with HindIIl generated a single 6.6kb band that
hybridised to the red4 probe at high stringency (Figure 3.8a). Since only a single band
was observed, a homologous gene could only exist if it were either also located on the
same restriction fragment or if, by coincidence, the restriction fragments were of the same
size. The cDNA sequence identified a Tagl site within the coding region of red4 and
digestion with 7aql generated three fragments, 1.8kb, 1.5kb and 900bp (Figure 3.8b).
Since only one internal site exists, the generation of the three fragments can be explained
by three possibilities:

i. The third fragment could indicate that a homologue of redA exists in the P.
polycephalum genome.

ii. If one of the fragments is the product of digestion within an intron, the gene
must be a minimum of 1.1kb in size, since the smallest 7aql fragment is 900bp
in size, the internal Tagl site is located some 120bp from the 3’ end of the
cDNA and the third fragment must also contain sufficient homology to the
probe to generate a strong signal (at least 100bp). This would suggest the
presence of a further intron(s) to account for the size of the internal fragment
(minimum 900bp).

iii. Alternatively, the third fragment could be the product of partial digestion,
which may or may not suggest the presence of an intron, depending on which

end of the restriction fragment the partial digestion occurred.

Digestion with Kpnl generated two bands, 6.5kb and 600bp, when the Southern blot was
probed for redA4 at high stringency (Figure 3.8a & 3.8b). However, the cDNA sequence
data indicate that the redd coding region contains no Kpnl sites. This result therefore
suggests either the presence of a second gene related to redA or the presence of at least
one intron, containing a Kpnl site, in the gene for redA. Since additional Southern blots
generated single redd restriction fragments, similar to HindIIl, (Chapter 4) and only a

single transcript was detected on northern blots when probed for redA, it is considered
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Figure 3.8: Southern blotting analyses of red4 and redB

3ug of genomic DNA, isolated from microplasmodia of the apogamic strain CL (Section
2.3.2), was digested to completion with the restriction enzymes indicated (Section 2.3.1)
and size-fractionated in 0.8% agarose gels (Section 2.4.1). The size-fractionated DNA
was denatured and blotted to Hybond-N membrane using the 10 x SSC alkaline transfer
method (Sambrook e? al., 1989) as described in Section 2.4.1 and the DNA was fixed to
the membrane by exposure to UV (Section 2.4.1).

Radio-labelled probes for redA (panels a. and b.) and redB (panel c.) were prepared using
the method of Feinberg and Vogelstein (1983) as described in Section 2.4.4 and were
hybridised at high stringency (65°C) to the Southern blots. The autoradiographs shown
were exposed to the blots for a 2-3 week period. The relative migration of A HindIIl and
$X174 Haelll DNA size markers (bp) is shown.
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more likely that the two Kpnl fragments were the result of digestion within an intron.
Further extensive Southern blotting analysis confirmed that red is a single copy gene that

contains an intron with a Kpnl site and clarified the reason for the presence of three Tagl
bands for redA (Chapter 4).

Digestion by Kpnl generated a single band for redB at high stringency, suggesting redB is
a single copy gene with no closely related homologues (Figure 3.8c). No Rsal sites were
identified from the cDNA sequence data but digestion with Rsal generated two intense
bands, 1.3kb and 800bp in size, and one weak band, 3kb in size, suggesting the presence
of two introns containing Rsal sites in the redB gene (Figure 3.8c). Similarly for Pstl, no
sites were identified from the cDNA sequence but digestion with Psfl generated two
intense bands, 10kb and 6.6kb in size, and two weak bands, 3.4kb and 3.0kb (Figure 3.8¢c)
suggesting the presence of at least one intron containing a PsfI site. The HindIIl digestion
for redB was unsucessful and only partially digested fragments were observed (Figure
3.8c). Digestion with EcoRV generated two large fragments, in excess of 20kb in size,
and one 1.6kb fragment (Figure 3.8c). Since no EcoRYV sites were identified in the cDNA
sequence, this restriction pattern suggests there may be at least one intron containing an
EcoRV site within the redB gene. The analysis of redB was continued by Juliet Bailey
and a redB genomic clone was isolated that indicated redB is a single copy gene with at
least three introns (Bailey et al., 1999).

Reducing the stringency of hybridisation generally permits cross hybridisation of probe
DNA to less closely related genes. When low stringency hybridisation was applied to the
redA and redB Southern blots, no additional bands were observed (data not shown). The
Southern and northern analysis of redA4 and redB at low and high stringency indicates that

these are unique single-copy genes that do not belong to gene families.

3.3 DISCUSSION

3.3.1 Screening cDNA libraries for longer red gene cDNAs

The cDNA clones for the four red genes investigated in this study were all missing a
proportion of 5’ sequence. Screening the ML8A and ML8S cDNA libraries identified a
redB clone that contained an additional 15bp of the missing 5° cDNA sequence. ML8A
was also used by T’Jampens et al. (1997) to isolate a cDNA clone for fragminP (frgP),

which was also missing some of the 5’ sequence. Often, the reverse transcription reaction
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used to generate cDNAs does not go to completion, resulting in a variety of different
length cDNAs for the same poly(A)+ RNA (Sagerstrom ef al., 1997). Since the reverse
transcription proceeds from the poly(A)+ region, it is the 5° region of the transcript that is
incomplete. It is not surprising, therefore, that it is difficult to identify full-length
transcripts from ML8S and ML8A. Since the primary library, ML8, contained inserts
from 500bp to 2kb in size, it was not unreasonable to anticipate that some of the longer
transcripts would be from the four red genes under investigation. However, amplification
of this library would enrich for phagemids bearing smaller, or no inserts; this is reflected
by the enrichment of non-insert bearing phagemids from 5% to 30% upon production of
MLS8A. Thus, the proportion of longer transcripts would be reduced in the amplified and
subtracted libraries.

Both redA and redB hybridised to mRNA transcripts that were approximately
800 nucleotides in size (Figure 3.7). The coding regions of both cDNAs ends with a TAA
stop codon and were followed by 3’ untranslated regions of up to 80 nucleotides that
contained the putative polyadenylation signal, AATAAA, situated 16bp ahead of the
poly(A)+ tract (Figures 3.5 & 3.6), all of which are consistent with previous findings (e.g.
Hamelin et al., 1988; Kozlowski et al., 1993; Morita, 1998).

By comparing the size of the transcripts detected on northern blots and the cDNA clones,
it was possible to estimate the number of nucleotides missing from the cDNAs; the cDNA
clones for these genes are 660bp and 645bp respectively (Figures 3.2 & 3.3). The first
consideration when making such an estimate concerns the proportion of the 800 nucleotide
transcripts, detected by northern analysis, likely to represent the poly(A)+ tail. There is
conflicting evidence on the length of poly(A)+ tails in mRNA from P. polycephalum.
Size estimates have varied from 65 to 250 nucleotides (reviewed by Brown & Hardman,
1981). By minimising degradation of mRNA, Brown & Hardman (1981) estimated that
the length of poly(A)+ tails ranged from 140 to 220 nucleotides and suggested that the
discrepancy with previous estimates was due to variation in degradation by endonucleases.
They also demonstrated that poly(A)+ tails become shorter as the population of mRNA
molecules ages. Green & Dove (1988) found a notable reduction in the length of the
poly(A)+ tract of a-tubulin following mitosis and correlated this directly with mRNA
stability. When most stable, in G2 phase, the poly(A)+ tract contained 80 nucleotides.

However, when the mRNA is destabilised following mitosis, it is reduced to less than 30
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nucleotides (Green & Dove, 1988). Using a similar approach to Green & Dove (1988),
Binette e al. (1990) established that the poly(A)+ tails of the proA mRNAs contained
approximately 50 residues. Using an estimated 50 nucleotides for poly(A)+ tract from
previous gene studies (e.g. Green & Dove, 1988, Binette ef al., 1990), approximately
100bp of coding and 5’untranslated regions are missing from the red4 and redB cDNA
clones. The 5’ untranslated regions can be as small as 15 nucleotides (Binette et al.,

1990). Therefore, at most approximately 80bp of coding sequence are missing from these
cDNA clones.

3.3.2 Efficiency of subtraction of MLSA

The initial screen of the subtracted library involved only a small fraction of the total
library; the majority of the clones identified were unique. It is therefore likely that this
library contains additional red gene clones. Of the 12 clones selected for northern
analysis, two were unquestionably red genes (red4 and redB) and four failed to give a
positive result. A single subtraction step was used to generate ML8S, had further
subtraction been performed, the level of false positives may have been reduced
(Sagerstrom et al., 1997). However, there is no doubt that the subtraction of ML8A did
lead to enrichment of genes expressed primarily during the APT. By comparing the
frequency at which the red genes were identified in MLL8 A and ML8S, Bailey ez al. (1999)
estimated that there was at least a 10-fold enrichment of red genes within the subtracted
library. The degree of enrichment by subtraction has been reported to vary from 10-fold
to over 5000-fold, probably as a result of differences in the procedures used and variation
in the complexity of the system under investigation (Sagerstrom efal., 1997). The
screening for redB generated the most new clones and, the frequency at which redB was
identified in the two libraries was 1 in 5,250 for MLS8S and 1 in 10,200 for MLSA.
However, since these libraries contain different proportions of cells bearing plasmids with
cDNA inserts, this equates to 1 in 780 of the insert-bearing colonies from MLS3S
containing redB clones compared with 1 in 7140 for ML8A. Further experiments are
required to provide a more accurate estimation of the frequency at which redB clones are

observed in the two libraries.

The 150 potential red gene clones were obtained from screening 30,000 colonies from the
ML8S library, 4500 of which contained cDNA inserts. Only 12 of the 150 potential red

genes identified in the preliminary screening of ML8S were analysed during the course of
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these and previous studies, which lead to the discovery of red4 and redB. However, four
of the 12 clones failed to produce a discernible signal on the northern blots. Therefore,

approximately 1 in 4 of the clones that gave a result were red genes.

Recently, E. Swanston, L. King and A. Kobayashi isolated two new red genes (redE and
redF) by continued screening of the 150 clones (Bailey etal., 1999, E. Swanston,
unpublished data). The most interesting of these is redF, which was renamed mynD, after
sequence analysis revealed that it was homologous to myosin type II heavy chain (Bailey
etal., 1999). The mynD cDNA clone contains approximately 1kb from an estimated 6500
nucleotide transcript and represents the 3’ region encoding part of the myosin II tail region
(Bailey et al., 1999). This is the first myosin type II heavy chain gene to be cloned from
Physarum polycephalum and northern data indicates that it is neither the amoebal nor the
plasmodial myosin II identified biochemically in previous studies (Bailey etal., 1999;
Stockem & Brix, 1994).

3.3.3 Strategies for cloning differentially expressed genes

The method of screening subtracted cDNA libraries is a popular technique used to isolate
differentially expressed genes (Sagerstrom et al., 1997). The libraries used in this study
were constructed several years ago (Bailey efal., 1992b) and since then, the variety of
techniques available has expanded and several alternative approaches now exist. More
recently developed techniques include expressed sequence tag (EST) sequencing (Adams
etal., 1991), EST-based serial analysis of gene expression (SAGE; Velculescu ef al.,
1995) and PCR-based techniques of representational difference analysis (RDA; Lisitsyn
etal., 1993), differential display (Liang & Pardee, 1992), closely related RNA arbitrary
primed PCR (RAP-PCR; Welsh et al., 1992) and differential subtraction display (DSD,
Pardinas et al., 1998). The development of such techniques has simplified the analysis of

differentially expressed genes.

EST’s are generated from cDNA libraries; random clones are sequenced from the 3’ or 5’
end of the cDNA resulting in approximately 300bp of unique sequence. The method is
costly and time consuming, but can yield highly informative data. Carulli ez al., (1998)
analysed over 9000 EST’s from differentiating rat osteoblast cells and 10% of the genes
identified were un-related to sequences in the databases. Screening of ML8 using EST’s

may reveal homology to known developmental genes from other systems and would
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enable a screen of the entire library. Such a screen would also allow most duplicate clones
to be identified and would help identify the longest transcripts for each individual gene
represented. However, using such screening, several thousand genes would be identified
of different types and it is possible that some red genes could be overlooked, for example,
those that share no homology with database sequences, such as red4 and redB. Given the
cost and time involved, high-throughput EST analysis seems an unlikely candidate for
studies in Physarum polycephalum at present.

Differential display and RAP-PCR based techniques have become popular in recent years
(reviewed by Liang & Pardee, 1995). These techniques rely upon comparison of 3’
fragments of cDNA generated through PCR of RNA from different cell types using
arbitrary primers. Although differential display techniques provide a rapid method for
isolation of differentially expressed genes, technical problems often result in false
positives and limit the isolation of rare transcripts. Although less than 1pg of total RNA
or mRNA are required for this procedure (Carulli e al., 1998), the sequence generated is
generally short and often corresponds to the 3’ untranslated region (Wan ez al., 1996;
Sagerstrom et al., 1997). The sequence is often insufficient for database comparisons,
since it may represent a poorly conserved region in the sequence. To obtain full-length
cDNAs for further analysis, additional cloning is required. Therefore, the rate-limiting
step for the technique is verification of the results. The specificity of the sequence
generated depends largely on the primers selected and, although abundant and rare
transcripts can be identified (Wan ez al.,, 1996), there is often a bias towards abundant
mRNAs (Bertioli eral,, 1995). As the differential display techniques have become
popular, refinements are continually appearing in the literature to overcome such problems

(reviewed by Liang & Pardee, 1995; Matz & Lukyanov, 1998; Pardinas ef al., 1998).

Wan et al., (1996) compared electronic subtraction (e.g. EST and SAGE), differential
display and subtractive hybridisation. Interestingly, none of the differentially-expressed
genes identified were common to all three screening techniques (Wan ez al., 1996). In
order to identify all differentially expressed genes in P. polycephalum, such as the red
genes, it is likely that a combination of techniques such as screening subtracted cDNA
libraries and differential display is required. At this time, the ML8S cDNA library
represents the most logical resource for identifying further red genes. The construction of

the ML8 cDNA library was time consuming but has generated a valued resource for
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identification of the genes for which it was originally designed (Bailey et al., 1999).
MLS8A has also been used successfully to isolate cDNA clones for amoeba-specific,
plasmodium-specific and constitutive genes, such as frgP, frgA and actin—fragmin kinase
(T’Jampens et al., 1997 & 1999; Eichinger et al., 1996). Therefore, ML8A represents a
valuable resource that could be used in conjunction with other screening techniques to

obtain longer length cDNAs for a gene of interest.

3.3.4 red gene expression

The expression pattern of red4 and redB was highest in cultures containing a high
proportion of developing cells (56%; Figure 3.7), suggesting the genes were most active
during the APT. This expression pattern is clearly different to that produced by amoeba-
and plasmodium-specific genes (pro4 and proP; Figure 3.7). A relatively strong signal
was detected for redd and redB in samples prepared from microplasmodia (Mi;
Figure 3.7). The microplasmodia used for northern blotting analysis in these studies were
prepared by transferring macroplasmodia into axenic shaken culture, and therefore are not
derived from the intermediate stage in plasmodium development between the extended
cell cycle and the formation of macroplasmodia. The increase in expression of these
genes in microplasmodia compared to microplasmodia may be a response to the fission of
the plasmodia in shaken culture and not a consequence of exposure to liquid axenic media.
This idea is supported by the lack of expression of the red genes in amoebae growing in

the same media and culturing conditions (Bailey ez al., 1999).

Macroplasmodia differ from microplasmodia in possessing an extensive network of veins,
which provides a basis for locomotion by protoplasmic streaming. Therefore, it is likely
that microplasmodia, which are constantly being broken in axenic shaken culture, are
continuously trying to remodel their microfilaments to establish this network of veins.
The largest microplasmodia contain several hundred nuclei and are vein-like or
dumbbell-shaped. These exhibit some protoplasmic streaming, although this does not
provide a basis for locomotion and does not occur through well defined veins (Kukulies
et al., 1987; Stockem & Brix, 1994). Microfilaments are organised into two kinds of actin
cytoskeleton in plasmodia; a random cortical actin system located at the plasma membrane
or organised fibrillar actin microfilaments (Section 1.3.2; Kukulies et al.,, 1987). The
extent to which these are observed in microplasmodia varies from one culture to the next,

although the latter is only observed in dumbbell-shaped and vein-like microplasmodia.
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Kukulies e al. (1987) also correlated differences in the turnover of actin with the type of
microplasmodia observed, with the highest turnover occurring in the small amoeboid-like
microplasmodia. Similar dynamic rearrangements are necessary during the transition
from amoeba to macroplasmodia (Section 1.3) and some genes that are up-regulated
during both the transition and in microplasmodia will undoubtedly be involved with

regulating such rearrangements.

Bailey ef al. (1999) reported that it was possible to obtain populations of cells undergoing
the APT in which more than 60% were committed to development. The majority of these
committed cells were multinucleate and were therefore not suitable for construction of the
cDNA libraries. However, it would be interesting to compare the expression levels of the
red genes and the constitutive, amoeba-specific and plasmodium-specific in such
samples. The multinucleate cells in such cultures would be much smaller than a typical
microplasmodium. Nevertheless, the expression level for red4 and redB genes in such
cultures may resemble that seen in microplasmodia.  However, in contrast to
microplasmodia, a proA signal should also be detected since some amoebae will still be
present in the cell population. It would also follow, therefore, that expression of some as

yet undiscovered red genes may not occur in microplasmodia.

The red genes may ultimately fall into different sub—categories. Genes such as mynD,
may provide a purely structural role and be involved in the dynamic cytoskeletal
rearrangements that occur during the developmental transition. Other red genes may have
short transient regulatory roles, similar to the regulatory genes that exist in Drosophila
(Tautz & Schmid, 1998). The category to which red4 and redB belong remains to be
determined. It is also likely that some red genes may be involved earlier in the
amoeba-plasmodium transition than red4 and redB and could exhibit an earlier peak in
expression. Future analysis, including immuno-localisation of the RedA, RedB and
MynD proteins to determine when in development the proteins are present and whether
they co-localise to particular cell structures, is planned (J. Bailey, personal
communication). Such analysis is more sensitive than northern analysis, since the
expression can be pinpointed to a specific cell rather than a mixed population of
cell-types. This information, together with data from a functional analysis by gene
knockout or antisense studies (discussed in Chapter 5), may lead to a better understanding

of the processes by which plasmodia develop from amoebae.
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3.4 SUMMARY

Prior to the studies reported in this Chapter, Bailey et al. (1992b) sought to clone and
analyse genes expressed at highest levels during the amoeba-plasmodial transition by
screening a ¢cDNA library that they constructed from a culture containing a high
proportion of developing cells. Preliminary northern analysis of four genes (D6/18P,
D13/3D, P4/10P and P8/8A), which were identified by screening the library, revealed that
they exhibited an apparently novel pattern of gene expression during plasmodium

development.

I continued screening of the ML8A and ML8S c¢DNA libraries to identify longer
transcripts of D6/18P, D13/3D, P4/10P and P8/8A. This screening identified just a few
positive clones and only one clone that was longer than the original (P8/8A). Since so few
positives clones were identified from the screening of a large numbers of colonies, full
length cDNAs are probably not present in these libraries. Therefore no further library

screening was performed.

The longest clone for P8/8A, obtained from screening ML8S, and the three original cDNA
clones for D6/18P, D13/3D and P4/10P were sequenced and database comparisons were
made in order to identify any domains, motifs or homologies to genes from other systems

that may suggest roles for the four genes in Physarum polycephalum.

No homologies, domains or motifs were identified for the clone D6/18P. The D6/18P
c¢DNA clone was considerably smaller than the transcript detected on northern blots,
516bp compared to approximately 2500 nucleotides. Further northern analysis of D6/18P
revealed a plasmodium-specific expression pattern and this gene was therefore no longer
in the category of genes with a novel expression pattern (E. Swanston, Unpublished data).
Since a longer cDNA for D6/18P could not be found and no homologues were identified,
the analysis of D6/18P was suspended.

The C-terminal half of the protein for P4/10P contained homology to Rhizobium
nodulation N proteins, which are involved in production of host-specific root hair
deformation factors, although their exact role is unclear (Surin & Downie, 1988).

However, these homologies do not indicate a role for P4/10P in Physarum polycephalum.

3-30



In addition, the fact that the homology only extends to the C-terminal half of the protein
suggests that P4/10P may have a second functional domain at the N-terminus and may not
function in a manner related to the nodulation genes. Further northern analysis revealed
that P4/10P exhibited a constitutive expression pattern (Evans, 1997). Since this gene
does not exhibit the novel pattern of gene expression observed on the preliminary northern

blots, no further characterisation was performed.

The expression pattern of D13/3D and P8/8A, observed during preliminary northern
analysis, was studied in more detail by further northern analysis using total RNA isolated
from amoebae, microplasmodia, macroplasmodia and cultures of developing cells of the
apogamic strain CL. The expression of these genes was highest in cultures containing a
high proportion of developing cells (56%; Figure 3.7), suggesting the genes were most
active during the APT. Since this expression pattern is clearly different to that produced
by constitutive or amoeba- and plasmodium-specific genes, they represent a new class of
differentially expressed genes that are up-regulated during the developmental transition,
the red genes (regulated in development; Bailey ez al., 1999). The genes were therefore
named red4 (D13/3D) and redB (P8/8A) since they were the first two genes cloned and
identified in this manner. Southern blotting confirmed that red4 and redB are single copy

genes with no closely related homologues in Physarum polycephalum.

The database search for domains and motifs in redB identified a pair of well conserved
EF-hand calcium-binding domains (Bailey ef al., 1999). However, these domains occur
in genes with several different functions and thus do not suggest a role for redB during
plasmodium development. Further analysis of redB by J. Bailey revealed sequence
homologies to sarcoplasmic calcium-binding proteins from invertebrates that,

unfortunately, provide no indication of the role of redB (Bailey ef al., 1999).

No sequence homologies were identified in redd. The analysis of red4 function and

genome organisation was continued and is described in Chapters 4 & 5.
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CHAPTER 4: GENOME ORGANISATION AND SEQUENCE
ANALYSIS OF REDA

41 INTRODUCTION

Southern and northern blotting analysis indicate that redA is a single-copy gene and not a
member of a multi-gene family (Chapter 3). No full-length transcript of red4 was
obtained by screening the MLL.8 A and ML8S cDNA libraries and therefore, to complete the
sequence of the coding region, red4 genomic DNA clones were sought. Before genomic
clones could be identified, further extensive Southern blotting analysis was performed to
generate a restriction map of the red4 genomic region and to identify suitable restriction

fragments for the construction of genomic libraries and for PCR.

As discussed previously, cloned P. polycephalum genomic fragments are sometimes
unstable in bacterial hosts (Section 1.5.2); therefore, PCR-based strategies were sought as
an additional approach to clone red4. One benefit of PCR-based strategies is that
fragments generated by PCR can be sequenced without cloning to bacterial hosts, if
necessary. This could be particularly useful in light of the potential problems associated
with cloning Physarum genomic sequences. Conventional PCR using genomic DNA and
gene-specific primers would enable the number and location of any introns to be
determined, but would be limited to the region covered by the cDNA clone and therefore,
would not help identify the missing 5’ coding region (McPherson et al., 1991). Inverse
PCR is a technique that allows amplification of regions of DNA flanking previously
identified sequences by using the simple approach of circularising genomic DNA
fragments. Thus, primers that would ordinarily be incompatible for PCR, due to facing in
opposing directions in the sequence of interest, can be used to amplify the 5’ and 3’
sequences (Ochman ef al., 1988; Section 4.4.2). It was anticipated that Inverse PCR
would enable the missing 5° coding sequence and intron sequences of red4 to be

determined.

4.2 FURTHER SOUTHERN BLOTTING ANALYSIS OF REDA

The preliminary data from Southern blotting analysis of red4 indicated that there was at
least one intron in this gene (Chapter 3). To map the redd genomic region in detail and
identify suitable restriction fragments for genomic library construction and inverse PCR,

Southern-blotting analysis was performed using single and double restriction digests
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(Section 2.3.1). Digests generating fragments less than 7kb were potentially suitable for
construction of genomic libraries or PCR. As discussed previously (Section 1.5.1),
fragments larger than this are regarded unsuitable for cloning purposes due to problems
with stability thought to be caused by the various repetitive DNA elements found within

the genome.

Initially, Southern-blotting analysis of red4 was performed with single restriction
digestion using enzymes that had 4-6bp recognition sequences, several of which were
known to cut at a single internal site from the cDNA sequence (Figure 4.1 & Chapter 3).
However, the smallest redA genomic fragment generated from these digestions was 8kb

(BamHI, Table 4.1) and was larger than desired for cloning.

Further Southern blotting analysis was performed using single and double restriction
digestion (Table 4.1). For some double restriction digestion, Aval was selected as an
‘anchor’ for gene mapping purposes and this mapping is discussed in detail in Section 4.5.
Digestion with Aval generated a 20kb red4 fragment (Figure 4.2 & Table 4.1). It was
anticipated that combining Aval digestion with restriction enzymes that do not cut at
internal sites may reduce the 20kb Aval fragment to a more suitable size for cloning and
PCR purposes and would simplify the mapping. The sequence data from the cDNA clone
indicate that a single Aval site is located close to the 3’ end of the coding region (Figure
4.1). The 3’ sequence beyond the Aval site contains only 120bp of the cDNA from which
the probe is generated. Therefore, the signal intensity for fragments carrying this 3’
portion would be low when compared to fragments bearing the larger 5’ region. In
addition to the major 20kb Aval fragment, a faint 1.2kb Aval fragment was sometimes
observed on the Southern blots and this was presumed to be the 3’ fragment (Table 4.1;
Southern blot not shown). Provided no further Aval sites exist within introns in the red4
gene, fragments greater than 600bp generated by double digestion would contain the
missing 5’ coding sequence and any introns located ahead of the Aval site. Further

discussion of the Southern blotting analysis is included in Sections 4.3 to 4.5.

43 CONSTRUCTION OF GENOMIC LIBRARIES CONTAINING REDA
Genomic libraries provide a convenient means of cloning fragments of the genome and are
a valued resource for isolation of individual genes or gene families. Libraries can be

constructed from complete genomes, although there is often a bias for the smaller
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Figure 4.1: The location of red4 primers and some restriction sites as deduced
from cDNA sequence analysis and Southern blotting

The preliminary sequence of redd was determined manually using T7 DNA polymerase
and the Sequagel™ sequencing system (Section 2.4.5) with the universal reverse and M13
—40 primers located in the vector sequence. Gene-specific primers were then designed
against this sequence for further sequence analysis and PCR of redA4 using the Wisconsin
Package, Genetics Computer Group (Madison, USA) on the Leicester University

mainframe computer and synthesised as described in Section 2.4.5.

The locations and directions of the primers used in these studies are indicated using
arrows (— ). The universal reverse and —40 primers located in the vector sequence
flanking the cDNA are denoted by a broken arrow ( —#% ) The sequence of each
primer and the studies for which it was used are shown in the table. Where cloning sites
were added at the 5° end of the primer, the restriction enzymes are named. The
gene-specific primers were all designed from the original cDNA clone (D13/3D) and are

therefore named accordingly.

The area indicated by a shaded box (
the cDNA clone. All other regions are indicated by a single line (

] ) represents the region of red4 covered by

). The relative

position of a few important restriction sites and the putative polyadenylation signal
(AATAAA), identified from sequence analysis of the cDNA clone, are included on this
map. The sites located in the regions flanking redA are not shown to scale. Although an
intron containing a Kpn I site was identified by Southern blotting analysis (Chapter 3), its
location could not be determined from the Southern blot data available at the time and,

therefore, it has been excluded from this map.
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D13/3D-1tag
D13/3D-2
D13/3D-3
D13/3D-4
D13/3D-5
D13/3D-6tag
D13/3D-Ttag
D13/3D-8
D13/3D-9
D13/3D-10
D13/3D-11
M13 -40 primer
reverse primer
D13/3D-mis

— 1b7]

Primer Sequence

5'-Xhol/Hincll/Sall. TGGTGTAGTCCCTTCCCTCC-3'
5'-GGCTGTTACGGTGTTAATTGG-3'
5'-TTGGGTGACGCTGTGTGGGC-3'
5'-GCACTTGGAATCAGAGAATT-3'
5'-“GCAATAAGGAGGGAAGGGAC-3'
5'-Xbal/Notl. CAAATGCCACCTTCACTATG-3'
5'-Xbal/Notl: TATTGACAAGAAACCAGGC-3'
5-CCGAGATATTATCATTCTCC-3'
5'-TTGAATGCAATGACCAG-3'
5-GTCACCCAAGCTATATATCC-3'
5'-ATGGTAGAAATTGCATGGC-3'
5-GTTTTCCCAGTCACGAC-3'
5-GGAAACAGTATGACCATG-3'
5'-EcoRV/EcoRI.GAAAGGAAGC-3'

Used for

PCR

Sequencing, PCR

Sequencing, PCR, Inverse PCR
Sequencing, PCR

Sequencing, PCR, Inverse PCR
Sequencing, PCR, Inverse PCR
Sequencing, PCR, Inverse PCR
Sequencing, PCR

Sequencing, PCR

Sequencing, PCR

Sequencing, PCR

Sequencing, PCR

Sequencing, PCR

Creation of frameshift by PCR



Table 4.1:  Data from Southern blotting analyses of red4

These data were compiled from several Southern blots and some digestions were repeated
up to six times. When a particular digestion was repeated (e.g. Kpnl, Figure 3.8 & Figure
4.2), there were sometimes small discrepancies with the calculated size of the fragment(s)
produced as an artefact of the blotting procedure. In these cases the range of estimated
sizes is given. The sizes of the bands were determined relative to A HindIIl and $X174

Haelll DNA size markers.

Restriction digests marked with a ‘cross’ ( 1) are included in Figure 4.2 and those marked
with a ‘double cross’ ( 1 ) are included in Figure 3.8. Fragments shown in bold were used
in conjunction with sequence data to generate a map of the genomic region containing
redA (Figure 4.4). Fragments thought to be generated by star activity involving HindIIl
(Section 4.5) are marked by an asterix ( * ). Fragments shown in (brackets) produced a
low intensity signal on the Southern blot and are thought to be either the product of
asymmetric digestion within the red4 gene (e.g. the 1.2kb Aval fragment; Section 4.5) or
partial digestion (e.g. the 1.8kb Tagql fragment; Section 4.6). The deduced fragment ends
from double digests and the location of sites identified from the sequence data are shown

where possible.



Table 4.1

Restriction digest | Fragment size(s) Additional information
TAval - 20kb, (1.2kb) Aval site 539bp into cDNA clone
Tdva 1 - 3kb, 2.5kb Avall site in intron 2
"BamHI - 8kb No internal site
TEcoRI - 7kb, (2.2kb) (9.4kb) EcoRlI site 87bp into cDNA
EcoRV - 19-20kb No internal site
I THindI - 6.2-6.8kb (Av. 6.6kb) No internal site
| Hpal - 21kb No internal site
1 N Kpnl sites 2bp into coding region
Kpnl 6.0-6.6kb, S80-700bp and at start of intron 2
"Notl - >23kb No internal site
*Pstl - >23kb or (15kb) & (9kb) | Ps site 494bp into cDNA
TPvull - ggt;) ((;r;kg; 4.8kb, Pvull site 201bp into cDNA clone
*Taql (1.8kb), 1.5kb, 900bp | 291 sles in intron 2 and 540bp
{ "Xbal - 15-16kb No internal site
Xeml 6.6-6.7kb Xcml site 115bp into cDNA clone
T Xmnl 5kb No internal site
TAval Apal 20kb Aval only
Aval Avall | 3kb, 2.5kb, (2kb), (1.8kb) | -
"4val | BamHI | 6kb BamHI-Aval
t4val Bgll 20kb Aval only
4val Clal 9.5kb Clal-Aval
t4val EcoRV | 14kb EcoRV-Aval
tAval HindIIl | 2.4kb*, (20kb), (1.2kb) | (4val only)
'dval Notl 10kb NotI-Aval
Aval Pstl 20kb Aval-Pstl
Aval Scal 9.5-10kb Scal-Aval
Aval Xbal 4kb, (20kb) Xbal-Aval, (Aval only)
Avall EcoRI 3kb, 2.5kb Avall only
Avall Pstl 3kb, 2.5kb Avall only
Avall Pvull 3kb, 2.3kb Avall-Avall, Pvull — Avall
EcoRV | Hindlll | 6.4kb HindIII only
EcoRV | Xbal 8kb -
HindIll | Kpnl 6kb, 600bp Kpnl only
Hindlll | PsA 6.2-6.6kb HindII-Pstl
'Hindlll | Xbal 2.4kb* or 6.2-6.8kb (HindIII only)
Kpnl Smal 6.6kb, 600bp Kpnl only
I_LPstI Xbal 16kb Lal only




Figure 4.2: Southern blotting analyses of red4

3ug of genomic DNA, isolated from microplasmodia of the apogamic strain CL (Section
2.3.2), was digested to completion with the restriction enzymes indicated (Section 2.3.1)
and size-fractionated in 0.8% agarose gels (Section 2.4.1). The size-fractionated DNA
was denatured and blotted to Hybond-N membrane using the 10 x SSC alkaline transfer
method (Sambrook ef al., 1989) as described in Section 2.4.1 and the DNA was fixed to
the membrane by exposure to UV (Section 2.4.1).

Radio-labelled probes for redd were prepared using the method of Feinberg and
Vogelstein (1983) as described in Section 2.4.4 and were hybridised at high stringency
(65°C) to the Southern blots. The autoradiographs shown were exposed to the blots for a
9-day period. The relative migration of A HindIIl and $X174 Haelll DNA size markers
(bp) is shown.
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fragments within the library. This bias can occur during the outgrowth period
immediately following transformation or during any subsequent bacterial culture since the
bacteria with small plasmids are able to replicate, and thus divide, more rapidly than
bacteria harbouring larger plasmids. However, this effect can be limited by
size-fractionation of the digested DNA into pools of similar-sized fragments. This
concentrates fragments of the desired size into one pool, which can be used to construct an
enriched library with reduced variation in plasmid sizes. Similar size-fractionation has
been used successfully by other research groups to clone Physarum polycephalum genes
(e.g. Binette et al., 1990).

4.3.1 Construction of HindIII — PstI genomic libraries

Initially, size-fractionated genomic libraries of HindIII-Ps# digested CL genomic DNA
were constructed. This digestion generated fragments 6.4kb in size for red4 and
4.4-4.6kb for redB (data not shown). Therefore, HindIII-Psfl genomic libraries would
not only be useful for isolation of a red4 genomic clone, but also for isolation of a redB
genomic clone. Eight fractions were produced relative to A HindIIl and ¢$X174 Haelll
DNA size markers: 500bp-1kb, 1-2kb, 2-2.5kb, 2.5-4.4kb, 4.4-6.6kb, 6.6-9.4kb,
9.4-15kb and 15kb+ (Section 2.3.4). The first five fractions were ligated individually to
pBluescript® II (Stratagene) with HindIII-Psfl phosphatased cloning ends and
transformed into XL1-Blue to generate libraries LL2-1LL6 (Leicester Library; Table 4.2;
Section 2.3.4). For each library, the total number of colony forming units (cfu) was
determined by plating 10 to 10°-fold serial dilutions and counting the number of colonies.
The percentage of vectors bearing inserts was estimated by determining the number of
plasmids with inserts in a random sample of 10-20 colonies (Table 4.2). A fraction of
each library was amplified by inoculating 10 x 9cm LB-amp plates with 600-1800
colonies per plate. After overnight incubation at 37°C, the colonies were suspended in
2ml LB-broth per plate, pooled and sterile glycerol was added to a final concentration of
10%. A small amount of the pooled suspension was used in serial dilutions to assess the

final cell density and percentage inserts for the amplified libraries as described before.

The construction of HindIII-Psfl size—-fractionated genomic libraries was not taken
further than fraction 4.4kb-6.6kb. For fractions larger than this, test ligations indicated
that the number of colony forming units containing genomic fragments would have

dropped to close to zero in the primary library (data not shown; Table 4.2). In addition,
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Table 4.2:  Details of the size-fractionated HindIII-Pstl genomic libraries

Ten duplicate HindIII-Pstl digestions (Section 2.3.1) of 3-5ug of genomic DNA isolated
from microplasmodia of the apogamic strain CL (Section 2.3.2) were size-fractionated
across ten lanes of a 0.8% agarose gel. Using A HindIIl and $X174 Haelll DNA size
markers for reference, the DNA fractions indicated were isolated from the appropriate
section of the gel by mineral wool filtration (Section 2.3.2). Five HindIII-Pstl digested
genomic DNA fractions were ligated to pBluescript Il prepared with HindIIl-Pstl cloning
ends that had been treated with phosphatase to prevent self-ligation (Section 2.3.3); these
were then transformed into XI.1-Blue competent cells to generate the five basic libraries
(LL2-LL6; Section 2.3.5). For each library, the total number of colony forming units (cfu)
was determined by counting the number of colonies that grew after 16 hours at 37°C using
10 to 10°-fold serial dilutions (Section 4.3.1). Each library was amplified by overnight
incubation (37°C) of ten replica plates, each containing an inocula of 600-1800 cfu; the
colonies from each plate were then suspended in 2ml-LB broth, pooled and sterile glycerol
added to a final concentration of 10% for storage as lml aliquots at -80°C. The
percentage of plasmids bearing inserts was estimated from random sampling of 10-20

colonies from each library (Section 2.2.5).

Library LL6 was not amplified since it was predicted that amplification would have led to
a loss of inserts (Section 4.3.1). The apparent decline in the percentage of inserts observed
for the larger genomic fragments (LL5-LL6) was deduced to be associated with repetitive
elements within the Physarum genome and/or plasmid stability in the bacterial host
(Section 4.3 .2).



Ly

Table 4.2

ﬂ . . ——— 5 : T — —— E—
Library DNA Basic Library Amplified Library
cod Fraction 1 . _
© (kb) cfu ml! Total colonies % inserts cfu ml’ Total colonies % inserts

LL2 0.5-1.0 9.1x10° 1.4 x 10° 95 6.8x10° 1.4x 10’ 79
LL3 1.0-20 9.0x 10? 22x10* 90 22x10° 42x10° 83
LL4 20-25 28x10° 6.4 x 10* 60 8.7x10° 1.8x 107 20
LL5 25-44 2.6x10* 29x10° 40 1x10° 22x 10’ 0
LL6 44-66 49x10° 6.9x10° 30 - - -




such fragment were reaching the upper size-limit for plasmid stability (Section 1.5.2).
Overall in these libraries, as the size of fragments increased, the number of plasmids with
inserts decreased (Table 4.2). Several factors may have caused the steady decline in cfu’s

bearing inserts, some of which are discussed below.

4.3.2 Problems associated with construction of genomic libraries

Screening LL6 for redA suggests that recombination may have occurred in the plasmid,
since some inserts were only 2kb or less in size (data not shown). As discussed in
Chapter 1, the repetitive elements in the P. polycephalum genome have been known to
cause problems with stability of genomic fragments cloned into bacterial hosts.
Recombination of repetitive elements in the genomic fragment (Nader, 1986) would result

in some vectors containing a truncated insert.

The major repetitive element, Tp1l, contains two HindIll sites (Pearston et al., 1985) and is
located in scrambled clusters throughout the genome (Section 1.5.1). However, since the
Tpl element does not contain any Ps/ sites, it was anticipated that the majority of these
repetitive elements would be contained on HindIIl fragments and would be excluded from
the HindIII-Ps/1 libraries through design (HindIII-Pst cloning ends). The Tpl elements
were therefore, less likely to cause instability in these libraries. However there is a
possibility that recombination may have occurred across ‘foldback’ repeats or single
nucleotide tracts (discussed in Section 1.5.2) to generate the smaller fragments in the
4.4-6.6kb library, LL6.

When the libraries were amplified, the number of plasmid-free cells increased (data not
shown). For example, when LL3 was amplified, 100% of the colonies investigated
contained plasmids, however, when LL5 was amplified, approximately 30% of the
colonies investigated were plasmid-free. In addition to problems associated with stability
of cloned genomic fragments due to recombination within the cloned genomic fragment,
plasmid stability in the bacterial host can be problematic. At cell division, E. coli cells
distribute plasmids randomly and provided the copy number remains high, plasmid-free
cells are rarely formed. However, some vectors are notoriously bad when it comes to
maintaining plasmid stability, e.g. the pUC series of vectors (Summers, 1998);
pBluescript® II is a pUC-based vector. Such plasmids are normally maintained at over

100 copies per cell but are often lost at high frequency when the cells are grown in
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non-selective conditions. The copy number can be regulated by the cell: if the copy
number is too low each plasmid replicates more than once for each generation, if too high,
the opposite occurs (Summers, 1998). Multimers formed by recombination out-replicate
monomers by virtue of the fact they carry multiple replication origins (Summers, 1998).
Eventually the population could reach a point at which most cells contain only multimers
(the dimer catastrophe model, Summers efal., 1983). Although the copy number of
multimer containing cells may be correct, the plasmid distribution at division is uneven
and permits a high frequency of plasmid-free cells forming (Summers, 1998). In reality,
this kind of multimerisation is avoided because multimer containing cells grow slower
than those containing monomers (Summers, 1998). Natural plasmids, such as ColE1, are
able to resolve plasmid multimers back to monomers by site-specific recombination
(Summers, 1998). However, many man-made plasmids, including Bluescript 1I, often
lack the components required for multimer resolution and therefore suffer from instability.
Although selective conditions were used when growing the HindIII-Psfl genomic
libraries, there is a possibility that the antibiotic had suffered a loss in activity sufficient to

enable plasmid loss to contribute to the decline in inserts within the libraries.

One reason it is so difficult to clone fragments larger than 6kb, and another possible cause
for the reduction in insert bearing vectors, is that once the vector was the smallest
fragment within the ligation, the larger molecules of genomic DNA may be more likely to
ligate to one another at random than to the vector. Fragments of genomic DNA ligating to
each other to form circular molecules would be lost, since they would not be resistant to
antibiotics and would not carry any of the components required for bacterial transfer or
maintenance. This would result in a smaller library with a high proportion of self-ligated
vector. In addition, subsequent amplification of such libraries would lead to an increase in
the proportion of self-ligated vector, since bacteria containing these plasmids would be
able to outgrow those with the larger plasmids, consisting of vector plus genomic

fragment. This general trend is apparent in these libraries (Table 4.2).

4.3.3 Screening the HindIII — Pstl1 library, LL6, for redA

Approximately 6,000 colonies (1,200 colonies x 5 plates) from the library containing
4.4-6.6kb HindIII-Pst1 fragments (LL6; Table 4.2) were screened for red4 using colony
blot hybridisation (Section 2.4.3). This screening generated a high level of background

activity and was therefore repeated using a second batch of newly prepared colony filters.
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Most of the putative positive clones selected for further analysis contained inserts that
were notably smaller than expected suggesting there may be a problem; only 2 of the 12
clones from the second screen contained inserts larger than 4kb while the remaining
clones contained inserts less than 2kb in size. Following Southern blotting analysis of
these putative positive clones, it became apparent that none contained a red4 genomic
fragment. However, some of the small inserts were of a similar size, suggesting there was
a bias for one particular clone. Subsequent sequence analysis of this clone revealed that

the redB cDNA had contaminated at least two of the libraries: LL5 and LL6.

One factor common to construction of both LL5 and LL6 was the source of cloning vector
and this is the most likely route of redB cDNA contamination. A fresh batch of
phosphatased HindIll-Pstl digested Bluescript II was prepared for construction of LL5
and LL6. The initial tests to determine the cloning suitability of the digested vector
generated a relatively high level of apparent background self ligation. The vector
fragment was re-purified using DEAE membrane to eliminate fragments smaller than 3kb
and re-phosphatased to reduce this background ligation. A small fragment was observed
at low frequency in most of the digests performed during and after the construction of
these libraries, but at the time was thought to be the product of internal digestion of the
ligated genomic fragment. There are several possible routes by which the redB cDNA

could have contaminated the vector; these are discussed below.

Had the redB cDNA contaminated the vector prior to digestion with HindIII-Ps/l, a linear
3.6kb band would have been observed on the agarose gel following electrophoresis, since
the redB cDNA contains no Ps/l sites. If this was of low abundance, it may not have been
visible or may have been mistaken for uncut plasmid. In addition, subsequent
phosphatasing of this 3.6kb HindIIl fragment should have then excluded it from

self-ligation, thus no cDNA plasmid molecules would have been detected in the library.

It is more plausible that a small amount of pure undigested redB plasmid contaminated the
vector supply shortly after it was digested with HindIII-PsfI. This would then be included
in the transformation and would constitute a substantial proportion of the library.
Unfortunately, this means that these libraries are unsuitable for the redA or redB screening
that they were designed for, since the redB cDNA containing clones would outgrow the

genomic clones.
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4.3.4 Construction and screening of a HindIII-Xhol genomic library

Since there were problems constructing HindIII-PsfI libraries with genomic fragments
larger than 6.6kb, smaller fragments for cloning were sought. Libraries containing
fragments approximately 2kb in size have been used successfully to obtain genomic clones
for redB and redE (Bailey et al., 1999; E. Swanston; personal communication). Southern
blotting analysis indicated that HindIII-Aval digestion generated a 2.4kb red4 fragment
(Figure 4.2 & Table 4.1). Therefore, this digestion was selected for construction of a
size—fractionated genomic library. The 1.4-4.4kb fraction of HindIII-Aval digested CL
genomic DNA (10ug) was isolated using a QIAquick gel extraction kit (Qiagen), pooled,
precipitated and resuspended in 20ul of sterile distilled water.

The Aval site located in redA has an identical recognition sequence to Xhol and generates
the same overhang (CVYTCGAG). The vector, pBluescript I, was prepared with
Hind IlI-Xhol cloning ends since Aval is not a unique site in Bluescript I and was
therefore unsuitable for cloning. The 1.4-4.4kb fraction of HindIII-Aval digested CL
genomic DNA was ligated to HindIII-Xhol digested Bluescript II and transformed to
XL1-Blue to generate a HindIII-Xhol genomic library (4.8 x 10° colonies, 50% inserts).
Five 9cm LB-amp plates were prepared (350 colonies per plate) for colony hybridisation
against redA (Section 2.4.3). Following hybridisation, plasmid DNA was isolated from
the putative positive clones and digested with PvuIl to determine whether they were
genuine redA4 genomic clones. An internal Pvull site, situated near the middle of the redA
cDNA (Figure 4.1) and two Pvull sites that flank the MCS in Bluescript I provide a
diagnostic digest that was used for much of the cloning. If the vector contained no insert,
2.95kb and 430bp fragments were observed. If the vector contained the redd cDNA,
2.95kb (vector), 630bp and 450bp fragments were observed. Banding patterns that
differed from these were investigated further to determine whether they contained the

desired clone.

Unfortunately, none of the colonies contained a genomic clone for redA. It subsequently
became apparent that the 2.4kb HindIII-Aval fragment detected by Southern blotting may
be an artefact of star activity involving HindIll in some double digests (discussed in
Section 4.5). Therefore, it was considered unlikely that this library would contain a red4

genomic fragment. Since there were problems with identifying suitable fragments for
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further construction of genomic libraries and due to time constraints, different approaches

to cloning the redA4 gene were sought.

44 USE OF PCR TO AMPLIFY GENOMIC COPIES OF REDA

4.4.1 Optimisation of PCR conditions
The polymerase chain reaction is sensitive to several factors, including reaction conditions
and nucleic acid sequence composition. Therefore, optimisation of conditions such as

buffers, primers and the choice of thermal cycle is often necessary.

During the analysis of redA, nine primers were designed spanning the forward and reverse
strands of the cDNA clone (Figure 4.1). Since all of these primers were designed using
the cDNA sequence, there was a possibility that one or more of them may lie on an
intron/exon splice site and would not, therefore, function with genomic DNA. To rule out
potential problems with the primer design, PCR program 2 (Section 2.4.6) was used to test
all possible combinations of the primers (see Figure 4.1) against genomic DNA using the
cDNA as a positive control. PCR performed using the cDNA generated clean bands of the
anticipated sizes. However, despite several attempts, PCR using genomic DNA did not

generate any bands.

The PCR buffer used routinely by the Leicester Physarum group contains SOmM KCl,
10mM Tris-Cl and 1.5mM MgCl,. The concentration of Mg** can affect PCR in two
ways. If the Mg®* concentration is too high, primer specificity may be affected resulting
in spurious annealing to generate non-specific PCR fragments (McPherson et al. 1995).
Alternatively, if the Mg?* concentration is too low (less than 0.5uM), Tagl DNA
polymerase will not work (McPherson ef al. 1995). The presence of Mg?* chelators, such
as EDTA, can artificially lower the Mg®* concentration. Therefore, in order to optimise
the concentration of Mg>", the concentration of MgCl, in the PCR buffer was varied from
0.75mM to 3.75SmM, in increments of 0.75SmM, and PCR was performed against the
c¢DNA clone using PCR program 1 (Section 2.4.6). The highest concentration of MgCl,
generated the greatest proportion of transcript. However, no positive results were obtained

using this higher concentration MgCl, buffer with genomic DNA as a template.

Genomic DNA is a more complex template for PCR than plasmid DNA and therefore, it is

often necessary to optimise the reaction conditions to enable the primers to anneal to the
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template (McPherson ez al., 1995). Primers are only able to function in PCR provided
they can anneal to the DNA template. Each round of PCR begins at 94°C, which is
sufficient to denature the DNA. The temperature of the reaction is then lowered to allow
the primers to anneal to the template. KCl is a standard component of many PCR buffers,
however, in some instances it is replaced with NaCl, which has superior denaturing
properties for sequences that are G/C-rich (McPherson et al. 1995). Replacing the KCl
with 40mM NaCl had no affect on the PCR when genomic DNA was used as a template.
Since none of the different buffers had a discernible effect on the PCR when using
genomic DNA as a template, the standard PCR buffer was used for these studies. Further
optimisation could be achieved by varying the pH of the PCR buffer, annealing
temperature or the relative concentrations of the template and primers. However, due to

time constraints, no further optimisation experiments were performed.

4.4.2 Inverse PCR

As an alternative to direct cloning of genomic DNA, PCR-based strategies were sought.
Inverse PCR was selected as a means of identifying the missing 5’ coding and promoter
sequences (Figure 4.3). Using Southern blotting analysis a suitable-sized restriction
fragment is identified containing the gene of interest; it is generally advised that fragments
smaller than 3kb are selected, since fragments larger than 3kb are often difficult to amplify
(McPherson ef al., 1991). Genomic DNA is digested with the chosen restriction enzyme
and then self-ligated to form circular molecules (Figure 4.3). These molecules are then
subjected to PCR with gene-specific primers designed against a previously characterised
region of the gene. The primer pair face in opposite directions such that when the
fragment is circularised, the flanking regions of the restriction fragment are amplified
(Figure 4.3). The PCR fragment consists of the two flanking regions joined at the
restriction site (R; Figure 4.3). The cDNA sequence and Southern blot data were used to
identify potential restriction fragments for inverse PCR (Chapter 3, Figure 4.2 &
Table 4.1).

4421 Inverse PCR using Tagl digested genomic DNA

Sequence data from the cDNA clone highlighted the presence of a single Tagl restriction
site close to the 3’ end of the gene (Figure 4.1). Digestion of genomic DNA with 7aql
generated three red4 fragments: 1.8kb, 1.5kb and 900bp (Figure 3.8) which were all of a

suitable size for inverse PCR (see above). The intensity of the signal obtained for the
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Figure 4.3: Schematic representation of inverse PCR

Using Southern blotting analysis (Section 2.4.1), a suitable-sized restriction fragment is

identified containing the gene of interest ( ). Genomic DNA is digested with

the chosen restriction enzyme, R (Section 2.3.1), and self-ligated to circularise the
fragment (Section 2.3.3). These molecules are then subjected to rounds of PCR (Section
2.4.6) with gene-specific primers (¢ & W) designed against a previously characterised
region of the gene (Section 2.4.5). The primer pair face in opposite directions such that
when the fragment is circularised, PCR leads to amplification of the flanking regions. The
PCR fragment generated consists of the two regions that flank the gene joined at the

restriction site, R.
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1.8kb fragment was notably lower than the other two when 7agl was included on a second
Southern blot (data not shown); suggesting that this band may be the product of partial

digestion. This was subsequently confirmed (see below).

The missing 5’ region of red4 was estimated to be no more than 80bp in size (Section
3.3.1). The internal Tagql site is located 541bp into the red4d cDNA clone. Since
P. polycephalum exons vary from approximately 50bp-350bp in size (e.g. Nader et al,
1986; Binette et al., 1990), it is likely that the genomic region leading to the internal 7aql
site contains at least one intron. Introns vary from approximately 50bp-280bp in size
(e.g. Nader efal., 1986; Binette et al., 1990), but are generally 100bp—150bp in size.
Therefore, allowing for introns, it was anticipated that even the smallest of the 7agl
genomic fragments (900bp) would contain sufficient sequence to enable the missing S’

coding sequence to be determined.

Genomic DNA was digested to completion with 7aql and self-ligated using T4 DNA
ligase at 2ug ml™', for four hours at 4°C followed by 16 hours at ambient room
temperature. The highly dilute conditions of the ligation reaction reduce the chance of
inter-molecule ligations and thereby increase the efficiency of circularisation of the
genomic DNA through self-ligation (McPherson et al., 1991). The ligation mixture was
P:C:I extracted, ethanol precipitated and the DNA was then pelleted and resuspended at
100ng pl~' in sterile distilled water. PCR was performed using 500ng of the circularised
DNA with primers D13/3D-6tag and D13/3D-7tag (Figure 4.1) and PCR program 3
(Section 2.4.6). The primers used were both designed with restriction sites at their 5’ ends
for ease of cloning (Figure 4.1). A second round of amplification was performed using
10% of the original PCR reaction in the same conditions. The PCR fragment was
approximately 900bp in size and, therefore, corresponded with the smallest fragment
observed on Southern blots (Figure 3.8). This fragment was isolated using DEAE
membrane, digested at the Nofl cloning sites located in the primers and then ligated to
pBluescript II prepared with Nofl phosphatased, cloning ends. Following transformation
into XL1-Blue, plasmid DNA was isolated from several clones and two were selected that
contained the inverse PCR fragment in different orientations. The two PCR fragments
were then sequenced and analysed using the GCG software program (Section 2.4.5). The

findings of this analysis are discussed in detail below (Section 4.6). Briefly, analysis of

4-15



the Taql inverse PCR fragment revealed that red4 contains at least two introns and

enabled the full coding region to be identified (discussed in Section 4.6).

A Tagql site was identified in intron 2; therefore, the full sequence of this intron was not
amplified by the inverse PCR (Section 4.6). The presence of a Tagl site within the second
intron explains the presence of three Tagl fragments on the Southern blots (Figure 3.8).
The sequence data from the 7agl inverse PCR fragments and the cDNA clone indicate that
the two internal Taql sites are separated by a minimum of 286bp (Figure 4.4). Since the
1.5kb and 1.8kb fragments differ in size by approximately 300bp, it was concluded that
the 1.8kb fragment was the product of partial digestion at the second Tagl site (discussed
in detail in Section 4.6). This also accounts for the lower intensity of hybridisation to the

1.8kb fragment on the second Southern blot (data not shown).

It was possible that the circularised DNA prepared for the 7agl inverse PCR also
contained the second, smaller internal 7aql genomic fragment. The data from the 900bp
Tagl inverse PCR fragment indicated that the two 7Tagl sites in the red4 gene are
separated by approximately 300bp (discussed in Section 4.6) and that this small region
contained binding sites for primers D13/3D-5 and D13/3D-3 (Figure 4.1), which are
suitable for inverse PCR. Therefore, a second 7agql inverse PCR reaction was performed
using the remainder of the circularised 7agl genomic DNA and these primers. Following
two rounds of PCR, no fragment was observed. This may have been associated with the
small size of the fragment causing problems with the circularisation step (McPherson
etal., 1991).

4.4.2.2 Further Inverse PCR experiments

In an attempt to obtain genomic sequence data for the entire red4 gene, further inverse
PCR experiments were performed using different restriction fragments. Digestion with
Xmnl generated a single fragment approximately Skb in size (Figure 4.2). No Xmnl site
was identified in red4 from the sequence data for either the cDNA or 7agl inverse PCR
clones. Therefore, it was anticipated that the entire red4 gene is located on the 5kb Xmnl
fragment. Genomic DNA was digested with Xmnl and prepared for inverse PCR with
primers D13/3D-6tag and D13/3D-7tag (Figure 4.1), as described for the Tagl inverse
PCR. The PCR was performed using PCR program 2, which included a longer extension

step (72°C; as discussed in Section 2.4.6) and an optimal annealing temperature that was
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Figure 4.4: Detailed genomic restriction map of redA

This detailed genomic restriction map for red4 was compiled using Southern blot and
sequence data from the cDNA and 7agl inverse PCR clones (Section 4.5; Figure 3.5,
Figure 4.2, Table 4.1; Figure 4.5). The 1.5kb region covering the redA gene has been
enlarged as indicated. The areas indicated by shaded boxes ( 1 ) represent the
coding region for redA. All other regions are indicated by a solid line ( ———— ). The
location of the putative polyadenylation signal is indicated by AATAAA. Restriction sites
are shown in their approximate location. The region of intron 2 marked with an ‘X’ was
not cloned and is, therefore, of undetermined size; it is possible that the region beyond this

intron may contain a third intron (Section 4.6).
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slightly higher than in the program used for Tagl inverse PCR. Although a Skb band was
expected, a band approximately 1.4kb in size was obtained. This was isolated and cloned
into pBluescript I using the Nofl cloning sites, as before. The 1.4kb fragment was
sequenced and, although the two primer sequences flanked the fragment as expected, the
fragment contained no sequence homology to red4. Therefore, this 1.4kb band appears to

be the product of non-specific primer annealing.

Digestion with Pvull generated two fragments that hybridised to redd: 4.6kb and
approximately 20kb (Table 4.1, Figures 4.1 & 4.2), the 4.6kb fragment was selected for
inverse PCR. A Pvull site is located 220bp into the cDNA clone (Figure 4.1). However,
the Southern blot data was insufficient to ascertain whether the 4.6kb fragment was
located 5° or 3’ of the Pvull site. Either would be informative, since the fragment located
5> of the Pvull site would contain further 5’ untranslated promoter sequences, while the
fragment located 3° of the Pwull site would contain the remainder of intron 2, any
additional introns and the 3’ untranslated region of the gene. The 2.2-6.6kb fraction of
Pvull digested CL genomic DNA was isolated using DEAE membrane (Section 2.3.2).
Size—-fractionation was performed to not only enrich the DNA for the fragment of interest
but to also eliminate the 20kb fragment identified by Southern blotting analysis. The
DNA was circularised and two separate PCR reactions were set up as for the Xmnl inverse
PCR (see above) using primers D13/3D-6tag & D13/3D-7tag or D13/3D-3 & D13/3D-5
(Figure 4.1). Unfortunately, no genomic fragments were amplified.

4.423 Results from inverse PCR

With the exception of 7aql, none of the inverse PCR experiments were successful. There

are several possible explanations for these failures:

i. Pvull and Xmnl both generate blunt cloning ends, whereas 7aql generates a 3’
overhang. Blunt ended fragments are hard to ligaté and therefore few circular
molecules may have been generated for the primers to act upon.

ii. The DNA template for PCR can adversely affect the reaction if it contains traces of
EDTA, salts or other contaminants such as phenol, which lead to inhibition of the
polymerase (McPherson et al., 1995). Although the template was prepared by ethanol
precipitation, there may still have been traces of contaminants that contributed to the
PCR failure.
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iii. The ends of the fragments may have been damaged during the short period of
exposure to UV light used to visualise the DNA to be purified in the
size—fractionation of the Pvull fragments. This would have meant that the ends were
no longer compatible and prevented them from circularising.

iv. In addition, the possibility that the second set of primers (D13/3D-3 & D13/3D-5;
Figure 4.1) were to blame for the failure of the Pvull inverse PCR cannot be ruled out.
Although these primers worked well against the cDNA, they never worked against
genomic DNA (Section 4.4.1). If a third intron exists in redA, the binding site for
either D13/3D-5 or D13/3D-3 may be interrupted by it and these primers will,
therefore, not work against genomic DNA.

v. Finally, despite adjusting the PCR program to compensate for the larger sizes of the
target sequences (4.6kb for Pvull and 5kb for Xmnl), there was still a chance that the
fragments were too large to allow amplification by inverse PCR (McPherson et al.,
1991).

4.4.3 Conventional PCR

It was anticipated that the sequence for the missing portion of intron 2 and any
unidentified introns could be obtained using conventional PCR. Once the sequence for the
coding region was completed (see below), primers were designed to span the entire cDNA
clone (Figure 4.1). Since numerous PCR experiments were performed, the exact details of
each experiment are not provided. Briefly, intact or excess digested genomic DNA, which
had been prepared for the inverse PCR experiments (Xmnl and Pvull), was used as a
template for PCR with programs 1, 2 or 4 (Section 2.4.6) using most of the compatible
combinations of primers. The bands generated by PCR with genomic DNA would be
larger than those obtained using the cDNA, due to the presence of introns. Therefore, the
cDNA was included as a positive control in all experiments. It was anticipated that
digested DNA might be less complex than undigested and could improve the efficiency of
the PCR (McPherson et al., 1995).

PCR with the cDNA generated clean bands of the sizes expected, however, despite several
attempts no bands were obtained using genomic DNA. In my hands, PCR using genomic
DNA as a template generally proved problematic. Although all possible combinations of

primers were used and despite attempts to optimise the PCR (Section 4.4.1), no redA
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genomic fragment was amplified, with the exception of the 7agl inverse PCR fragment.

Due to time constraints no further PCR experiments were performed.

45 DETAILED GENE MAPPING OF REDA

A more extensive map of the region of genomic DNA containing the red4 gene was
produced (Figure 4.4), using the Southern blot data (Figure 4.2 & Table 4.1) together with
sequence data from the cDNA (Figure 3.5) and 7agl inverse PCR clones (Section 4.6). A
systematic and logical approach was used to determine the relative position of restriction

sites that could not be positioned from the sequence data.

Some sites were positioned with relation to a site previously identified from the DNA
sequences (discussed in Section 4.4). For example, Aval is located 120bp before the end
of the cDNA (Figure 4.1). Therefore, the majority of the red4 probe would hybridise to
sequence located 5’ of this site. As the most intense Aval band containing redd is
approximately 20kb in size, it can be deduced that an Aval site lies some 20kb 5’ of this
internal site (Figure 4.4). A second, less intense, 1.2kb band was seen when this digest
was repeated (Table 4.1; Southern blot not shown). A third Aval site is therefore, located
1.2kb 3’ of the internal Aval site (Figure 4.4).

Some sites could only be positioned on the map with reference to a second site. For
example, digestion with BamHI generated a single, 8kb band containing red4 (Figure 4.2
and Table 4.1). No internal BamHI sites were identified from the sequence data and so,
without the use of a second restriction digest, it would be impossible to determine where
on this 8kb fragment the red4 gene is located. However, BamHI-Aval double digestion
reduces the 8kb fragment to 6kb (Figure 4.2 and Table 4.1). Therefore, since we already
know the location of Aval (Figure 4.4), we can conclude that a BamHI site exists 6kb 5’ of
the internal Aval site and that a second BamHI site must be situated approximately 2kb
from the internal Aval site in the 3’ direction (Figure 4.4). Several other sites were also
positioned relative to Aval using similar rationale, these include EcoRV, Nofl, Psfl and
Xbal (Figure 4.4).

Some data were insufficient to determine the location of a restriction site (e.g. Xmnl; Table

4.1) since no ‘anchor’ was used; these have been excluded from the map. In addition,

some Southern blot data were inconsistent and provided conflicting evidence on the
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possible location of restriction sites. Digestion with HindIIl generated a band
approximately 6.6kb in size (Figure 4.2), when HindIII-Psfl was used, the band was
reduced in size by approximately 200bp (Table 4.1, Southern not shown). An internal
Psil site is located towards the 3’ end of red4 (Figure 4.1). Therefore, using this data, it
can be deduced that a HindIIl site exists just outside the 3’ end of the gene and
approximately 6kb 5’ of the gene (Figure 4.4). However, when HindIll was used in
conjunction with Xbal or Aval, a 2.4kb band was often observed (Figure 4.2). This is
inconsistent with the idea that a HindIlI site is located approximately 6kb upstream of
redA. Hind 111, Aval and Xbal all require the same buffer conditions for optimal digestion.
Therefore, to save time both enzymes were used for a single step digestion. According to
the manufacturers data sheet, HindIll is prone to star activity in the presence of Mn?",
Although none of the buffers used contained Mn?, star activity is the most likely reason
that the 2.4kb fragment was observed. Therefore, the detailed genomic map was produced

excluding the 2.4kb Hindlll — Aval and Hindlll — Xbal fragments (Figure 4.4).

Time constraints prevented me from fully utilising the data from this map for further
cloning of the red4 gene. However, this map should simplify future cloning of genomic
fragments containing redd, since some pairs of restriction digests that would reduce the
redA fragment to less than 3kb can be identified. For example, the 1.5kb Avall-EcoRI
and the 1kb EcoRI-HindIll fragments (Figure 4.4) could be cloned. Then the two
fragments could be ligated at the LcoRI site to generate a genomic clone for redA that
would contain promoter sequences and all the introns. Such a clone may be suitable for

gene knockout studies to determine the function of redA (discussed in Chapter 5).

4.6 SEQUENCE ANALYSIS OF REDA

The 900bp Tagql inverse PCR fragment was successfully cloned into pBluescript II KS+.
Two clones were isolated, which contained the inverse PCR fragment in different
orientations. The complete sequence of one clone was obtained and used together with the
cDNA sequence to construct a composite sequence for red4 (Figure 4.5). The isolation
and sequence analysis of this red4 genomic clone was recently published, together with
the northern and Southern blotting analysis described in Chapter 3 and further analysis of
redB and mynD (Bailey et al., 1999).
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Figure 4.5: Composite DNA and deduced amino acid sequences for redA4.

The sequence of both the forward and reverse strands were determined either manually
using T7 DNA polymerase and the Sequagel™ sequencing system or using the PNACL
in-house automated facility (Section 2.4.5) with the Reverse, M13 -40 and D13/3D
primers listed in Figure 4.1. The sequences obtained from each primer were aligned using
the Wisconsin Package, Genetics Computer Group (Madison, USA) on the Leicester
University Mainframe computer. All regions of sequence discrepancy identified in the

overlapping regions were clarified by further sequencing.

The sequence shown was compiled from the 7aql inverse PCR and cDNA clones
(Section 4.6; Section 3.2.3). The genomic sequence, derived from inverse PCR (Section
4.4.2), spans the first 889bp and is flanked by 7agql restriction sites (tcga). Intron 2 is
incomplete because of the Tagl site and the sequence has been broken to denote this
(------ ). Beyond this point, the cDNA sequence is shown and this may contain a further
intron (see Section 4.6). The introns and non-coding regions are shown in lowercase. The
start of the coding region is at base 238 and is shown italicised in bold type (aT6); this is
discussed further in Section 4.6. The complete coding region (669bp) is shown in
uppercase and the standard single letter code for the deduced amino acid sequence (223aa)
is shown below it. The stop codon is shown as bold (Taa) in the nucleic acid sequence or
an asterix ( *) in the amino acid sequence. The putative polyadenylation signal is
underlined (aataaa) and the location of the poly(A)" tail is indicated by the final
aaaaaaaa. The overlap with the cDNA clone (D13/3D) begins at base 308. Two small
discrepancies in the coding region between the cDNA and 7agl inverse PCR clones have
been italicised and underlined (crc), these are discussed in Section 4.6. A third

discrepancy was identified in the second intron at base 789 (a), this was an artefact of
PCR (Section 4.6).



Figure 4.5

1 tcgaatatctaaaaaagagtattactatctctaaccgactgaaatcaaaataaagtcatt
61 tttattactatcgttggtgataaaaacacaaaaaatgtgggattaaatggagatgaataa
121 cgtccgtgcttcgccatgatgccatgcaatttctaccattctaaaaatgtcatatgcagg

181 gagaatgataatatctcggcacgctaacttccattaaagactaaaaaaatttgtagadATG
M

241 GTACCAGGCCTACGCGCGTCAAGTATTTCTTTTTTGCTTTTGTTTTGTAGTTTATTTCAA
vV P 6 L RA S 5 1I s8S F L L L F C S L F Q

301 GGAGAAAGAAAGAAGCAAGTAAATAT ICTGAAAGTTGTGATTTTGTCAGTTCTTCTGATT
G E R K K Qg v N I L KV VI L s VL S8 1I

361 GGCCTGGTTTCTTGTCAATATGTGATACACCAAGAATTCTCTGATTCCAAGTGCTCAAAT
G L v s € Q ¥ v I H Q E F s D s K C S N

421 GCCACCTTCACTATGGTCGCCCCAACTGCTTGTGTTGAAGCTgtatgaattttaatatat
AT F T M V A P T A C V E A

481 gataatcatgatttcttattatttttttattcgtcaccagccgagattgtaaaatatttt
541 cttgtttgcacgtagaaaataatgtcaccaaagaacaaaaatataattattagaggatac

601 gtttaattcatttcctacagGAAGATGGAAAATACCACAAATCCGTATGTGCAAGTGATT
E D G K Y H K S v C A S D S

661 CTGTGCAGCTGTTTGAATGCAATGACCAGGCTTGTACCGACTGCCCTCGTAAAGAAACGY
vV ¢ L F E C N D Q A C T D C P R K E T

721 taccgtattattaactattttatcaataagataagggtattttctccecctgtgacttatce
781 ccccctcaatgttgagaaatatacattttggggtagctacttggtecteceectactttag

841 taaaggtctaaatagctatatatggggggggggggggctaatttega——---- ATGAACA
M N T

895 CAACGTGCAACCCAACCATGAACAAAGAATATTCTCAGTACTCGTGCGCAGCTACCGTCC
T ¢C N P TMNIKEY S Q Y S CA ATV P

955 CGACCGGCCCACACAGCGTCACCCAAGCTATATATCCTGAAACCGCGGGAGGATGTAAGG
T G P H S V T Q A I Y P E T A G G C K G

1015 GAACTTTCTCAACGGCTTTTGTGGACTTTGGGTTGATTGGCAGTTGCAATAAGGAGGGAG
T F S T A F V D F G L I G S C N K E G G

1075 GGACTACACCATGCTGTCTTGCGACTCCAATAACAGCCGTAACAGACCAAGACCTGCAGC
T T P C ¢C L A T P I T AV T D Q D L Q R

1135 GGATGACAAGTGCTCCACGGAGCTGCCACGAGCAAAAGCTCGAGTCTTGCGAACATTCAG
M T S A P R S CH E Q KL E S C E H S E

1195 AACATGGGTTTGGATACACAGGCTTCACCTGCACAGCATAAatggaagcgatatgtttct
H G F 6 Y T G F T C T A *

1255 atttgcagatcataggaataaactgataacagtagactaaaaaaaa

4-22



First it was necessary to reconstruct the red4 sequence from the inverse PCR clone, since
it was ‘inverted’ (Figures 4.3 & 4.6). The first step in the reconstruction process was
identifying the 7aql restriction site. Then, using the GCG software package to examine
the sequence situated either side of the Tagl site, the regions where the cDNA sequence
overlapped with the inverse PCR clone were identified (Figure 4.6). The inverse PCR
clone contained 852bp of sequence that began with primer D13/3D-7tag (Inverse PCR
fragment 1; Figure 4.6c) and continued in the 3°-5’ direction of the gene for 380bp until
reaching a Tagql site (Figure 4.6c). At this point the sequence jumped to a previously
unsequenced region located towards the middle the gene, which was subsequently
identified as an intron, and continued in the 3°-5’ direction of the gene for a further 472bp
until reaching the D13/3D-6tag primer site (Inverse PCR fragment 2; Figure 4.6¢).

Homology to the cDNA clone began 307bp beyond the 7aql site of Inverse PCR fragment
1 (Figure 4.6). There was a gap of 35bp compared to the cDNA sequence before the next
region of sequence overlap, which corresponded to the region of the gene not covered by
the two primers (Figure 4.5). Although an intron could be located in this 35bp gap, it was
considered unlikely since the fragment size (852bp plus the 35bp in the gap: 887bp) was
close to that estimated from Southern blotting analysis of genomic DNA (900bp;
Figure 3.8). Inverse PCR fragment 1 overlapped with the cDNA for 47bp beginning with
the D13/3D-6tag primer (Figure 4.6). At this point, the inverse PCR sequence contained
a region, 158bp long, which was not homologous to the cDNA sequence (Figure 4.6).
Beyond this 158bp region, the homology continued at the next base in the cDNA,
suggesting that it was an intron (Figure 4.6). The 158bp region was flanked by an intron
splice consensus sequence, confirming it was the first red4 intron (Figure 4.5). The
homology between the two sequences extended beyond this intron for 99bp (Figure 4.6).
The remaining 168bp of the inverse PCR sequence were not homologous to the red4
cDNA (Figure 4.6) and since this region began with the intron consensus sequence, GTA,
it was considered likely to be the second redd intron (Figure 4.5). This intron ended at an
internal 7aql site and did not return to the cDNA sequence; therefore, the sequence for this
intron is incomplete (x; Figure 4.6; Figure 4.5). Finally, the sequence from the two
portions of the inverse PCR fragment were rearranged (Accession number Y18122; Bailey

et al., 1999) and used to construct a composite sequence for redA (Figure 4.5).
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Figure 4.6: Schematic showing the relative positions of the redd cDNA and Tagql
inverse PCR clones within the gene

The areas indicated by shaded boxes ([ZZ—7 ) represent the coding region for redA
deduced from the cDNA clone (Section 3.2.3). The area indicated by an unshaded box
(C1), represents the 70bp coding region that was obtained by inverse PCR
(Section 4.4.2). Introns and other non-coding regions are represented by a solid line

(
inverse PCR clones (Section 3.2.3; Section 4.6; Figure 4.5). Arrows (—% )indicate the

). The location of introns was deduced from comparison of the cDNA and 7agl

location of the two primers used to generate the 7agl inverse PCR clone (Section 4.4.2);

the location of 7aglI restriction sites is included for reference.

Broken lines indicate the relative location and orientation of regions of sequence identity
between the red4 cDNA clone (panel a.), the deduced redA gene (panel b.) and the Tagl
inverse PCR fragment (panel c.). The sizes of the different sequence components are
shown. The region of the red4 gene (panel b.) marked ‘X’ was not cloned and is,

therefore, of unknown size.
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Comparison of the Tagl inverse PCR clone and the ¢cDNA clone resulted in some
discrepancy over certain coding regions. Bases 355 to 357 of the inverse PCR clone are
unquestionably AAA, however, the corresponding region of the cDNA clone consists of
CTG. Although this does not affect the reading frame, using the inverse PCR sequence a
leucine is substituted by a lysine, 39 residues into the protein (Figure 4.5). Similarly at
base 327: in the inverse PCR clone this is a ‘G’ residue whilst in the cDNA clone it is a
‘T’ residue, thus using the inverse PCR sequence an isoleucine is substituted by a
methionine (Figure 4.5). PCR is a technique that is prone to base substitutions; a variety
of factors effect the degree to which such errors occur, such as a disproportionate
concentration of a particular nucleotide (reviewed in McPherson et al., 1995). The extent
to which these errors occur depends on the DNA polymerase selected for the procedure.
Some polymerases possess 3’-5’ endonuclease activity which remove mis—incorporated
nucleotides to regenerate a correct sequence (e.g. pfu DNA polymerase). During the
course of these studies, no such ‘proof-reading’ polymerase was used. Therefore, it is
considered likely that the sequence errors are derived from the inverse PCR. Additional

sequence analysis of other red4 cDNA or genomic clones would clarify these anomalies.

The extent to which errors occur within the non-coding regions of the inverse PCR clone
is unclear at this time. Sequencing the second inverse PCR clone identified a discrepancy
between the two PCR fragments at base 789 (Figure 4.5). In one clone, the residue at 789

b4

was an ‘A’ and, in the other, it was a ‘G’. This discrepancy lies within the second intron
and has no effect on the deduced amino acid sequence. Since this base substitution lies in
an intron, the sequence could not be clarified using the cDNA data. A genomic DNA
clone containing red4 would clarify the sequence of this residue and the sequence
discrepancies between the inverse PCR and cDNA clones identified at the start of the

gene.

When genomic DNA was digested with 7agl, three bands were observed, one of which
was thought to be the product of partial digestion (Section 4.4.2.1). The composite
sequence data shows the two Taql sites to be separated by a minimum of 286bp of cDNA
(Figure 4.5). The smallest fragments retained on the agarose gels used for Southern
blotting were often smaller than this, but there was no sign of any fragment smaller than
900bp in Taql digested DNA (data not shown). However the intensity of signal generated

by such fragments would be low and therefore may not have been apparent. Since the
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difference between the 1.8kb and 1.5kb Tagl fragments is 300bp, the 1.8kb Tagl fragment
is probably the result of partial digestion and, since this figure is close to the 286bp
measured from the cDNA sequence, it also suggests there are no additional introns in the
region ahead of the second 7agql site (Figures 4.5 & 4.6). The second 7agl site is situated
61bp ahead of the TAA stop codon; if a third intron exists in the gene, it may be located in
this 61bp region or in the 3’ untranslated region beyond it.

Physarum genes tend to have short introns and exons (e.g. Nader ef al., 1986; Binette
et al., 1990; Hamelin ef al., 1988; Kozlowski ef al., 1993). Introns in P. polycephalum
vary from approximately 50bp-280bp in size (e.g. Nader efal, 1986, Binette et al,
1990), but are generally approximately 100bp-150bp. Similarly, exons generally vary
from approximately 50bp-350 bp (e.g. Nader et al., 1986; Binette et al., 1990). The
sequence for the second redd intron stopped at a 7agl site. It would be unusual for a
P. polycephalum gene if this intron were much larger than the 158bp already identified.
The transcribed region that follows this second intron is 413bp and thus is large enough to
accommodate a third intron. However, an unusually large exon of approximately 900bp
was recently identified in a Physarum gene (E. Swanston; Unpublished data). Therefore,
although the 7aql data suggests that no further introns are situated in this 3' region, the
possibility that a third intron exists cannot be excluded without further Southern analysis

or a genomic clone covering this region.

The new 5’ sequence was added to the start of the cDNA, in order to identify the start of
the coding region (ATG). Several ATG triplets were located in this region, however, only
one produced an open reading frame of the size estimated from northern blotting analysis
(Chapter 3). Stop codons are located in all three reading frames within the 35bp region
immediately upstream of this start codon, confirming that this was the correct ATG
(Figure 4.5). Thus, an additional 70bp of 5’ redd coding sequence were identified that
were missing from the cDNA clone (Figures 4.5 & 4.6). This closely matched the

previous estimate of up to 80 nucleotides (Section 3.3.1).

The sequence databases were screened using BLAST, FASTA and TFASTA search
programs against the complete coding region of red4. Homology was found with the Owl
Monkey involucrin gene, atinvla (Accession number M25313) over the first 250bp of
redA coding sequence (tfasta; E( ): 0.0036); proteins with an E( ) value of < 0.01 are
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generally considered homologous. However, this homology is probably artefactual since
it was not confirmed by the more stringent BLAST search and was not in the open reading
frame of the involucrin gene. In addition, the involucrin sequence consists of numerous
repeat units of about 30bp each; a level of repetition that is not evident in red4. The
complete coding region for red4 (669bp) encodes a 223 amino acid protein (Figure 4.5)
with an overall charge of —4 and a predicted weight of 24.1 kDa. The sequence was also
screened for domains and motifs, using the GCG software. Such analysis had previously
identified the EF-hand calcium-binding motifs in redB (Section 3.2.3; Bailey etal,
1999). The redA sequence was found to contain only commonly identified motifs, such as
putative N-glycosylation or N-myristoylation sites that suggest the protein may be

modified. However, biochemical analysis would be required to confirm the activity of

such sites.

47 SUMMARY

Inverse PCR amplification generated an 852bp fragment, corresponding to the smallest
Taq I-redA fragment identified on the Southern blot (Figure 3.8). Sequencing revealed
two introns and 307bp of new 5’ sequence containing the transcriptional start codon
(ATG) located 70bp ahead of the beginning of the cDNA clone, which completed the
coding region for the gene (Figure 4.5). The 5’ non-coding region ahead of the start
codon in the 7agql inverse PCR clone contains 237bp of the promoter sequence (Figure
4.5). The clone stopped within the second intron at a 7aql site and this intron is, therefore,
incomplete (Figure 4.6). The Taql inverse PCR fragment spans the first 254bp of the
c¢DNA clone. This leaves 413bp of cDNA sequence for which there is no corresponding
genomic information (Figures 4.5 & 4.6). The 223 amino acid RedA sequence encodes a
protein with a predicted molecular weight of 24.1kDa that shares no significant homology

with other proteins in the databases and contains only commonly identified motifs.
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CHAPTER 5: FUNCTIONAL ANALYSIS OF REDA

5.1 INTRODUCTION

As discussed in Chapter 4, sequence analysis of redA revealed no significant homologies
to previously characterised genes, nor any domains or motifs that may have indicated the
roles of redA. Since no putative function could be determined by database comparisons, a

functional study using homologous gene replacement and antisense RNA mutagenesis was
undertaken.

5.1.1 Homologous gene replacement
The analysis of gene function by homologous gene replacement is commonly used in
many systems (e.g. Dictyostelium, reviewed by Kuspa et al., 1995; Chlamydomonas
reinhardtii, Nelson & Lefebvre, 1995). Using a genomic clone for ardD that contained a
deletion of approximately 1kb (ardDAl;, Adam et al., 1991), Burland & Pallotta (1995)
designed constructs for transformation that successfully targeted the genomic ardD gene
in Physarum polycephalum for homologous gene replacement (Section 1.6.6). Two ardD
construct designs were selected:

A. The selectable marker, PardC-hph, was positioned at the 3’ end of ardDAl such

that homology to ardD was at the 5 end of the construct.
B. The PardC-hph was positioned approximately 750bp into the ardDAI sequence,
such that homology to ardD flanked the construct.

Analysis of the homologous transformants generated from these constructs provided no
evidence that the ardDAI deletion has any effect on growth or development in Physarum
(Burland & Pallotta, 1995). Approximately 1 in 20 of the transformants generated using
Design A were homologous and this design generated 38 transformants in total; however,
no transformants were generated using Design B (Burland & Pallotta, 1995). This may
indicate that the latter design is less efficient than the first. In other systems, designs
similar to this are often necessary to target homologous integration (e.g. Dictyostelium,
reviewed by Kuspa et al., 1995); therefore, there is no reason to assume that this design
will not work in P. polycephalum. Since the study of Burland & Pallotta (1995) is the
only homologous gene knockout experiment that has been performed in P. polycephalum,

further studies are required to determine the most effective construct design.

It is possible that the regions of homology that flanked PardC-hph in Design B from

Burland & Pallotta’s study (1995) may have been insufficient to target homologous gene
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replacement. The 5’ region of this construct contained approximately 750bp of homology
to the ardD gene before going into the PardC sequence, while the 3’ region comprised
approximately 1.4kb of ardD sequence before the deletion and a further 450bp of the 3’
region of the ardD gene after the deletion. Thus, the largest region of homology lies after
PardC-hph and corresponds to the middle 1.4kb of the ardD gene. In D. discoideum,
100bp to 1kb of homologous DNA flanking the selectable marker is generally sufficient
to target homologous gene replacement (reviewed by Kuspa & Loomis, 1994). This
strongly suggests that the regions of homology flanking the selectable marker in Design B
from Burland & Pallotta’s study (1995) should have been sufficient to target the ardD

sequence.

Homologous replacement of red4 with an altered copy of the gene could provide some
indication of the role of redA during the APT and may help clarify the most effective

design for transformation vectors.

5.1.2 Antisense RNA mutagenesis

Antisense RNA mutagenesis has been used successfully to investigate gene function in
several systems, including D. discoideum and mammalian cells (reviewed by Kuspa et al.,
1995). Antisense RNA gene inactivation is achieved by introduction of stable constructs
where the cDNA for the gene of interest is placed such that an antisense RNA is produced,;
i.e. the gene is transcribed in reverse to produce a molecule that is complimentary to the
native RNA transcript. How the antisense RNA affects the function of a gene is unclear.
It is generally thought that the antisense RNA forms duplexes with the mRNA produced
by the wild-type copy of the gene and prevents or reduces translation into a functional
protein (reviewed by Vanhée-Brossollet & Vaquero, 1998). However, such duplexes may
instead serve as targets for degradation by double-stranded RNA specific enzymes or may
activate RNAses that degrade single—stranded RNA (reviewed by Vanhée-Brossollet &
Vaquero, 1998). Other theories on how antisense RNA affects gene function revolve
around the translation of the antisense RNA into an antisense peptide. It is predicted that
antisense peptides are able to interact with the sense peptides or proteins, thus influencing

the normal function of the gene (reviewed by Root-Bernstein & Holsworth, 1998).

A major benefit of antisense transformation studies is that they do not depend on

homologous integration at the target gene. Provided the antisense cDNA is linked to a
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functional promoter, integration can occur anywhere in the Physarum genome to generate
antisense transcripts. However, if insufficient antisense transcripts are produced, there
may be little or no affect on the phenotype. The timing and level of expression of
antisense RNA can be controlled through the choice of promoter. For example, use of
abundant, constitutive promoters such as PardB and PardC should lead to high levels of
antisense RNA at all times during the life-cycle while cell-type specific promoters, such
as the proP promoter (Binette efal, 1990), would generate plasmodium-specific

expression.

5.1.3 Aims

The aim of the work described in this Chapter was to investigate the possible role of red4
during plasmodium development using a combination of antisense RNA mutagenesis and
homologous gene replacement. In previous transformation experiments using Physarum,
both homologous and non-homologous integration occurred with different vector designs
but no one design seems more effective for transformation in P. polycephalum than
another (Burland ef al., 1993a; Burland & Pallotta, 1995). Therefore, several different
vector designs were selected for these studies. Since the only genomic clone available for
redA was derived from inverse PCR (Chapter 4) and could not easily be rearranged to
correlate with the gene sequence, the vectors were constructed using the redd cDNA

clone.

Amoebae carrying an altered copy of red4 can be maintained in culture as normal, since
redA4 is not expressed in amoebae. The redd gene is first transcribed during the APT,
suggesting that plasmodium development may be affected by mutation of red4. Removal
of redA function may block the apogamic development of plasmodia, as seen with many
of the npf mutations (Section 1.4.2), leading to phenotypically abnormal plasmodia or may
have no discernible effect on plasmodium development.  Therefore, all stable
transformants were tested for the ability to undergo normal apogamic plasmodium

development.

Following electroporation, amoebae typically undergo two or three cell divisions during
the outgrowth period before selective plating (Section 2.1.7). Transformants from the
same experiment may therefore be unique or sibling clones. Southern blotting analysis

was performed to check the site of integration of the transformation construct and to
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determine the relationship between transformants derived from the same transformation

experiment.

5.2 CONSTRUCTION OF ¢DNA-BASED VECTORS FOR HOMOLOGOUS
GENE REPLACEMENT

The optimum vector design for homologous gene replacement is unclear from the previous
studies, therefore, two basic designs were chosen for these studies (similar to those used
by Burland & Pallotta 1995; Section 5.1.1):

i. Frameshift within the coding region of redA (Section 5.2.1).

ii. Insertion of the selectable marker within the coding region of red4 (Section 5.2.2).
Both of these strategies would generate a hybrid mRNA encoding part of RedA and part

nonsense (see below).

5.2.1 Construction of redA frameshift vectors

The introduction or removal of nucleotides within the coding region of red4 would alter
the peptide encoded by the sequence and thus alter the function of the gene. From the
sequence data (Figure 4.5), it is clear that stop codons occur earlier in the two non-coding
reading-frames of red4. Therefore, any proteins produced from a frameshift would be
smaller and would also be chimeric; containing the start of RedA followed by new amino
acids. Frameshifts were engineered in two locations using PCR or restriction-based

strategies (see below).

The selectable marker, PardC-hph, was excised from pTB37 (Burland ez al., 1993a) using
HindIII and Kpnl. Since there were limited restriction sites available in the cDNA vector
that were suitable for cloning, the EcoRV or Nofl sites situated either side of the cDNA
insert were selected as insertion sites for the selectable marker. The selectable marker and
digested frameshifted cDNA plasmid (see below) were both treated with DNA
Polymerase I large (Klenow) fragment prior to ligation; this created blunt cloning ends on
both fragments that could be easily joined (Section 2.3.3). Consequently, PardC-hph
ligation could occur in either orientation at these sites and thus, four different plasmids

could be created for each unique frameshift.



5.2.1.1 Frameshift by PCR
The first red4 frameshift was generated at the start of the cDNA clone by PCR, using a

primer that included some of the restriction sites from the vector and the first 9bp of 5’
cDNA sequence (D13/3D-mis; Figure 4.2). The frameshift was created by including an
additional guanidine (G) residue in the primer sequence between nucleotides 4 and 5 of
the cDNA clone (Figure 3.5). A similar strategy was successfully used to generate

frameshift vectors for redB (J. Bailey, personal communication).

One round of PCR was performed (PCR program 1; Section 2.4.6) against the cDNA
clone using D13/3D-mis and the universal -40 primer (Figure 4.2). The PCR fragment
was isolated using DEAE membrane and digested with EcoRV and Notl to generate
cloning ends (Sections 2.3.2 & 2.3.1). The fragment was ligated to pBluescript® Il KS+
(Stratagene) prepared with the same cloning ends and transformed into XL1-Blue
(Section 2.3.5). The correct plasmid was identified, purified and the sequence analysed,
confirming that the additional G residue was present (Sections 2.2.4 & 2.4.5). However,
during cloning the EcoRV and Notl sites had been lost through mis-ligation; EcoRV had
ligated to Not 1, and vice versa, despite the fact the two fragment cloning ends should have
been incompatible. This meant that the EcoRV and Nol sites intended for the integration
of PardC-hph were no longer available and no alternative sites could be identified.
Consequently, and in view of time constraints, this approach was not used further for the

analysis of redA.

5.2.1.2 Frameshift by restriction digest

When a fragment is integrated into the Physarum genome the ends of the DNA are
occasionally lost (Pierron et al., 1999; D. Pallotta, personal communication). Hence, there
was a possibility that the PCR frameshift, only five nucleotides into the cDNA clone, may
have been lost on integration to the genome. A second frameshift was therefore designed
utilising an Xcml site located 120bp into the cDNA clone (Figure. 3.5). Since this is
situated further into the sequence, it was anticipated that it may be less likely to be lost on
integration to the genome. However, a larger proportion of the red4 transcript will be
normal and therefore there is a possibility that it may be less effective in disrupting redA

function.
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The redd cDNA plasmid was digested with Xcml (New England BioLabs) and treated
with DNA Polymerase I large (Klenow) fragment to remove the single-nucleotide 3’
overhang (Section 2.3.3). Some of this plasmid was then re-circularised, transformed into
XL1-Blue and purified (Sections 2.3.5 & 2.2.4). Sequencing confirmed that one cytosine
(C) residue at base 121 of the cDNA clone had been removed, generating a 1bp frameshift
at the Xcml site (Section 2.4.5). Klenow-treated PardC-hph was then ligated to this
vector at the EcoRV site to generate LC8 and LC9 (Figure 5.1) or at the Nofl site to
generate LC10 and LC11 (Figure 5.1). In all cases, the orientation of the selectable
marker was confirmed using the diagnostic digest EcoRI (Figure 5.1).

If integrated homologously, the protein produced from such a frameshift would contain
the first 63 amino acids of red4 fused to a new reading frame encoding a further 45 amino
acids before reaching a stop codon at base 279 of the cDNA clone. This frameshift is
illustrated below; the novel transcript generated by the frameshift is shown in bold-type.
The wild-type RedA sequence is included for comparison; the region corresponding with

the start of the cDNA clone begins at the 25" residue (K).

Wild-type redA transcript (223 amino acids)

1 MVPGLRASSI SFLLLFCSLF QGERKKQVNM LKVVILSVLS IGLVSCQYVI HQEFSDSKCS
61 NATFTMVAPT ACVEAEDGKY HKSVCASDSV QLFECNDQAC TDCPRKETMN TTCNPTMNKE
121 YSQYSCAATV PTGPHSVTQA IYPETAGGCK GTFSTAFVDF GLIGSCNKEG GTTPCCLATP
181 ITAVTDQDLQ RMTSAPRSCH EQKLESCEHS EHGFGYTGFT CTA¥*

Xcml frameshift (107 amino acids)

1 MVPGLRASSI SFLLLFCSLF QGERKKQVNM LKVVILSVLS IGLVSCQYVI HQEFSDSKCS
61 NATLLWSPQL LVLKLMENTT NPYVQVILCS CLNAMTRLVP TALVKKQ*

If the LC8 and LC9 constructs were integrated by homologous recombination at red4, as
shown in Figure 5.2, transcription would proceed first through the 70bp of red4 not
covered by the cDNA clone and then through PardC-hph, thus producing a chimeric
transcript. In the case of LC9, the chimeric transcript would contain antisense Aph RNA
(Figure 5.2). However, this should not affect the hygromycin selection process since the
redA promoter is not activated until the APT is initiated and hygromycin selection is only
applied to amoebae. Therefore, although both of these vectors contained the frameshift, it

would be the introduction of PardC-hph into redA that causes the disruption to the red4
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Figure 5.1:  Vectors for homologous gene replacement and antisense studies of
redA.

Schematic representation of the structure of the red4-based disruption (LC4-LCS: Section
5.2.2; LC8-LCI11: Section 5.2.1.2) and antisense (LC17: Section 5.3) constructs. The
1.1kb PardC region (ISXSN] ) promotes constitutive expression of the 1.3kb hph gene
(B=22228 ), which serves as a selectable marker for all of these constructs, conferring
resistance to hygromycin on stably transformed cells. PardC-hph was excised from
pTB37 as a 2.4kb HindlI-KpnlI restriction fragment (Burland ef al., 1993a). In all cases,
the transcription start site within the promoter and direction of transcription is indicated by
a small bent arrow ([ ). The red4 cDNA sequences are shown as lightly shaded boxes
(E2Z==3). The 5’ end of the red4 cDNA is indicated (5’) to aid onientation.

During construction of LC4 and LCS, the selectable marker was inserted at a Xcml site in
redA (Figure 3.5), the smallest portion of the red4 cDNA is indicated by the letter ‘A’ for
these two constructs. Full details of the construction of vectors LC4 and LC5 are outlined
in Section 5.2.2. The red4 cDNA insert was modified to contain a 1bp frameshift (¥ ) in
vectors LC8 to LCI11; full details of the construction of these vectors are outlined in
Section 5.2.1.2.

In addition to PardC-hph, LC17 contains the putative transcriptional terminator, TardC
(MM ), and the 1.9kb PardB promoter region (B2

3 ) positioned such that it would
express antisense redA transcripts (Section 5.3). The 635bp fragment of the red4 cDNA
clone used to construct the antisense RNA vector, LC17, is shown as ‘rev-redA’ to denote

the fact that it is reversed. Full details of the construction of vector LC17 are outlined in
Section 5.3.

The location of the EcoRlI sites, used to confirm the orientation of the components in each
vector, are shown. HindIII-SsfI (LC4-LC11) or KpnlI-Sstl (LC17) digestion was used to

linearise the constructs prior to transformation (Section 5.4).
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Figure 5.2: Mechanism of disruption of redd by LC8 and LC9 as a result of
insertion of PardC-hph

Schematic representation of one possible mechanism for homologous gene replacement of
redA with the LC8 or LC9 constructs (Figure 5.1). The transcription start site within the
PardC promoter and the direction of Aph transcription is indicated by a bent arrow ( [ )
The position of the XcmI frameshift is included for reference ( ¥ gamesnint ) but is unlikely to

affect the transcript produced (see below).

If the LC8 or LC9 constructs were integrated to the genome in their entirety at the region
of red4 where homology to the cDNA clone begins, transcription from the red4 promoter
would proceed first through the 70bp of coding sequence not covered by the cDNA clone
and then into the selectable marker, PardC-hph. Thus, redA transcription would be
disrupted by the presence of the selectable marker (Section 5.2.1.2).
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transcript (Figure 5.2); LC10 and LC11 are effectively the only two ‘genuine’ 1bp
frameshift designs (Figure 5.1). Constructs with similar action to LC8 and LC9 could
have been constructed from the unaltered cDNA clone instead of the Xcml frameshifted
sequence. Since one aim of this research was to optimise vector design, the Xcml
frameshift cDNA was selected to standardise the construction procedures, thus providing a
better basis for comparison with LC10 and LC11.

5.2.2 Construction of vectors where PardC-hph is positioned within the redA
coding region

An alternative design for gene replacement vectors, which was used by Burland & Pallotta
(1995), positions the selectable marker inside the target gene such that regions of
homology existed at both ends of the construct (Design B, Section 5.1.1); similar

constructs were designed for redA as alternatives to constructs LC8-LC11.

The coding region of redA was disrupted by insertion of PardC-hph at the same XcmlI site
that was selected for the second frameshift (Section 5.2.1.2). Klenow-treated PardC-hph
was ligated to the Xcml digested red4d ¢cDNA, which had been treated with Klenow and
Shrimp alkaline phosphatase (Section 2.3.3), to generate two transformation vectors; LC4
and LCS, with PardC-hph inserted in opposite orientations (Figure 5.1). As with the
second frameshift design, the RedA protein will only contain the first 63 amino acids
before the sequence is disrupted by the insertion of PardC-hph. However, since the
junctions from redA to the selectable marker for LC4 and LC5 were not confirmed by
sequencing, the sequences for the chimeric proteins were not determined; the chimeric
regions would be produced from the foreign sequences of PardC or the reversed Aph gene

(Figure 5.1), both of which contain stop codons in all three reading frames within 160bp
of the ligation site.

The design of constructs LC4 & LCS is such that PardC-hph is flanked by regions with
homology to red4 (Figure 5.1). Since no genomic clone was available for construction of
these vectors, the regions of homology were limited in size. The smallest region of
homology is at the 5’ end of red4 and consists of the 130bp located ahead of the XcmlI site
(Figure 4.2 & Figure 5.1). It is unclear whether this is sufficient to target integration at
redA, however, gene replacement vectors with just 100bp of flanking homology have been

used successfully for homologous gene replacement in Dictyostelium (reviewed by Kuspa
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& Loomis, 1994). The largest region of homology to the Physarum genome for the LC4
& LCS5 constructs comprises the 1.1kb PardC sequence although, since ardC encodes the
major actin transcript, it is unlikely that transformants generated through integration at

PardC would survive.

53 CONSTRUCTION OF A REDA ANTISENSE RNA MUTAGENESIS
VECTOR

Antisense RNA mutagenesis does not depend on homologous integration at the target
locus and, therefore, only a single transformant is theoretically required. Since the
majority of Physarum transformants generated to date are the product of random
integration of the transformation construct within the genome (Burland & Pallotta, 1995,
Burland ez al., 1992b & 1993a), it was anticipated that antisense RNA mutagenesis would

help to elucidate the role of red4 more rapidly than homologous gene replacement.

The mechanism by which RNA transcripts are generated was considered when deciding
which portion of the red4 cDNA to use for the antisense vector. Transcription by RNA
polymerase II is initiated by promoter sequences and proceeds until a transcriptional
terminator is reached to produce the primary RNA transcript. This transcriptional
terminator is not the same as the translational terminators, the stop codons. Introns are
subsequently removed from the primary transcript and a poly(A)+ tail is added to the 3’
end to produce mRNA. Simple transcriptional terminators consist of a G/C-rich hairpin
structure followed by a series of T residues (Stryer, 1988). Therefore, there is a possibility
that the A/T-rich region of the red4 cDNA located at the 3° end, which contains the
polyadenylation signal and poly(A)+ residues, may be recognised as a transcriptional
terminator. This would generate a very short antisense transcript, since in reverse
orientation it would be located close to the promoter. Such a transcript would only be
complimentary to the 3’ end of mRNA and, therefore, would be less likely to alter the
function of the protein. To avoid this, the 3’ sequence of the red4 cDNA was removed to
exclude the A/T-rich region, including the putative polyadenylation sequence. The redA4
cDNA was digested with Sau3Al to release a 1.8kb fragment containing some
pBluescript II sequence and the first 630bp of redd cDNA (Figure 4.1). This fragment
was purified by DEAE membrane isolation and then digested with EcoRV to separate the
Bluescript II and cDNA sequences. The 635bp EcoRV - Sau3Al ¢cDNA fragment was
isolated using DEAE membrane and klenow-treated to fill in the 5° overhang generated

by Sau3Al. It was necessary to perform this digest in two stages, since Sau3 Al digestion
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of Bluescript II releases a 730bp fragment that would be difficult to separate from the
635bp EcoRV - Sau3 Al redA cDNA fragment.

The selectable marker, PardC-hph-TardC, was included in the antisense vector. The
ardC termination sequence, TardC, was included to improve stability of the Aph
transcripts by controlling the termination of Aph independent of the site of integration, for
reasons discussed previously (Section 1.6.7). The 3kb PardC-hph-TardC fragment was
isolated from pTB40 following digestion with HindIll and Kpnl (Burland et al., 1993a),
ligated to HindIll - Kpnl digested pPardB (Burland et al., 1992a) that had been purified
and pre-treated with alkaline phosphatase to prevent self-ligation (Section 2.3.3) and then
transformed into XL1-Blue (Section 2.3.5). The resulting 7.9kb vector was digested with
HindII], to linearise the vector between PardB and PardC-hph-TardC, and then treated
with DNA polymerase I large (klenow) fragment and alkaline phosphatase (Section 2.3.3).

The antisense-redA vector was constructed by ligating the blunt-ended 635bp partial
cDNA for redA in reverse orientation under the control of the PardB promoter in the
prepared 7.9kb vector molecule; this was transformed to XL1-Blue (Section 2.3.5). Since
the blunt cDNA fragment could insert in either orientation or in multiple numbers,
plasmids were screened using EcoRI and BamHI digestion to select a construct with the

antisense orientation of a single red4 fragment. The final antisense redd construct was
designated LC17 (Figure 5.1).

If the antisense red4 mRNA generated by LC17 is transcribed, it will produce a very short
peptide since stop codons are located within 100bp of the Sau3 Al site in all three reading
frames (data not shown); the junction between PardB and the Sau3Al site of the redAd

cDNA was not sequenced, therefore, it is unclear which reading frame is correct.

54 TRANSFORMATION OF AMOEBAE WITH THE GENE DISRUPTION
VECTORS AND ANALYSIS OF TRANSFORMANTS

The gene disruption vectors, described above, were used in red4d gene knockout
experiments. The frameshift and internal disruption gene replacement plasmids (pLC4-5,
pLC8-11; Figure 5.1) were digested with HindIII-Ss#I and the antisense plasmid (pLC17,;
Figure 5.1) was digested with KpnI-Ssfl to release transformation construct inserts.

Axenically grown amoebae of strain LU352 were used for all transformation experiments
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(Section 1.6.2). Optimisation of the electrical parameters for transformation and the
subsequent transformation experiments were performed as described in Section2.1.7.
Selection was performed using DSPB plates containing 100ug ml™' Hygromycin B
(Sigma) over a period of 3-4 weeks (Section 2.1.7). Transformation in P. polycephalum
is performed using haploid amoebae, thus since only a single copy of red4 is present, it is

easy to identify changes to the gene and phenotype resulting from homologous integration

of the transformation vector.

Details of the stable hygromycin resistant amoebae (transformants) generated from several
independent transformation experiments performed using the different red4 constructs
(Figure 5.1) are shown in Table 5.1. All transformants were assigned a unique code based
on the construct used for the transformation, of the format [construct code]T[number] (e.g.

LCA4T]1 for the first transformant obtained using the LC4 construct).

The number of unique transformants for each construct, determined by Southern blotting
(see below), was used to calculate the overall efficiency of transformation for each vector.
The total number of amoebae surviving the transformation was calculated from the
haemacytometer counts performed 2-3 hours after electroporation (Table 5.1). This total
was then divided by the number of unique transformants generated to determine the
overall efficiency for each construct (Table 5.1). In addition to this figure, the highest
efficiency from each individual experiment was also determined. Where transformants for
a single construct were generated from more than one experiment, the most efficient is
shown (Table 5.1).

The transformants were screened for their ability to undergo apogamic plasmodium
development, since it was anticipated that disruption of red4 would affect plasmodium
development (Section 5.4.1). Following electroporation, amoebae typically undergo two
or three cell divisions during the outgrowth period before selective plating (Section 2.1.7).
Therefore, assuming integration occurs prior to the first mitosis after electroporation, for
every unique transformant one would expect a maximum of four to eight amoebal colonies
to grow on the selective plates. However, it is possible that integration of the construct
occurs at or after the first mitosis, in which case only half of the progeny would be drug
resistant and only two to four amoebal colonies would grow on selective plates. In

addition, viable count data demonstrate that not all amoebae survive the replating process;
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Table S5.1:  Details of transformation experiments conducted using the redA
constructs

Each transformation was performed using 5 x 107 axenically grown amoebae of Physarum
polycephalum strain LU352 (Section 1.6.1) and 1-10ug of linearised LC construct DNA
(Figure 5.1) as described in Section 2.1.7.

Pooled data from transformation experiments with red4-hygromycin constructs
(Figure 5.1) are shown. The overall frequency of transformants does not include an
allowance for differences in the size of construct used (Section 1.6.5); however, this would

only affect pLC17 since the other vectors are the same size (Section 5.4.4).

S The number of independent stable transformants was determined from the Southern blot
data (Section 5.4.2).



e1-s

Table 5.1

B R R - _
Total SUrvivors Number of Overall Best frequency
Vector Number of | Total DNA of Number of | independent frequency of from a single
experiments (1g) electroporation transformants | integration transformants experiment
H‘ poratio events ¥ (per cell) (per cell)
pLC4 18 32 42 x 10 5 3 1.4 x 10 2.2 x 107
pLC5 18 32 4.2 x 108 8 3 1.4 x 10 1.7 x 107
pLC8 16 31 4.0 x 10° 1 1 4.0 x 10 2.2 x 107
pLC9 17 36 3.8 x 108 10 4 9.6 x 10”7 8.3 x 10
pLC10 16 34 3.8 x 10° 0 0 - -
pLC11 12 18 2.7 x 10 1 1 2.7 x 10 1.3 x 107
LC17 8 25 1.6 x 10 0 0 - -
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losses can be as high as 50% (data not shown). Therefore, although a maximum of eight
sibling amoebal colonies could theoretically be recovered from one transformed cell,
generally only one or two are recovered. Since individual experiments sometimes yield
several resistant colonies, transformants from the same experiment may be unique or
sibling clones. Southern blotting analysis was performed in order to determine the
relationship between individual transformants from the same transformation experiment

and to check whether homologous integration at red4 was successful (Section 5.4.2).

5.4.1 Apogamic plasmodium development in transformants

The redA gene is first transcribed during the APT (Chapter 3) suggesting that mutation of
redA would affect this stage of development, either by blocking plasmodium development,
as seen with many of the npf mutations (Section 1.4.2), or generating phenotypically
abnormal plasmodia. Alternatively, red4 gene knockout may have no discernible effect
on plasmodium development, suggesting that it is not essential to plasmodium
development perhaps because other genes are able to compensate for its loss. All stable
transformants were, therefore, tested for the ability to undergo apogamic plasmodium

development and the phenotypes of the resulting plasmodia were examined.

Amoebae from each transformant and a LU352 control were tested for the ability to
undergo apogamic development (Section 2.1.8). LU352 amoebae from sub-culture 61
were included as a control to confirm the phenotype expected for cells that had grown in
axenic culture for a prolonged period. All of the transformants were capable of apogamic
development (Table 5.2), except LC4T4 and LC4T5 which were later identified as sibling
clones (Section 5.4.2). All the plasmodia were morphologically abnormal and often
resembled the apogamic plasmodia of transformants derived from unrelated experiments
(Figure 5.3). The LC9T1-LC9T7, LC8T1 and LC11T1 transformants initially resembled
plasmodia with a vein-rich morphology similar to that shown in Figure 5.3c or grew as
small fragmented plasmodia that were just a few millimetres in diameter. The majority of
these eventually grew larger and developed growth fronts, resembling that shown in
Figure 5.3b; the only exception being LC8T1, which developed one or two small
plasmodia (approximately 2mm in diameter) that were migratory but grew no larger and
eventually died. Plasmodia from 