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Abstract

The spore and amoeboflagellate stages of the heterothallic myxomycete life cycle are
generally a uninucleate haploid alternative to the multinucleate diploid plasmodial stage. The spore
is produced in a sporangium which develops from the plasmodium, and is a dispersal and resistant
stage which has ornamentations that can be used in taxonomy. These small spores have thick
pigmented walls and are generally wind dispersed and require water and other biological and
physical conditions in order to germinate; this dispersal can occur over long distances and the
germination conditions apparently vary between and within a species. The amoeboflagellate stage
has three alternative phases: myxamoeba, swarm cell and cyst. The myxamoeba is a typical
pleomorphic amoeboid cell that is the major phase, since it is the vegetative phase that ingests
bacteria and yeasts, and divides mitotically to form a clonal population of cells. The myxamoeba of
heterothallic strains can also, after reaching a certain cell density, become sexually competent and
fuse to produce the plasmodial stage. The swarm cell phase develops from the myxamoebal stage
when free water is present; it also feeds on bacteria but does not divide unless it reconverts to the
myxamoebal phase. The cyst phase develops from the myxamoebal stage, when growth conditions
become adverse, by the condensing of the cell and the formation of a resistant wall.
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Introduction

The life cycle of the heterothallic myxomycetes as it is typically presented consists of
alternating trophic generations; the macroscopic multinucleate diploid plasmodial stage and the
microscopic uninucleate haploid amoeboflagellate stage. The diploid plasmodial stage after a
period of growth converts into a sporophore which produces many small uninucleate haploid spores
by meiosis of the diploid spore nuclei and the degeneration of three of the four resulting haploid
nuclei (Aldrich 1967). These spores, which are generally wind dispersed, then germinate to produce
the microscopic haploid amoeboflagellate stage which can exist in three different forms; the
amoeboid myxamoeba, the flagellate swarm cell, or the resistant cyst. Amoeboflagellates, after a
period of growth, convert into gametes that fuse to form a zygote (see review by Clark & Haskins
2013), which then develops into the plasmodium by mitotic nuclear divisions without cell division.
However, in many different isolates of myxomycete species, the nuclear cycle in this basic life
cycle does not occur (see Clark & Haskins 2013). In these isolates nuclear division during spore
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production is automictic, so that the resulting spores and amoeboflagellates remain diploid.
However, the morphology and biology of the amoeboflagellate, except for sexual fusion, is retained
in these isolates.

Spores

With the classification of the exosporous Ceratiomyxa species, which produce single
stalked spores on the surface of the sporophore, as Protostelids all of the myxomycetes are now
endosporous, with the spores produced within a sporophore by successive cleavages of the
protoplasm and the formation of spore walls around each uninucleate unit (Aldrich 1967). Spores
are cleaved out of the sporothecal protoplasm by means of vesicle fusion which produces
uninucleate segments of protoplasm around which spore wall materials are deposited (Mims 1972).
The small spherical spores have thick walls and thus they can serve as resistant structures as well as
dispersal units which are spread by wind and other incidental methods. The different species also
have distinctive color and surface ornamentation which provide useful taxonomic characters.

Endosporic Meiosis

There was a disagreement among early workers concerning where meiosis occurred during
spore formation, or even if it occurred in the sporangium (see review by Clark & Haskins 2010). In
the heterothallic isolates (amoeboflagellates of different mating types must cross to produce a
plasmodium), it has been determined that during spore formation a single diploid nucleus is
enclosed in the developing spore, which then undergoes meiosis with three of the resulting nuclei
degenerating to leave the spore uninucleate and haploid (Aldrich 1967, Laane & Haugli 1976).
However, in the non-heterothallic isolates (a single amoeboflagellate can develop into a
plasmodium), it was assumed that the non-heterothallic isolates were either homothallic (meiosis
occurred but that any two amoeboflagellates could fuse to produce the plasmodium) or that meiosis
did not occur and an amoeboflagellate simply developed into the plasmodium. Reports that there
was no ploidal change between the amoeboflagellate and plasmodial stages (Haskins & Therrien
1978, Collins et al. 1983) ruled out homothallism, and the finding of synaptonemal complexes
(indicators of chromosome pairing in meiosis) in the developing spores (Haskins & Therrien 1978)
contradicted direct development. This puzzle was resolved when it was found that the second
division of meiosis did not occur in the spores of isolates where synaptonemal complexes occurred
(Therrien & Haskins 1981); apparently these isolates undergo an automictic division. In automixis
the first division of meiosis (Meiosis 1) occurs, but the second division (meiosis 1) does not; this
results in the reformation of the diploid nucleus which retains both mating types which allow the
amoeboflagellate to develop into a plasmodium.

Spore Morphology

Myxomycete spores are small spherical to rarely ovoid dispersal units with pigmented thick
walls that are generally covered with warts, spines, ridges or other ornamentations. Spores from
different species of myxomycetes vary in size from four to twenty five pum in diameter, although
the majority of species fall within a seven to twelve um range (Schnittler & Tesmer 2008). While
spore size, which is a useful taxonomic character, is reasonably stable for a particular species; size
variations within a species are generally larger than many descriptions indicate, and may vary with
the conditions of sporulation (Solis 1962).

Pigmentation

Myxomycete spores can be divided into two basic groups based upon pigmentation (Martin
& Alexopoulos 1969); the dark spored (brown, purple and black) and the light spored (colorless,
pallid yellow brown, yellow and red) species. This division of the species by spore color is a near
perfect correlation to the two major clades determined by DNA phylogeny (Fiore-Donno et al.
2009). Thus spore color, by both transmitted light (with a microscope) and in mass (the appearance
of the spore mass of a specimen), are basic taxonomic characters. The chemical nature of these
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spore pigments is not well known. However, melanin has been reported in the spore walls of
several dark spored Stemonitales and Physarales species (Loganathan et al. 1989), and is probably
the source of the brown and black colors in most myxomycete species. In the light spored species,
the naphthoquinone extracted from sporangia of a Cribraria species (lwata et al. 2003) and the
indole derivatives extracted from a number of Arcyria species (Rebhahn et al. 1999), may also be
present in the spore walls. In any case, it appears that the presence or absence of melanin in the
spore wall is the major factor distinguishing the dark and light spored groups from each other;
although Aldrich & Blackwell (1976) suggest that small amounts of melanin may also occur in the
spore walls of light spored species.

Wall structure

While earlier studies (Boic 1925, Schuster 1964a), using chemical staining technigues,
suggested that myxomycete spore walls contained cellulose; McCormick et al. (1970), using a
direct chemical analysis, found that the major wall component, in Physarum polycephalum spores,
was a galactosamine polymer (81%) with smaller amounts of melanin, amino acids and phosphate.
Electron microscopy of spore walls, in a number of species, (Schuster 1964b, Scheetz &
Alexopoulos 1971, 1976, Mims 1972, Randall & Lynch 1974, Bechtel 1977) shows a two layer
structure, with a thin fibrillar outer electron dense layer, which presumably contains the melanin
and other pigments, and an inner thick electron lucent layer. However, the spores of several
Echinosteliales species display some differences from this norm (Haskins & McGuinness 1986);
with Echinostelium minutum and E. coelocephalum having the normal thicker inner spore layer, E.
arboretum and E. corynophorum having equal sized layers, and E. bisporum having a thicker outer
layer; and all species having fibrillar channeled sculptured elements in the outer layer that are not
present in other species. Also Semimorula liquescens, another member of the Echinosteliales, has
only a single loose electron dense fibrillar layer without any channel elements, which makes it
more similar to the two protostelid species examined, than to the rest of the Echinosteliales
(Haskins & McGuinness 1986). A few species have clustered spores; however, they are generally
rare and often have a non-clustered spore counterpart that is identical or very similar to them
(Schnittler & Mitchell 2000). In these clustered spore species, the mature spores are held together
by a variety of mechanisms (Demaree & Kowalski 1975); in some species the spore walls are fused
together along their entire appressed surfaces, at numerous specific points of contact, or at the tips
of the ornamentations, while other species appear to be cemented together by a separate substance.

Wall ornamentation

Spore wall ornamentation is an important species level taxonomic character (Martin &
Alexopoulos 1969), which has increased in importance with the development of electron
microscopical studies (Schoknecht & Small 1972, Rammeloo 1974, 1975, Scheetz & Alexopoulos
1971, 1976, Haskins & McGuinness 1986, Neubert & Baumann 1987, Neubert et al. 1987, 19809,
Lizarraga et al. 1999) that have provided details irresolvable with the light microscope; including
micro-ornamentations which can be found on what were considered to be smooth spores (Haskins
& McGuinness 1986). These ornamentations are projections of the outer spore wall layer, except
for some ridges which are formed by folds of the entire spore wall (Scheetz & Alexopoulos 1971,
1976). With this increased resolution a new terminology has been proposed by Rammeloo (1974).
The ornamentations are classified as pila (swollen heads on a cylindrical base), bacula (cylindrical
processes without a head), verrucae (irregular short processes), spines (long pointed processes),
coni (short blunt pointed processes), muri (ridges having smooth surfaces), and cristae (ridges
consisting of jointed pili, bacula or other processes), with individual spores having one or more
types of processes. With the light microscope these ornamentations are usually classified as spines
(spines and some coni), warts (pili, bacula and some coni) and ridges (muri, cristae). These spore
characteristics are considered to be quite constant, especially at the species level, however, they can
and do vary in different isolates of the same species (Martin & Alexopoulos 1969, Gaither &
Collins 1984, ElHage et al. 2000, Fiore-Donno et al. 2011). In fact, as in the case for most
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characteristics, spore ornamentation, size and color may be all alike or vary in one collection to
another of the same species. Therefore, a number of isolates must be studied to determine the
morphological range of spore characteristics for a particular species, which in certain cases may be
quite wide.

Cytoplasm

While the cytoplasm of the spore is in the compact state of an inactive cell, it has all of the
normal eukaryotic organelles such as nuclei and mitochondria (Schuster 1964). Each spore
typically has a single nucleus, although mitotic nuclear division may occur prior to spore
germination (Koevenig 1964), and the spores also have basal bodies that are necessary for flagellar
formation (Aldrich 1967).

Spore Dispersal

The spore is the major long-distance dispersal unit of the myxomycetes, and appears to be
very effectively dispersed over ranges extending from meters to possibly worldwide. It is small,
highly resistant and adapted to both wind and incidental dispersal by animals and environmental
factors.

Wind dispersal

Wind is undoubtedly the mechanism of long distance dispersal of myxomycete spores, and
the distance moved is probably only limited by the survival of the spore’s exposure to UV light.
However, the thick pigmented spore wall probably provides considerable protection against UV
light which is normally deadly to small unprotected organisms. Considerable levels of airborne
spores of a number of different species have been detected using molecular techniques (Kamono et
al. 2009) and agar exposure methods (Brown et al. 1964). Also experiments studying the removal
of spores from the sporophore by air currents (Brodie & Gregory 1953), sedimentation velocity
(Tesmer et al. 2007), and the adequacy of the spore-rain (Schnittler et al. 2006, Schnittler & Tesmer
2008), have shown that wind dispersal is a very efficient mechanism for colonizing viable habitats
within distances of 50 meters. Also, DNA studies of geographical widespread collections of
Didymium squamulosum (Winsett & Stephenson 2008) and Didymium difforme (Winsett &
Stephenson 2011) sporangia indicate that successful long distance dispersal occurs in these species.
The major difficulty for wind dispersal of spores is probably the initial problem of dry spores
reaching turbulent air, which in the case of most myxomycetes is partially solved by the
plasmodium moving to an exposed surface prior to sporulation and the production of a stalked
sporophore which helps raise the sporotheca and its spores into the drying air and above the laminar
air flow that surrounds any surface.

Incidental dispersal

Numerous small animals, such as beetles, slug, mites and earthworms, feed on or in the
habitat of myxomycete plasmodia and sporophores (Blackwell et al. 1982, Murray et al. 1985,
Newton & Stephenson 1990, Stephenson & Stempen 1994, Keller & Snell 2002), and can transport
the spores either in their guts or stuck to their surfaces. It has been shown that the spores which
pass through the gut of mites and earthworms retain their viability (Murray et al. 1985, Keller &
Snell 2002). Thus, short range dispersal can occur through animal transport and incidental water
movement by means of raindrop splashing (Dixon 1963) or running water, which may be facilitated
by hydrophobic effects caused by spore ornamentation (Hoppe & Schwippert 2014).

Spore Germination

The germinating spore releases one to several amoeboflagellates, which are either flagellate
(swarm cells) or non-flagellate (myxamoebae). These amoeboflagellates are released from the
spore via means of pores, splits or dissolution of the spore wall (deBary 1864, Jahn 1905, Haskins
et al. 1983).
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Physical conditions

The physical conditions, for myxomycete spore germination vary from species to species,
with water being the major constant requirement. While many species will germinate in distilled
water at room temperature in less than an hour (Gilbert 1928a) other species (and sometimes
isolates of the same species) require more elaborate conditions (see Haskins & Wrigley de Basanta
2008 for an overview of culturing methods). Various experiments have been conducted concerning
the following physical conditions for germination: nutrients, pH, temperature, wetting and drying,
and light. Weak nutrients (Cooke & Holt 1928), often in the form of substrate extracts
(Alexopoulos 1960, Haskins & Wrigley de Basanta 2008), have been found to enhance, or be
required for, germination of some species. The effects of pH on spore germination for a number of
species (Smart 1937, Abe 1941) is fairly uniform; with most species germinating reasonably well
(50% of spores) between a pH of 4 to 8 with a maximum germination rate near pH 7. However,
some species, such as Comatricha laxa, have a more constricted pH range (5-7) for germination.
Smart (1937) also examined the effects of temperature on spore germination in a number of species
of myxomycetes; he found that while germination, in some species, occurred at temperatures as low
as 2° C or as high as 36° C, the optimal temperature for germination of all of the species tested was
in the range of 22° to 30° C. Recent research on the nivicolous (snow bank) myxomycetes
(Ronikier et al. 2010, Shchepin et al. 2014) seems to indicate that this group may germinate at a
range of temperatures (2-23° C), however, this is a group where temperature experiments and
culture work are still needed. While spore germination requires the uptake of water, the spore walls
are hydrophobic; and therefore the wetting of the spore can affect sporulation. Thus the use of
dilute bile salts as a wetting agent (Elliott 1949), or alternate wetting and drying cycles (Lister
1901, Jahn 1905, Gilbert 1929, Smart 1937, Elliott 1949) has been found to increase germination
rates in a number of species. The report (Hoppe & Schwippert 2014) that highly ornamented spores
are more hydrophobic than smooth spores may explain some of these differences in germination.
Although Cooke & Holt (1928) reported that Stemonitis splendens spores germinated better in
darkness, Smart (1937), using the same species, found no light effect on germination.

Biological conditions

Both external and internal biological factors apparently influence spore germination. The
external factors are the other microorganisms present in the environment, which could secrete
substances that are inhibitory or enhancing to germination. Although, there are several reports
concerning the germination of spores, of certain species, occurring only in the presence of a
microorganism derived from the natural substrate (Olive 1960), this is an area where little is known
and where useful research could be conducted. Some internal biological factors which could affect
spore germination are maturation, longevity, release of an autocatalytic factor or enzyme activation.
Gilbert (1929) has reported that the spores of some species require a post-sporulation maturation
period before they can germinate, with Lycogala epidendrum needing at least a month of
maturation and Reticularia rozeanum improving in germination percentage for up to two years of
maturation. However, in the experience of the authors, who have cultivated many different species
during their careers, the spores of most species of myxomycetes will germinate immediately after
sporulation or they will not germinate at all.

The viability of spores over time has been studied by a number of individuals (deBary 1864,
Smith 1929, Gilbert 1929, Elliott 1949, Erbisch 1964), and reports of spores germinating from
herbarium collections up to 75 years of age have been published. However, since these cultures
were not grown from spore to spore, the real possibility of cross contamination, especially in a
herbarium situation, cannot be discounted. In general, most researchers (including the authors) find
that spore viability declines rapidly after one year and that spores older than four year seldom
germinate (Winsett 2011). Smart (1937) reported that large spore masses seemed to germinate
more rapidly and achieve a higher germination percentage than less dense concentrations, and that
spores germinated faster on a medium on which other spores had previously germinated. He thus
hypothesized that spores released an autocatalytic substance which enhanced germination.
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Dahlberg & Franke’s (1997) study of spore germination in Fuligo septica also supports the
existence of a soluble autocatalytic factor. However, mating type studies on many species of
myxomycetes using single spore isolates (see review by Clark & Haskins 2010), indicate that the
spores of many species have no difficulty in germination by themselves; and other studies, on a
number of species (Kerr 1982, Haskins & Hinchee 1992) find no evidence of an autocatalytic
factor. Since spore germination involves the escape of the amoeboflagellate via splits, pores or
dissolution of the wall (deBary 1864, Jahn 1905), it is apparent that enzymatic activity may be
involved; however, except for the possible activation of the enzymes by the entry of water into the
spore, little is known of this process, except that aeration enhances spore germination (Braun 1971)
and that osmosis may be involved (Haskins & Hinchee 1992). In general, we know very little about
the internal control of spore germination, and have no way of explaining why the spores of some
isolates and individual sporangia of the same species can be germinate without any difficulty, while
others germinate either very poorly or not at all in the same situation (Clark 2003, Winsett 2011).

Multiple amoeboflagellates

While deBary (1864) was the first to report the emergence of more than one
amoeboflagellate from a single spore, Smith (1929) was the first to study and compile the
information on multiple amoeboflagellate germination. He determined that in the 33 species of
myxomyecetes studied by him and others, that they all could produce one to two amoeboflagellates,
and that some species could produce four or rarely eight separate amoeboflagellates. The reason for
multiple amoeboflagellate emergences from spores is not completely settled, since it could be due
to the incorporation of more than one nucleus in the developing spore, by meiosis of a single
diploid nucleus within the spore without degeneration of any of the resulting haploid nuclei, or by
mitosis of a haploid or diploid nucleus within a spore. However, Koevenig (1961) has provided
direct film evidence for mitosis in a single nucleated spore of Fuligo septica and the emergence of
two amoeboflagellates from that spore, and a recent review (Clark & Haskins 2013) concludes that
the preponderance of evidence indicates that most or all multiple emergences are due to the mitotic
divisions of an original single nucleus.

Release method

The amoeboflagellates are released from the spore by either a split in the cell wall, a pore in
the cell wall, or by the dissolution of the entire cell wall. The majority of species germinate using
the split or pore process which was first reported by deBary (1864) and Jahn (1905); and later
confirmed by Gilbert (1928a). In the split method, the wall apparently weakens on a line and is
ruptured in a wedge shaped split that widens and allows the amoeboflagellate to emerge. In the
pore method, a portion of the wall apparently weakens and a small irregular hole opens up in the
wall through which the amoeboflagellate slowly exits. These two processes are apparently very
similar, since Kovenig (1964) could convert the split germinating spores of Physarum gyrosum to
pore germinating by adding cellulase to the germination water; and Smart (1937) could convert the
pore germinating spores of Reticularia splendens to split germinating by manipulating the
temperature during the process. Electron microscopic studies of spore germination indicate that the
exit pore is preformed in Stemonitis virginiensis (Mims & Rogers 1973), but the slit of Arcyria
cinerea (Mims 1971) and pore of Echinostelium minutum (Haskins & Hinchee 1992) are not. The
third germination method involving the softening and gradual disappearance of the cell wall is less
common and has only been reported to occur in Ceratiomyxa fruticulosa (McManus 1958); while
the thin cell wall of Semimorula liquescens undergoes dissolution and re-absorption during
germination (Haskins et al. 1983). Apparently, in most cases, the uptake of water by the spores
activates enzymes which soften a specific region of the wall which then ruptures by osmotic
pressure and amoeboflagellate movement.

Amoeboflagellates
The amoeboflagellate life cycle stage of the myxomycetes has three alternative states; the
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amoeboid myxamoebae, the flagellate swarm cells, and the resistant cyst stages. The myxamoeba is
the central state in this life cycle stage since the other two states are not generally necessary for
completion of the life cycle. The myxamoebae are capable of feeding, dividing mitotically and
producing the plasmodial stage of the life cycle; while the swarm cells which are capable of feeding
and producing the plasmodial stage do not undergo mitotic division, and the cysts are strictly
resistant structures.

Amoeboflagellate Morphology

All three of the amoeboflagellate states are colorless, microscopic and usually haploid (in
heterothallic strains) uninucleate cells with morphologies that are adapted to their life cycle
functions; the generalist myxamoebae, the swimming swarm cell and the resistant cyst.

Myxamoebae

The microscopic (approximately 10 pm in diameter) uninucleate myxamoebae have the
pleomorphic shape common to all soil amoebae which lack a cell wall; however, they do have a
very thin (200 A°) flexible coat outside of their cell membrane (Dykstra & Aldrich 1978). The
interior of the cell contains small, but normal eukaryotic organelles: a nucleus with a double
membrane and a nucleolus, numerous tubular cristae mitochondria similar to those found in many
other protozoan amoebae, an endoplasmic reticulum, a Golgi apparatus, a contractile vacuole, two
centrioles, and food vacuoles (Schuster 1965, Aldrich 1968).

Swarm cells

Swarm cells have an elongate shape with a cone-shaped anterior and a wider somewhat
amoeboid posterior region. The flagella, centrioles and nucleus are located at the anterior region
which is shaped and maintained by a conical arrangement of microtubules (Cadman 1931, Schuster
1965, Aldrich 1968, Wright et al. 1979). The posterior region contains mitochondria, a contractile
vacuole and other organelles; it also produces pseudopodia which adhere to bacteria and other food
particles which are ingested into food vacuoles. Each swarm cell usually has two heterokont
whiplash flagella, one of which is normally short and carried pressed to the cell membrane where it
is difficult to detect (von Stosch 1935, Elliott 1949). While, there are numerous reports of one to
eight flagella per cell, the most common number within most specific cultures is two per cell
(Elliott 1949, Haskins 1978). One explanation for this variation is the presence of pseudoflagella
(membrane extensions lacking the nine plus two array of microtubules found in true flagella) which
occur in some cultures (Koevenig 1961) that can be mistaken for flagella. However, some
variations appear to be normal variations or developmental abnormalities; as in Echinostelium
minutum where the flagella are always isokont (equal in size), and where some swarm cells, from
the same isolate, have varying numbers (1-8) of flagella (Haskins 1978) possibly due to polyploidy,
which is supported by high voltage electron microscopic studies of chromosomes (Haskins 1976).

Transition

The myxamoebae and swarm cells are generally believed to be capable of multiple
reversible transformations between the two forms, although Ross (1957) believed that some species
lose the ability to reversibly transform after a period of growth and thereafter remained either
myxamoebae or swarm cells. Myxamoebae transform into swarm cells by the formation of
centrospheres on the nuclear membrane, consisting of the Golgi apparatus and centrioles, which
then move to the cell membrane and elongates the nucleus and cell with the formation of a
microtubular cone structure (Schuster 1965, Aldrich 1968, Wright et al. 1979). This forms the
anterior end of the swarm cell and the remaining cytoplasm and organelles move to the other end of
the cell to produce the posterior end. The flagellar sheath is then produced by the Golgi vesicles
and the inner flagellar microtubules are formed from the basal bodies (Aldrich 1968). Swarm cells
transform into myxamoebae by absorbing the flagella, either by whipping it against and fusing with
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the cell membrane or pulling it in by movement of the nucleus, as the cone structure disperses
(Koevenig 1964).

Cyst

The resistant cyst is derived from the myxamoeba by the rounding up of the amoeboid cell,
condensation of the cytoplasm, disappearance of food vacuoles and contractile vacuole, and the
formation of a cyst wall (Koevenig 1964). The cyst wall consists of one to several randomly
arranged microfibril layers (depending upon the species) which may display small spine-like
ornamentations (Schuster 1965, Aldrich & Blackwell 1976, Haskins et al. 1985). In Physarum
flavicomum this wall consists of 32.1% D-galactosamine, 10.4% neutral sugars, 21.8% lipids, 21.2
% proteins, 5-8% phosphate, and 8.7% undefined materials (Henney & Chu 1977b); however, in
Physarum polycephalum (McCormick et al. 1970) it consists of glactosamine (98%), and protein
(2%) without any lipids. In most species examined to date, excystment occurs by means of a pore
dissolved in the wall through which the amoeboflagellate exits (Howard 1931, Aldrich & Blackwell
1976), however, in Echinostelium minutum the cyst wall completely dissolves (Haskins et al.
1985).

Amoeboflagellate Physiology

Transitions

The myxamoebal to swarm cell transition occurs within a few minutes with the addition of
water to the culture, and the subsequent removal of the water cause the cell to revert to the
amoeboid state (Kerr 1960, Aldrich 1968), although large populations of bacteria may inhibit the
transition (Kerr 1965a). The encystment of myxamoebae is induced by adverse conditions such as
overcrowding, lack of food, accumulation of metabolic products, drought, or overabundance of
water (Gray & Alexopoulos 1968, Haskins et al. 1985). Henney & Chu (1977a) were able to
induce cyst formation in Physarum flavicomum, grown on semi-defined medium, by placing the
cells in a non-nutrient salt solution and found that the absence of amino acids was the major factor
which caused encystment. On the other hand, excystment occurs by the return of the cysts to an
environment supporting growth.

Movement

Myxamoebae migrate by means of lobose pseudopodial extensions of the cell which are
apparently modulated by a contractile actin-myosin system similar to that known in myxomycete
plasmodia (Taniguchi et al. 1978, Henney & lzadpanah 1979). Swarm cells swim with a jerky up-
and-down motion using their long flagellum. This produces a very limited directional movement
and the distance traveled by a swarm cell is normally very short; however, this short distance may,
in some situations, be important in improving feeding or mating opportunities. Also, the swimming
motion maintains the swarm cell in the water column, and it is thus subject to be carried along with
any water movement that may occur.

Cell division

While the swarm cell stage does not undergo cell division, the myxamoebal stage can divide
mitotically to produce a large clonal population of genetically identical cells. The myxamoebal
nuclear division involves the centrioles forming the spindle apparatus, breakdown of the nuclear
membrane and nucleolus, and movement of the chromosomes to the metaphase plate, followed by
separation of the two sets of chromosomes to the poles during anaphase, and the reformation of the
nuclear membrane around the two new nuclei (Kerr 1967, Aldrich 1969, Hinchee & Haskins
1980a). Cytokinesis involves the pinching in of the cell membrane between the two nuclei and the
separation of the dividing cell into two new cells. Mitotic division in the plasmodial stage differs in
that the centrioles are not present or involved in producing the spindle apparatus and the nuclear
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membrane does not break down during division (Kerr 1967, Aldrich 1969, Hinchee & Haskins
1980b).

Nutrition

Both myxamoebae and swarm cells ingest bacteria, yeasts and other small organic particles
by surrounding and engulfing them into a membrane bound vacuole, and then digesting them in
food vacuoles (Lister 1890, Gilbert 1928b). While no one has systematically researched the food
preferences of amoeboflagellates, researchers have generally found that some bacterial species,
such as Escherichia coli and Klebsiella pneumoniae are easily digested and others such as Bacillus
subtilis are not (Kerr & Sussman 1958, Haskins 1968). A study by one of the authors (Clark
unpublished) found that a number of bacterial species (Bacillus subtilis, B. cerus, B. lentus,
Achromobacter xylosoxidans, Flavobacterium species group 11B) accumulated in amoeboflagellate
cultures since they were very resistant to ingestion or digestion by the amoeboflagellates. Hoppe &
Kutschera (2015) have shown that the myxamoebae of Lycogala epidendrum, Tubulifera
arachoidea and Trichia decipiens display considerable differences in cell motility towards three
different species of bacteria, which may indicate differences in food preferences. The
amoeboflagellates of most species are cultured on agar using a microorganism (bacteria or yeast)
derived from the original isolation culture (see Haskins & Wrigley de Basanta 2008). The finding
that the amoeboflagellates of the nivicolous species Lepidoderma chailletii and Physarum nivale
grow best at 2° may be due to a preference for a cold adapted microorganism (Shchepin et al.
2014). Axenic growth of myxamoebae using heat or formalin killed bacteria has been accomplished
with isolates of Badhamia curtissi (Ross 1964), Didymium iridis including D. nigripes (Kerr 1963,
Schuster 1964a, Silliker & Collins 1988), Physarum cinereum (Schuster 1964b), P. rigidum
(Henney & Henney 1968), and Stemonitis flavogenitia Hu & Clark 1986). However, only
Didymium iridis (Balamuth & Gong 1975), Physarum flavicomum (Henney & Asgari 1975), P.
polycephalum (Goodman 1972, McCullough & Dee 1976), Echinostelium minutum (Haskins
1970), and Stemonitis flavogenita (Clark et al. 1990) have been grown on defined or semi-defined
medium. Interestingly, except for a number of vitamins and hematin, most of these defined media
are generally rather simple and consist of minerals, amino acids and a carbohydrate such as glucose
(Clark et al. 1990).

Culture

Isolated single spores will germinate to produce myxamoebae, and these myxamoebae, or
isolated single myxamoebae, when placed on a weak nutrient agar plate with a bacterial food
source will grow into a large clonal population of genetically identical cells which can be used to
study myxomycete genetics and biology (see Haskins & Wrigley de Basanta 2008, Clark &
Haskins 2011). These clones can be maintained by periodical transfers of a loopful of amoebal and
bacteria suspension from the old plate to a new plate with the addition of sterile water to spread the
culture. Since these clones are potentially immortal (Clark 1992) and form resistant cysts, they can
be maintained for long term on agar slants in screw cap test tubes, or they can be lyophilized using
a vacuum system (Kerr 1965b, Davis 1965).

Plasmodial formation

Plasmodia are produced by the amoeboflagellate stage via the formation of a diploid zygotic
cell by means of sexual fusion (heterothallic system), or by the conversion of an apogamic diploid
amoeboflagellate into a plasmodium (non-heterothallic system) see reviews by Clark & Haskins
(2010, 2013). In the sexual cycle amoeboflagellates differing at a multiple allelic mating system
(Collins 1963) undergo syngamy (Bailey et al. 1990) after they have become competent upon
reaching a critical cell density (Shipley & Holt 1982); while in the apogamic cycle, the
amoeboflagellates are diploid, due to automixis (see Clark & Haskins 2013), and convert to
plasmodia when they become competent. The zygotic or diploid amoeboflagellate cell apparently
undergo a number of biochemical changes in their cell membrane (Ross & Shipley 1973) and a

94



series of mitotic nuclear divisions without cell division to produce the multinucleate plasmodium.
In some clonal amoeboflagellate haploid populations of heterothallic isolates, haploid plasmodia
may be formed without crossing (Collins & Ling 1968, Yemma & Therrien 1972, Anderson &
Truit 1981); however, the cause of this formation is unknown and the frequency of production and
vigor of the plasmodium can vary greatly between different clonal populations.

Discussion

In the standard heterothallic myxomycete life cycle the diploid plasmodial trophic stage
alternates with the haploid amoeboflagellate trophic stage, with the plasmodium converting to the
amoeboflagellate stage by means of sporulation and meiosis in the spores, and the
amoeboflagellates converting to plasmodia by syngamy of competent amoeboflagellates after they
reach a critical density. In the apomictic strains, the morphology remains the same but spore
meiosis is replaced by automixis and the resulting diploid amoeboflagellates can convert directly
into plasmodia without syngamy when they become competent.

The small spores, which are produced in large number, are readily dispersed by wind
currents and they are also a highly resistant stage that can last several years without germinating
when conditions are unfavorable. Amoeboflagellates can also form resistant cysts and they are
potentially immortal, and they can thus maintain reservoir populations under marginal conditions
where conversion to plasmodia and sporulation is unlikely. Therefore, the spores and
amoeboflagellates apparently serve (along with plasmodial sclerotia) as widespread reservoirs that
can rapidly develop into plasmodia and sporophores when local micro-environments become
favorable. This ability to survive as reservoirs under unfavorable conditions can help explain the
occurrence of substantial amoeboflagellate populations in many soils and other environments
(Feest & Madelin 1985, Stephenson et al. 2011); and the ability of some species to survive and
complete their life cycle under harsh conditions such as mountain snow bank edges (Ronikier et al.
2010) and arid deserts (Wrigley de Basanta et al. 2009).

The recent use of environmental RNA analysis (Komono et al. 2012) in place of DNA
universal primers, which greatly underestimates the myxomycetes, has shown that a very diverse
assemblage of species sequences can be found in many environments and that myxomycetes may
comprise up to fifty percent of the significant amoebozoan population in some situations
(Stephenson et al. 2011). Since some environments, from which amoeboflagellates have been
isolated, would appear to be unable to support the complete myxomycete life cycle which includes
plasmodia and sporulation; it is quite likely that divergent clonal amoeboflagellate populations have
arisen which can no longer sporulate, and thus they are effectively soil amoebae. This of course
could produce major taxonomic problems since it would be difficult to identity and correctly name
them. Unfortunately this process has already occurred with a number of myxomycete
amoeboflagellates isolated by protozoologists for whom the complete life cycle (if present) was
unknown; these isolates were thereby described as Hperamoeba spp. Since DNA sequences
indicated that these isolates belonged to a number of myxomycete genera, they were later
transferred to those genera (for example Hperamoeba dachnaya became Didymium dachnaya)
based on the DNA sequence analysis (Fiore-Donno et al. 2010). If these amoeboflagellate isolates
are truly orphan life cycle stages, there may be a legal (if unnecessary) justification for the new
names; however, it would have been more appropriate to propose these names after it had been
shown that the DNA sequences did not match the DNA sequences of any validly named species in
that genus, which did not occur since DNA sequences are known for only a relatively small
percentage of the known validly described Didymium species. On a final note, a series of
microscopic movies by Haskins, some of which include the amoeboflagellate stages, is now
available on-line; go to TIB: AV-Portal, open the portal and then search for Haskins to find the film
file.
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