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Abstract
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Dictyostelids (Amoebozoa) are a group of social amoebae consisting of approximately 150
species, which are found in terrestrial habitats worldwide. They are divided into eight major
clades based on molecular phylogeny, and within these clades are many species complexes.
Some species are seemingly cosmopolitan in distribution, while others are geographically
restricted. In this thesis dictyostelids were recovered from high latitude habitats (soils in Sweden
and Iceland) as well as from the soles of shoes. Morphological characters and DNA sequence
analyses were used to identify isolates that were recovered and delimit new species, as well as
to investigate the monophyly of Dictyostelium aureostipes. Nine species were reported from
Northern Sweden and four from Iceland. Among the isolates recorded in Sweden were two
new species, described as D. barbibulus and Polysphondylium fuscans. P. fuscans was among
the four species recovered from footwear, contributing evidence for anthropogenic transport of
dictyostelids. Ecological patterns were assessed using linear regression and generalized linear
models. The ecological analyses of dictyostelids recovered from Iceland indicate that these
organisms are most frequently found in soils of near-neutral pH, but also exhibit a species
richness peak in moderately acidic soils. These analyses indicate that in Iceland dictyostelid
species richness decreases with altitude, and in the northern hemisphere the species richness
increases with decreasing latitude. A three-region analysis of the D. aureostipes species
complex indicated that this species is in fact made up of at least five phylogenetically distinct
clades, and in light of this the group is in need of taxonomic revision. These results indicate
that the dictyostelid species richness is higher than previously known, especially in high-
latitude regions, and that even seemingly well-defined species may harbour cryptic diversity.
Presently, species ranges may be expanding via anthropogenic dispersal but despite this, the
dictyostelids are found to exhibit biogeographic trends well known from macroorganisms, such
as a latitudinal gradient of species richness.
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Introduction 

 
 

“When a biologist studies a group of species, ranging anywhere from, say, 
elephants with three living species to ants with fourteen thousand species, he 
or she typically aims to learn everything possible over a large range of bio-
logical phenomena. Most researchers working this way… are properly called 
scientific naturalists. … They will tell you, correctly, that there is infinite de-
tail and beauty even in those that people at first find least attractive – slime 
molds, for example, dung beetles, cobweb spiders, and pit vipers. Their joy is 
in finding something new, the more surprising the better. They are the ecol-
ogists, taxonomists, and biogeographers.” 

 
E.O. Wilson in Letters to a Young Scientist 

 
 
 
 
 
This thesis is the compilation of four papers and manuscripts that broadly 
aim to increase the collective knowledge about something many of us didn’t 
even know existed: dictyostelid social amoebae, or cellular slime molds. 
Over the course of these studies I have heard these amoebae likened to aliens 
(or, ‘moon snot’), a microscopic forest, the mood slime from Ghost Busters, 
an inverse fountain and many other strange and variously accurate images. 
For now, I will not offer further comparisons. Instead I will focus on famil-
iarizing you, my audience, with these creatures, such that you can develop 
your own understanding and, possibly, analogies. So put up your feet, pour a 
cup of coffee, and take a few minutes to enjoy the intricacies of these organ-
isms that I have spent the last five years sometimes hating but more often 
loving, and always in awe of.  

Protists 
 

The Earth is home to many extraordinary and wonderful creatures. 
We are all familiar with animals, plants and fungi. Bacteria and viruses are 
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also in our repertoire. However, there is a massive diversity of organisms 
that are eukaryotic (with a nucleus) that are not animals, plants or fungi. 
These microorganisms are lumped together into a refuse bin and are collec-
tively known as ‘protists’. They are often, but not always, unicellular and 
they inhabit nearly every environment on earth, from the deepest sea vents 
right up into the atmosphere. A select few we know: the alveolate Plasmodi-
um causes malaria, the foraminiferans are a long-favored workhorse of pale-
ontologists, and single-celled oceanic phytoplankton are among the most 
productive primary producers on Earth. Furthermore, no Gary Larson com-
pilation would be complete without a pair of the familiar amoebae on arm-
chairs thoughtfully reflecting on the mundane facets of middle-American 
suburban life (Larson, 2003).   

These organisms, the protists, were first acknowledged taxonomically 
as neither plants nor animals when they were assigned to the kingdom Pro-
tozoa by Owen in 1860. Scamardella (1999) outlines the history of protist 
taxonomy, highlighting the names and taxa included within this ‘group’, 
which over time has been made up of any and all organisms that could not 
be confidentially called a plant or an animal at the time. Over the last two 
centuries various biologists have weighed in with their definition of the 
“kingdom of primitive forms”. The kingdoms Protoctista (Hogg, 1860), 
Protozoa (Owen, 1860) and Protista (Haeckel, 1866) have all been proposed 
and defended - each including an oft-overlapping array of non-plant and 
non-animal taxa.   Haeckel (1866) draws an early representation of the tree 
of life, showing one theory explaining the relationships within and among all 
living organisms (Figure 1).  

More recent classifications and phylogenies have confirmed that pro-
tists are not only morphologically diverse, but they are also phylogenetically 
divergent, belonging to a variety of eukaryotic super-groups (Whittaker, 
1969; Levine et al., 1980; Corliss, 1984; Schlegel, 1991; Cavalier-Smith, 
1998, 2003; Adl et al., 2005, 2007, 2012). As such, there is a movement to 
stress that protists should not be regarded as only the array of ‘primitive 
forms’ as the name implies. Figure 2 shows a schematic representation of the 
relationships among eukaryotes.  

Throughout this thesis the term ‘protist’ is used not to indicate a mon-
ophyletic group, but to collectively refer to all eukaryotic organisms that are 
not plants, animals or fungi. Although the term does not depite a natural 
group, the field of protistology remains coherent in its aim to better under-
stand these often overlooked organisms.   
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Figure 1. The tree of life, as illustrated by Ernst Haeckel in Generelle Morphologie 
der Organismen (1866). Hackel divides life into three sections in this ‘genealogy’: 
Plantae, Protista and Animalia. The dictyostelids are absent from the tree, but their 
sister clade, the Myxomycetes, are found towards the top of the figure, along with 
Spongiae, indicating that they are relatively ‘advanced’ compared to the other Pro-
tista.  Likewise, Mammalia is found at the apex of the Animalia branch, in line with 
Haeckel’s belief that man is the peak of evolution.   
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Figure 2. The filose amoeba of life. The relationships among major eukaryotes are 
represented schematically as the filose pseudopodia of an amoeba. This amoeba of 
life is schematic and only includes a representative selection of taxa. Like an amoe-
ba, this phylogeny is inherently without roots, or ‘unrooted’. For more detailed phy-
logenies of the eukaryotic super-groups, discussions on the relationships among taxa 
and the position of the root see Baldauf, 2003; Parfrey et al., 2006, 2010; and Adl et 
al., 2007, 2012. 
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Amoebozoa 
 

Amoebozoa is one of the eukaryotic ‘super-groups’ (Figure 2). It is 
the sister taxon to Opisthokonts, which comprises the animals and fungi 
(Baldauf, 2003). The Amoebozoa is made up of amoebae that are either 
naked (lacking a shell or covering) or testate (with a shell-like covering, 
called a ‘test’) (Adl et al., 2012). The relationships among the taxa within 
Amoebozoa are not well understood and phylogenies vary significantly de-
pending on which taxa and data are included in the analyses (Cavalier-Smith 
et al., 2004; Kudryavtsev, 2005; Tekle et al., 2008; Pawlowski & Burki, 
2009; Shadwick et al., 2009).  

Although the within-group relationships are not universally agreed 
upon at present, there are a series of taxa that have been confidently identi-
fied as major lineages within Amoebozoa. Most conservatively, Adl et al. 
(2012) have suggested to divide the Amoebozoa into 13 constituent taxa. 
Alternately, Pawlowski and Burki (2009) divided Amoebozoa into six major 
taxa: Conosea, Thecamoebida, Variosea, Flabellinea, Acanthopodida and 
Tubulinea. Another recent phylogeny suggests a two-subphyla system under 
which Amoebozoa is divided into Conosa (made up of Mycetozoa, Variosea 
and Archamoebea) and Lobosa (consisting of Tubulinea, Flabillinea and 
Longamoebia) (Smirnov et al., 2011). Due to the clear discrepancies among 
phylogenies it has been proposed that further data, including full genomes 
from a broad sampling of Amoebozoa species, will be required to confident-
ly delimit the branching patterns among these taxa (Glöckner & Noegel, 
2013).  

It is important to point out that while the Amoebozoa is made up ex-
clusively of amoeboid organisms, it is not the only group with amoebae in it. 
Amoeboid organisms are also found in several other eukaryotic super-
groups. A large majority of the non-Amoebozoa amoeboid organisms are 
found within Rhizaria (including radularians and foraminifera), but further 
instances are also found in Stramenopiles (Actinophryida), Excavata (Heter-
olobosea) and Opisthokonts (Nuclearia) (Pawlowski & Burki, 2009).  

Dictyostelids 
 

Dictyostelids (Amoebozoa) were originally known as the ‘cellular 
slime molds,’ but they are now more frequently referred to by the common 
name ‘social amoebae.’ The latter term serves to both clear up confusion 
regarding the taxonomic placement of the group (as slime molds implies 
they are fungi, not amoebae) and also highlights a striking features in their 
life cycle: multicellularity, which is the result of a unique form of sociality.   



 14 

Dictyostelids, along with myxogastrids (plasmodial slime molds) and 
protostelids, make up the Mycetozoa, which is one of the major divisions 
within the Conosea (Amoebozoa) (Olive, 1970; Baldauf & Doolittle, 1997; 
Pawlowski & Burki, 2009; Fiore-Donno et al., 2010). Unlike dictyostelids, 
which are relatively small throughout their life cycle (usually <1.0 centime-
ters), myxogastrids have the ability to produce a giant (up to several decime-
ters across), multi-nucleate amoeba that will produce fruiting structures 
(Fiore-Donno et al., 2013). The protostelids, one the other hand, are a poly-
phyletic group of amoebae that produce microscopic sorphores each bearing 
a single spore, but are otherwise morphologically diverse (Olive, 1975; 
Fiore-Donno et al., 2010). 

Sexual and asexual reproduction 
Under normal conditions, dictyostelid amoebae reproduce asexually 

by binary fission. They feed on bacteria and grow until a certain size has 
been reached, at which point the amoeba divides into two daughter cells. 
However, under ‘crisis-conditions’ the amoebae respond by producing one 
of three alternate life phases: multicellular fructifications, macrocysts or 
microcysts.  

The best studied of these three alternate phases is the formation of 
the multicellular fruiting bodies, which is a direct response to starvation. 
When starvation conditions arise, dictyostelid amoebae respond by produc-
ing a chemoattractant, known as an acrasin. Cyclic AMP was the first acra-
sin identified, and later the peptides glorin, folate and neopterin were add-
ed to the list (Konijn et al., 1968; Haastert, 1982; Shimomura, 1982; de 
Wit & Konijn, 1983). Once an acrasin has been secreted the surrounding 
amoebae will respond by moving towards the chemoattractant and giving 
off their own acrasin pulse. The amoebae form streams, moving towards a 
central aggregation point. Upon aggregating the amoebae organize into a 
slug-shaped mass, which may migrate towards more favorable conditions 
(such as light, pH or temperature). The slug will then begin to differentiate 
into a sorocarpic structure, in which about 20% of the amoebae will vacuo-
late to form a stalk and the remaining amoebae will become spores in a 
slimy mass known as a sorus (Raper, 1984). The spores are not actively 
dispersed, but are dependent on vectors to transport them to a new loca-
tion, where they may germinate and begin the cycle anew (Cavender, 
1973; Bonner, 2009).  

The multicellular phase of the dictyostelid life-cycle has been of par-
ticular interest to developmental biologists. As a result of this, Dictyostelium 
discoideum is now a well-recognized model organism used to study cell-cell 
signaling, differentiation among cells, social altruism and a host of other 
processes (reviewed in Muñoz-Braceras et al., 2013). The D. discoideum 
genome was the first to be fully sequenced, and now three more dictyostelid 
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genomes have been made publicly available (Eichinger et al., 2005; Heidel 
et al., 2011; Sucgang et al., 2011).  

Perhaps surprisingly, this striking pattern of aggregative multicellular-
ity with sorocarpic fruiting is not limited to only the dictyostelids, but is 
found in some form in at least six of the eukaryotic super-groups, including 
Opisthokonts, Amoebozoa, Excavata, Stramenopiles, Alveolata and Rhizaria 
(Brown et al., 2012; Brown & Silberman, 2013). 

Dictyostelids also are capable of sexual reproduction under certain 
conditions (Reviewed in Raper, 1984; Bloomfield, 2013). In the same way 
that the asexual cycle begins, the macrocyst forming sexual cycle is initiated 
with the production of an acrasin. The signal also initiates aggregation, but 
the similarities stop here. The two amoebae that initiated the aggregation 
process become a single diploid cell that cannibalizes the other amoebae 
responding to the chemical signal. Through this process the diploid macro-
cyst grows larger. This cycle is poorly understood in comparison to the mul-
ticellular asexual cycle, as it is difficult to initiate in the lab and is also de-
pendent on the presence of different mating types within a single strain 
(Bloomfield et al., 2010). Macrocysts have only been observed in a handful 
of the described dictyostelid species (Raper, 1984).  

The third ‘crisis-induced’ stage that dictyostelids exhibit is the micro-
cyst. This is a transient stage, where individual amoebae form thick cellu-
lose-rich walls in response to high osmolarity (Blaskovics & Raper, 1957). 
The amoeba will then germinate in response to a subsequent drop in osmo-
larity (Cotter & Raper, 1968). It is expected that under natural conditions 
this phase is a survival tactic used to survive periods of unfavorable envi-
ronmental conditions (Raper, 1984; Budniak & O’Day, 2012).  

   

Ecology 
Presently there are around 150 species of dictyostelids known, but this 

is probably a gross under-representation of the true diversity (Adl et al., 
2007). The number of described species has been growing rapidly in recent 
years. Since the last taxonomic revision of the dictyostelids by K.B. Raper in 
1984 the number of described species has more than doubled (Bonner, 
2009).  This high diversity has been further supported by preliminary results 
from culture independent dictyostelid surveys (Romeralo & Baldauf, un-
published data).  

Dictyostelid amoebae occur primarily in the surface layer of forest 
soils and feed on bacteria (Cavender, 1973; Raper, 1984; Hagiwara, 1989; 
Swanson et al., 1999). However, they have also been regularly recovered 
from a variety of other terrestrial habitats including canopy soils, animal 
dung and agricultural fields (Brefeld, 1869; Cavender et al., 1993; 
Stephenson & Landolt, 1998). Little is known about which bacterial strains 
dictyostelids feed on under natural conditions, but it has been suggested that 
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they have preferred strains (Singh, 1947; Raper, 1984). This is corroborated 
by the recent findings that some species of dictyostelid ‘pack lunch boxes’ 
and incorporate their preferred bacterial food source into their fruiting bod-
ies (Brock et al., 2011).  

A number of ecological factors have been assessed in relation to dic-
tyostelid species richness (reviewed in Raper, 1984; Cavender, 2013). These 
include forest type, moisture availability, shade area, pH and temperature. 
Different dictyostelid species are found in dissimilar forest types, indicating 
that the species have certain ecological requirements that may be found only 
in certain habitats (discussed in Cavender, 2013). Some of these habitat re-
quirements have been further delimited. For example, Romeralo and 
colleauges (2011b) showed that dictyostelids in the Iberian Peninsula tend to 
be recovered more frequently from soils with a near-neutral pH.  

It has been observed many times that dictyostelid species richness is 
correlated with of vascular plant diversity in the sampling area (for example, 
Cavender & Raper, 1968; Cavender, 1973; Raper, 1984; Vadell et al., 1995; 
Swanson et al., 1999; Romeralo et al., 2012). Early studies on dictyostelid 
ecology indicated that even within a small soil sample the dictyostelid spe-
cies richness is variable according to the microhabitat (Eisenberg, 1976). It 
is likely that an increased diversity of vascular plants has a knock-on effect, 
leading to a higher number of microhabitats for dictyostelids to occupy 
(Romeralo et al., 2011b).   

Larger scale biogeographic patterns have also been reported for dicty-
ostelids. A number of papers have noted a latitudinal gradient of species 
richness (i.e. more species found closer to the equator), but none have tested 
this pattern statistically (Cavender, 1973, 2013; Raper, 1984; Hagiwara, 
1989; Swanson et al., 1999).  
 

Systematics 
The dictyostelids were first described in the late 1800s when Dicty-

ostelium mucoroides was isolated from horse and rabbit dung (Brefeld, 
1869). The genus name translates to ‘netted-stalk’, referring to the fruiting 
body, and the species epithet refers to the similarity between the sorocarps of 
D. mucoroides and the erect sporangiophores of the common soil fungus, 
Mucor mucedo. In subsequent years additional ‘slime mold’ genera were 
described including Acrasis, Acytostelium, Coenonia, Guttulinopsis, and 
Polysphondylium (Cienkowski, 1873; Brefeld, 1884; Van Tieghem, 1884; 
Olive, 1901; Raper, 1956).  

A phylogenetic analysis based on DNA sequence data has indicated 
that only Acytostelium, Dictyostelium and Polysphondylium are dictyostelid 
‘slime molds’, and the remaining genera belong to various other sorocarpic 
amoebae taxa (Brown & Silberman, 2013), with the exception of Coenonia, 
which has not been isolated again since its description in the 1960s.  
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Figure 3. The three dictyostelid fruiting body (sorocarp) types. A. Acytostelium-type 
sorocarps are relatively small, and the sorophore (stalk) is acellular. B. Dictyosteli-
um-type sorocarps have cellular sorophores. These may lack branches, have an ir-
regular branching pattern, bifurcate, or have sessile sori along the sorocarp. C. Poly-
sphondylium-type sorocarps have a cellular sorophore and branches occurring in 
whorls (i.e. at least two branches arising from the same node in at least one position 
along the sorophore).   

 
 
The three confirmed genera of dictyostelids are distinguished morpho-

logically by differences in sorophore composition and branching pattern 
(Figure 3). Acytostelium has the smallest fruiting bodies of the three genera, 
and is easily recognized by its acellular stalk. The genus Dictyostelium has a 
cellular stalk made from vacuolated amoebae and has either no branches or 
irregular branches. The third genus, Polysphondylium, also has a cellular 
stalk, but can be distinguished from Dictyostelium by the presence of 
whorled branches (Figure 4). However, this seemingly straightforward clas-
sification system based on morphology is not consistent with the dictyoste-
lids’ evolutionary history. Recent phylogenetic analyses have indicated that 
none of these three genera are monophyletic (Swanson et al., 2002; Schaap 
et al., 2006; Romeralo et al., 2012).  

The first multi-region phylogenetic analysis of the dictyostelids indi-
cated four major clades, referred to as Dictyostelid Groups 1-4 (Schaap et 
al., 2006). This was followed by further analyses using different DNA re-
gions and more taxa, which supported the earlier phylogeny and further di-
vided the taxon into eight major groups (Romeralo et al., 2011a). These 
eight groups include the earlier Dictyostelid Groups 1-4, of which Dicty-
ostelid Group 2 is divided into Group 2A and 2B, along with three species 
complexes (the polycarpum-complex, polycephalum-complex and the vio-
laceum-complex). Accurately rooting the dictyostelid phylogeny proved to 
be a challenge, but the root has now been confidently placed between Dicty-
ostelid Groups 1+2 and Groups 3+4 using genomic information from differ-
ent species across the taxon (Glöckner & Noegel, 2013; Romeralo et al., 
2013; Sheikh et al. in prep.).  

A B C

1m
m
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There have been several estimates made about the age of the dicty-
ostelids. Parikh et al. (2010) used the assumption that the rate of protein 
evolution in plants and animals is similar to that in the Amoebozoa, and 
extrapolated that Dictyostelid Group 4 had its origin about 400 million years 
ago. This date was further corroborated by a genome-wide analysis 
(Sucgang et al., 2011). Other authors have estimated the age of the dictyoste-
lids as a whole, placing the origin of the group to ca. 600 mya (Heidel et al., 
2011), while a more recent study has estimated the dictyostelid origin to ca. 
341-691 mya using multiple protein sequences as well as two fossil calibra-
tion points (Fiz-Palacios et al., 2013).   

Biogeography 
 

Biogeography is the study of organisms in space and time. It is typi-
cally broken into two sub-fields: ecological biogeography and historical 
biogeography. Ecological biogeography studies the ecological factors affect-
ing species distribution. Historical biogeography, on the other hand, focuses 
on events occurring in the long-term (geological) scale that have shaped 
species distributions and the evolutionary relationships among organisms. In 
studies of historical biogeography, the biogeographer is usually searching 
for either rare dispersal events (population division due to organism move-
ment) or vicariance events (population division due to geologic change) to 
explain distributions.  

Ecological and historical biogeography may seem clear and easily dis-
tinguished from one another, but it is not so easy to tease them apart when 
trying to make sense of protist distributions. While macroecologists can 
count kangaroos, and tell them from wombats, it is much more ‘blurry’ 
when working with protist taxa – not only do microbiologists have the issue 
of not easily knowing which species occur where (and more importantly, 
where they aren’t), but they often cannot tell a kangaroo from a wombat – 
or, in this case, an Apusomonas from a Thecomonas.   

One of the earliest statements about protist biogeography was the 
much-repeated maxim of Baas Becking (1934), who stated that in the case of 
microorganisms ‘everything is everywhere, but the environment selects.’ 
Unfortunately the second part of this quotation was often dropped for the 
sake of brevity, changing the statement from indicating that microorganisms 
don’t have historical biogeographic patterns, to the indication that microor-
ganisms don’t have any biogeographic patterns at all: historical or ecologi-
cal. However, even from this early stage it is clear that Baas Becking under-
stood the importance of ecological restrictions on protist distribution. 

Indeed, the misinterpretation of Baas Becking's 1934 statement has 
persisted into recent studies of protist biogeography (discussed in de Wit & 
Bouvier, 2006). This has led to heated debates regarding the extent of mi-
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croorganismal endemicity, most notably between W. Foissner and B. 
Findlay and colleagues (cf Foissner, 1999, 2006; Finlay, 2002; Fenchel & 
Finlay, 2004).  

If everything is everywhere, where is everybody? 
 

If it is true, as some suggest, that protist are only limited by ecology 
and not by historical factors, then we would expect to find protist dispersal 
units (spores, cysts, etc.) at a background rate in nearly all environments on 
Earth.  

One of the strongest lines of evidence for this resting-stage diversity is 
the presence of the rare biosphere. The ‘rare biosphere’ refers to the large 
number of operational taxonomic units (OTUs) occurring in very low densi-
ties in environmental samples, usually as indicated by culture-independent 
methods (Sogin et al., 2006). It is possible that the rare biosphere is made up 
of an assortment of organisms dispersed from all over the world. These or-
ganisms cannot thrive in that particular locality and are waiting in encysted 
forms until their surroundings become more favorable. However, if this rare 
biosphere diversity in fact represents organisms that are only limited by eco-
logical conditions, one would expect that given the proper conditions in the 
lab these dormant stages would become active again. 

In an extensive survey of the Arctic myxomycetes (plasmodial slime 
molds), Stephenson et al. (2000) noted that not a single tropical endemic was 
recovered from any of the samples, despite recovering nearly two thousand 
myxomycete isolates. The authors’ survey method was based on recording 
both fruiting isolates observed in the field, and also recovering dormant iso-
lates from bark samples under laboratory conditions. They speculated that if 
everything was in fact everywhere (and the environment was responsible for 
the dormant stage remaining dormant) then in the course of the study at least 
one dormant tropical endemic would have been recovered – but none were.  

This is an emblematic case of ‘absence of evidence,’ and while not 
conclusive in and of itself this does bring up an important question: is ‘eve-
rything is everywhere’ falsifiable? Foissner (2006) discusses this and con-
cludes that because the statement is in fact a metaphor, instead of a hypothe-
sis, it cannot be falsified. 

To determine which species occur where we must look at species oc-
currence data alongside niche modeling data (for example Aguilar et al., 
2013). The currency here is the taxon, either in the form of species or OTUs. 
Those relying on a morphological species concept will undoubtedly view 
protists as being primarily cosmopolitan (for example Fenchel & Finlay, 
2006). If species are defined using molecular methods and/or a biological 
species concept many more OTUs will generally be recognized, with im-
portant implications for microorganismal endemicity (discussed further in 
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Martiny et al., 2006; Caron, 2009; Bass & Boenigk, 2011; Boenigk et al., 
2012).   

The taxonomic dilemma 
 

In order to unravel the biogeographic patterns exhibited by protists, it 
is helpful to first have well-defined taxa to study. This is logical: before we 
can look at where something is, we need to know what that something is. 
There are different methods used to define taxa: the morphological species 
concept, the biological species concept and the phylogenetic species concept 
are among the most frequently used. Protist taxonomy (as with other organ-
ism groups) has hinged on morphologic descriptions for centuries. However, 
the use of a phylogenetic species concept is now becoming more common – 
and the results from this method aren’t always consistent with inferences 
based on morphology. Many taxonomists propose methods of delimitation 
based on multiple lines of evidence (Mishler & Donoghue, 1982), while 
some go even further to promote ‘integrative taxonomy’, based on total evi-
dence (Dayrat, 2005).  

With the recent availability of DNA sequence data available to build 
increasingly detailed phylogenies it is now becoming clear that in some cas-
es what we once considered to be a ‘species’ is in fact a series of genetically 
distinct taxa, or ‘cryptic species’. Cryptic species are defined as two or more 
unique taxa that are morphologically indistinguishable from one another.  

Furthermore, species may be ‘pseudo-cryptic,’ indicating that they 
appear to be cryptic species, but in light of a phylogenetic framework diag-
nostic morphological characteristics can be identified. It is often the case 
that the diagnostic features form a continuum within pseudo-cryptic species 
(for example, the morphologically defined organisms may be 1-8 mm long), 
but in light of phylogeny this morphological continuum can be divided into 
more accurate spectra, which are not evident without the phylogenetic 
framework (in this hypothetical example there are actually two species, one 
is 1-4 mm long, the other is 5-8 mm long). 

Even within well-resolved phylogenies it isn’t always clear where to 
draw the ‘species’ line. Because of the vast diversity of protists it is nearly 
impossible to formulate an overarching rule that is applicable in all situa-
tions and with all taxa. As such, Boenigk et al. (2012) have emphasized that 
species are entities created for our own convenience, and we should keep 
that in mind. If we insist on defining them (which we must if we want to 
describe their distribution patterns) they should be delimited on a case-by-
case basis using all available information – phylogenetic, morphological and 
ecological – and morphology should only be interpreted in the context of a 
robust phylogenetic framework.   
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Here, we adhere to a phylogenetic species concept sensu Cracraft, 
1983. In practice, this means that dictyostelid species are delimited as a 
monophyletic group with diagnostic apomorphies. In order to diagnose a 
dictyostelid isolate there are three steps. First, a tentative morphological 
diagnosis is made. This diagnosis may be inconclusive, if the features are 
not consistent with any other described species. Next DNA is extracted, one 
or more DNA regions are sequenced, and a phylogeny is inferred using the 
isolate and a wide selection of other closely related species. Finally, the po-
sition of the isolate in the phylogeny is assessed, and the morphology of the 
isolate is compared to that of the most closely related species according to 
the phylogeny. If the isolate’s morphology is inconsistent with that of its 
sister taxon then it is described as a new species.   

Aims 
 

In this thesis I aim to investigate several aspects of dictyostelid sys-
tematics, ecology and biogeography. Paper I investigates a possible major 
vector of dictyostelid dispersal: humans, and discusses the impact that an-
thropogenic dispersal may have on our understanding of protist biogeogra-
phy. Paper II looks at the dictyostelid social amoebae in Northern Sweden, 
which was previously thought to harbor very low dictyostelid species rich-
ness. Paper III continues this assessment of dictyostelids in high-latitude 
environments. The work presented in Paper III looks at both the species 
richness and ecological trends in Iceland, as well as general species richness 
trends in the northern hemisphere, especially in relation to latitude. The final 
paper, Paper IV, is a phylogenetic assessment of a species that is common 
in high-latitude environments, but also has been found in other localities 
around the world: Dictyostelium aureostipes.  
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Materials and Methods 

The smallest of slimes have I found. 
Collected - right off of the ground! 

Spread it onto a plate, and before it's too late, 
in extraction fluid it's drowned.   

 
 

Collections 
 

Over the course of this thesis soil collections were made at a number 
of locations around the world. All of the isolates that were analyzed in Pa-
pers II and III, as well as some of the isolates examined in Paper IV, were 
collected from Iceland and Sweden. The collection and culture protocols 
were minimally adapted from the protocols in Cavender & Raper (1965). 

Soil samples were taken by collecting 10 to 30 grams of wet-weight 
matter from the top 1-3 centimeters of the organic matter soil horizon (the 
top soil layer). Typically 2-3 samples were collected at each locality in order 
to account for variation in vegetation and microhabitats. Each collection 
locality was geo-referenced with GPS and the altitude was noted. Any asso-
ciated vegetation was also recorded. Samples were placed in Whirl-Pack 
plastic bags, and kept cool until they were brought back to UU, where they 
were stored at 4°C until processing.   

For Paper I, soils were collected from the bottom and sides of foot-
ware using a sterile metal scraping rod and were either stored at 4°C for up 
to two months, or processed immediately following collection.  For logisti-
cal reasons these samples were smaller than normal soil samples, varying 
from 0.02-12.47 grams.  
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Culture, isolation and DNA extraction 
 

In order to isolate dictyostelids from soil samples a standard soil dilu-
tion plating technique was employed (Cavender & Raper, 1965). A two-step 
serial dilution was used for a final plating concentration of 50:1 (water:soil), 
and 0.50 ml aliquots were plated on hay infusion agar (HI) plates with 0.25 
ml of a heavy suspension of Klebsiella aerogenes. Plates were checked daily 
starting two days after inoculation and continuing for two weeks thereafter. 
Dictyostelids could be observed once they reached the starvation phase of 
their asexual cycle and produced fruiting bodies. Spores from these fruiting 
bodies were then replated with K. aerogenes on non-nutrient agar (NNA; 
adapted from Raper, 1984; Table 1) for identification.  

To extract DNA, pure-culture isolates were cultivated on standard 
media agar (SM; adapted from Raper, 1984; Table 1) with K. aerogenes. 
After several days of growth, amoebae from the periphery of the colony 
were taken using a pipette tip and mixed with MasterAmp Buccal Swab 
DNA Extraction Solution from Epicentre (Madison, WI, USA) and heated 
for 30 min at 60 °C followed by 8 min at 98 °C.  

 
Table 1. Recipes for dictyostelid growth media (HI, NNA and SM agar) and spore 
storage solution (HL5). All ingredients are added to glass flasks, shaken to dissolve, 
then autoclaved for 20 minutes at 120°C. The agar solutions are then allowed to cool 
to 60-80°C and 25 ml is added to each Petri dish and allowed to cool to room tem-
perature. Hay infusion agar is made in a two-step process. The first step combines 
6.2 grams of dried hay (Poa sp.) and 800 ml of ddH2O, which is then autoclaved as 
described above. This hay-infused water is then used instead of ddH2O when mak-
ing the agar plates. Plates are stored at 4°C until use, or for up to one month. HL5 
media is allowed to cool to room temperature after autoclaving, and is then stored at 
4° for up to three months.   
   

 Hay infusion  
agar (HI) 

Non-nutrient  
agar (NNA) 

Standard media  
agar (SM) 

HL5 media 

KH2PO4  0.7 g 0.48 g 0.76 g 0.05 g 
Na2HPO4  0.27 g 0.192 g - 0.05 g 
Peptone - - 4.0 g 1.4 g 
Yeast extract - - 0.4 g 0.7 g 
Glucose - - 4.0 g 1.35 g 
MgSO4 - - 0.4 g - 
K2HPO4 - - 0.24 g - 
Bactoagar 7.0 g 6.0 g 8.0 g - 
ddH2O 400 ml 400 ml 400 ml 100 ml 
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Spores of all unique isolates recovered over the course of these studies 
were frozen in HL5 media (Cocucci & Sussman, 1970; Table 1) in triplicate 
and stored at -80°C at UU. Additionally, any isolates received from other 
collectors, or from the Dicty Stock Center were similarly stored for future 
reference. Type isolates from Paper II were deposited at the Dicty Stock 
Center (Fey et al., 2006). 

 

Morphological diagnoses 
 

Dictyostelids were isolated from HI soil dilution plates (Table 1) by 
placing a single sorus (terminal ball of spores, illustrated in Figure 4) onto 
an NNA plate with the bacterium Klebsiella aerogenes as a food source 
(Cavender & Raper, 1965). The spores from the sorus that was transferred 
would then germinate, consume the bacteria, reproduce by binary fission and 
eventually starve, triggering the aggregation process again. This aggregation 
process leads to the production of asexual, multicellular fruiting bodies that 
are genetically identical. 

These fruiting bodies were then studied morphologically, using a se-
ries of morphological characteristics for diagnosis (reviewed in Raper, 1984; 
Hagiwara, 1989). These features, and variations thereof, are illustrated in 
Figures 4 and 5. The characters most commonly used in species identifica-
tion are: aggregation size, shape and division; early sorogen (slug) shape and 
migration pattern; coloration at any stage; fruiting body size and shape; fruit-
ing body base and tip size and shape; number, size and pattern of lateral 
branches; sorus size and shape; and finally spore size, shape and pres-
ence/absence of vesicles or polar granules. In addition, other ecological and 
behavioral characters may be used for species identification. Examples of 
these are temperature preference, exhibited by species like Dictyostelium 
septentrionalis, which grows preferentially at 17°C and is found only in 
cooler habitats (Cavender, 1978). Likewise, the act of feeding on other dic-
tyostelid amoebae, as exhibited by the ‘cannibalistic’ species D. caveatum is 
a behavioral trait used for identification (Waddell, 1982).   
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Figure 4. A dictyostelid sorocarp (fruiting body). Morphological features, and their 
respective variations, that are used for species identification are shown.  
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Figure 5. Morphological features of the asexual, multicellular fruiting stage in the 
dictyostelids that are used for species identification.  Tip and base shape diagrams 
are after Hagiwara (1989).   
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Genetic markers  
 

In total, three genetic markers were used to infer the phylogenies in 
Papers I, II and IV. The ribosomal small subunit (SSU) and internal tran-
scribed spacer (ITS) are both nuclear markers that were previously utilized 
to infer dictyostelid-wide phylogenies (Schaap et al., 2006; Romeralo et al., 
2007a, 2010). Additionally, primers for a portion of one mitochondrial 
marker, the ATPase1 (atp1), were developed for dictyostelids for use in 
Paper IV. The SSU was employed in all three papers, and the ITS and atp1 
were used along with the SSU in Paper IV. PCR primers and programs are 
outlined in Tables 2 and 3. 
 
Table 2. PCR primers used to amplify the three genetic markers used in this thesis. 
The primer name, 5’-3’ sequence and reference is given. Primers marked with an 
asterisk (*) were used for internal sequencing of longer fragments. 

 
 
Table 3. PCR programs used to amplify sections of the SSU, ITS and atp1.   
 
Region PCR Program Reference 
SSU 5’-95°, 30x (30”-95°, 1’-56°, 2’-72°), 10’-72° Medlin et al., 1988 
atp1 Same as above Paper IV 
ITS 5’-95°, 30x (1’-94°, 1’-50°, 2’-72°), 10’-72° Romeralo et al., 2010 
 

    Primer name 5’-3’ Primer sequence Reference 
SSU   
 18S-FA AACCTGGTTGATCCTGCCAG Medlin et al. 1988 
 18S-RB TGATCCTTCTGCAGGTTCAC Medlin et al. 1988 
 D542F* ACAATTGGAGGGCAAGTCTG Schaap et al. 2006 
 D1340R* TCGAGGTCTCGTCCGTTATC Schaap et al. 2006 
ITS   
 18S-5_8-s1 GAGGAAGGAGAAGTCGTAACAAGGTATC Romeralo et al. 2007 
 ITS_2 GCTTACTGATATGCTTAAGTTCAGCGGG Romeralo et al. 2007 
 5_8-s1* GAAGACCGTAGCAAACTGCG Romeralo et al. 2007 
 18S-5_8-s2* TTATCGCAGTTTGCTACGGTCTTC Romeralo et al. 2007 
atp1   
 ATP_352F TGTTAGGAMGAGTAGTWGATGTATTAGG Paper IV 
 ATP_897R TCTCCTGGRTAYGCTTCTCKTCCTGG Paper IV 
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Phylogenetic Analyses 
 

All phylogenies presented herein were inferred using both maximum 
likelihood and Bayesian inference. Prior to analysis, all datasets were 
checked for the most suitable model of evolution using either MrModelTest 
(Nylander, 2004) or JModelTest (Posada, 2008).   

The Bayesian analyses presented in Paper I, II and IV were run using 
MrBayes v.3.2 (Ronquist & Huelsenbeck, 2003). Those in Papers II and IV 
were executed remotely using the Cipres Web Portal (Miller et al., 2011). 

Maximum likelihood analyses for Papers I, II and IV were run using 
RAxML (Stamatakis, 2006), either through the RAxML BlackBox web por-
tal, or the RAxML GUI (Silvestro & Michalak, 2012) with the settings spec-
ified in the respective papers. 

The resulting phylogenies of all analyses were initially visualized in 
FigTree v.1.3.1 (Rambaut, 2009), and subsequently edited for publication in 
either Microsoft PowerPoint or Adobe Illustrator.   
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Summary of Papers 

 

Paper I: The boots study 

Perrigo, A.L., Romeralo, M., Baldauf, S.L. (2012) What’s on your boots: an 
investigation into the role we play in protist dispersal. Journal of Biogeog-
raphy, 39(5):998–1003 
 

The dictyostelids are small amoebae that form various resistant stages. 
These include spores, microcysts and macrocysts – all of which can be dis-
persed over long distances. Dictyostelids have no active form of dispersal 
and are not dispersed by wind. As such, they are dependent on vectors to 
move them from place to place. Earlier studies have shown that a variety of 
animals transport dictyostelids, either externally (by adhesion to skin surfac-
es) or internally (by ingestion and excretion). These vectors include cave 
crickets, earthworms, salamanders, bats, birds (including long-distance mi-
gratory species) and other small invertebrates (Suthers, 1985; Huss, 1989; 
Stephenson & Landolt, 1992; Stephenson et al., 2007).   

In Paper I, we predicted that while dictyostelids resistant stages may 
have evolved to be transported by these smaller organisms, humans could 
now be moving them around at an unprecedented rate. To investigate this we 
collected soil and debris from the soles of footwear and cultivated it using 
standard dictyostelid recovery methods. We found that of the 18 pairs of 
shoes that were assessed, four carried dictyostelids that were able to form 
viable amoeba populations. Two of the pairs of shoes carried two species, 
and the other two carried only a single species.  The species that were recov-
ered were identified using both morphological characters and phylogenetic 
reconstruction. The species found were Dictyostelium leptosomopsis, D. 
minutum, D. sphaerocephalum and Polysphondylium fuscans. P. fuscans 
was still undescribed at the time of publication of Paper I, but was later 
formally described in Paper II.   

In Paper I we suggest that the morphology of the dictyostelid fruiting 
bodies may play a major role in the dispersal potential of different species. 
During this study D. sphaerocephalum was recovered three times. This spe-



 30 

cies has some of the largest sori of any dictyostelids, and also has been pre-
viously noted for its high dispersal and colonization potential, as it is often 
found in disturbed sites and agricultural fields around the world (Swanson et 
al., 1999; Paper III). Undoubtedly, as one of the few taxonomically well-
delimited and cosmopolitan species (Swanson et al., 1999; Romeralo et al., 
2007b), this dictyostelid has specialized as one of the ‘weeds’ of the protist 
world.  

Anthropogenic dispersal of dictyostelids has major implications for 
our understanding of these microorganisms’ biogeographical patterns. In 
particular, historical biogeographical patterns that depend on rare events 
over geologic time may be confounded by human activities that include fre-
quent movement over long distances. To this end it is interesting to note that 
the four sets of footwear that were found to be carrying dictyostelids had 
four of the five largest amounts of soil adhering to them.  This suggests that 
the simple act of ‘wiping your feet at the door’ could drastically decrease the 
incidence of invasive protist introductions.   
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Paper II: Northern Sweden and new species 

Perrigo, A.L., Baldauf, S.L., Romeralo, M. (2013) Diversity of dictyostelid 
social amoebae in high latitude habitats of Northern Sweden. Fungal Diver-
sity, 57(1):185–198 

 
Paper II investigates dictyostelids of Northern Sweden in order to as-

sess species richness in high-latitude environments. The only previous study 
of dictyostelid social amoebae in Sweden investigated eight localities span-
ning the length of the country, but only used morphological criteria for spe-
cies descriptions (Kawabe, 1995). In Paper II we expanded on Kawabe’s 
work by including 29 sampling localities. These sites were selected to cover 
a large range of vegetation types. All dictyostelid species were initially iden-
tified based on morphology and subsequently confirmed with nuclear SSU 
sequence data.    

Nine dictyostelid species were recovered from Northern Sweden, two 
of which were previously undescribed. These are described in Paper II as 
Dictyostelium barbibulus and Polysphondylium fuscans. D. barbibulus be-
longs to Dictyostelid Group 4, and is morphologically most similar to D. 
septentrionalis, but differs in key characters such as sorocarp height, clus-
tered growth pattern and the presence of a basal disk. D. barbibulus exhibits 
a strongly stoloniferous habit, whereby newly germinated amoebae aggre-
gate directly upon collapse of a sorus. This trait is also shared with D. chor-
datum and D. implicatum, which together form a clade with D. barbibulus. 

The second new species, Polysphondylium fuscans, is part of the vio-
laceum-complex, and exhibits characteristics typical of this group including 
whorled branches and purple coloration of the sori. In fact, P. fuscans would 
fit into the broad morphological description of P. violaceum s.l., but the 
phylogeny based on SSU data indicates that P. fuscans is molecularly dis-
tinct from P. violaceum. Furthermore, several morphological characteristics 
differentiate it from P. violaceum senso Raper (1984), such as the lower 
number of whorls and the light coloration of the sori for which it is named. 
This species was first recovered in Paper I, and has since been recovered 
from several localities in Norway (Romeralo et al., unpublished data).   

Of the nine species, seven are new records for Sweden. Only D. mu-
coroides and D. minutum had been recovered earlier (Palm, 1935; Kawabe, 
1995; Paper I). Three other species that had been recovered in Sweden pre-
viously, D. purpureum, P. pallidum, and P. violaceum were not recovered in 
this study. The reasons for finding different species are discussed in detail in 
Paper II, and probably are due in part to the presence of pseudo-cryptic 
species, such as P. fuscans, which looks similar to P. violaceum, but is phy-
logenetically unique and morphologically differentiable in light of the phy-
logeny. 
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This study emphasized that the species richness of dictyostelids in the 
high-latitude regions of the northern hemisphere may be greater than initial-
ly expected. More thorough sampling efforts in these regions may still re-
cover previously unknown species, as was demonstrated by the two species 
described here. Furthermore, by looking at both morphological differences 
along with phylogenetic methods it is possible to delimit species that may 
otherwise be identified as belonging to larger species complexes. 
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Paper III: Iceland and the latitudinal gradient 
 

Perrigo, A.L., Moya-Larano, J., Baldauf, S.L., Romeralo, M. (Submitted) 
Everything is not everywhere: a latitudinal gradient of protist diversity. 

 
After finding that the species richness of Sweden was much higher 

than previously known (Paper II), we moved on to work in an area at a 
similar latitude, but much more geographically isolated than Sweden: Ice-
land.  Here we assessed both the dictyostelid species richness of the island 
and also conducted statistical analyses to find ecological patterns in habitat 
preferences. Additionally, a global analysis of previously published reports 
of dictyostelid species occurrence was conducted in order to assess the num-
ber of species anticipated at different latitudes. This was used to investigate 
if the dictyostelid exhibit a latitudinal gradient of species richness. 

Only four dictyostelid species were recovered from Iceland. This was 
surprising, considering that much higher numbers of species were recovered 
from other high-latitude localities. This may be a result of historical process-
es similar to those that have contributed to the low vascular plant diversity 
on Iceland, such as the island’s distance from other landmasses and the rela-
tively infrequent rate of successful dispersal from the mainland to Iceland. 
Here we found that the dictyostelid richness on Iceland was significantly 
correlated with both soil pH and with altitude. However, it is possible that 
the effect of altitude could be correlated to other untested factors such as 
vegetation diversity. 

The global analysis of dictyostelid occurrence found a significant 
negative correlation with latitude, i.e. more species are expected towards the 
equator (P=0.003). This trend, known as the latitudinal gradient of species 
richness, is well known in macroorganisms, but very little evidence has been 
presented for a similar trend in microorganisms.  

Paper III suggests that dictyostelids exhibit similar ecological bioge-
ographic trends as larger organisms. It also presents evidence for the envi-
ronmental limitations (pH and altitude) of dictyostelid occurrence, which 
corroborate earlier findings (Romeralo et al., 2011b). 
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Paper IV: Dictyostelium aureostipes species complex 

 

Perrigo, A.L., Romeralo, M., and Baldauf, S.L. (Submitted).  
The yellow slime mold is a red herring: large hidden diversity in a single  
protest morphospecies. 
 

 
Dictyostelium aureostipes is a Group 1 dictyostelid that is notable for 

the yellow coloration of its fruiting bodies and its often highly-branching 
sorophores. Early dictyostelid phylogenies indicated that D. aureostipes var. 
aureostipes and D. aureostipes var. helveticum together may not be mono-
phyletic (Schaap et al., 2006; Romeralo et al., 2011a). In Paper IV we as-
sessed the monophyly of D. aureostipes in order to a) better understand the 
species relationships in Dictyostelid Group 1 and b) to determine if D.  
aureostipes is in fact a single, cosmopolitan species, or if it is made up of a 
number of species.   

Fifty-seven isolates of D. aureostipes and closely related species were 
collected and the SSU and ITS regions were sequenced, along with the atp1, 
a mitochondrial marker designed for this study. These combined sequence 
data were used to infer a phylogeny for D. aureostipes and several closely 
related species, selected based on earlier molecular phylogenies (Schaap et 
al., 2006; Romeralo et al., 2011a).   

The resulting phylogeny (Figure 6) indicates that the isolates identi-
fied as D. aureostipes do not form a monophyletic group, and in fact make 
up at least five genetically distinct clades that are interspersed with other 
dictyostelid morphospecies. Furthermore, these five clades each show 
unique biogeographical patterns.  

Each of the five D. aureostipes clades is well-supported in the phy-
logeny, and these clades probably represent at least as many species. How-
ever, further morphological work will be needed in order to delimit and de-
scribe the species in this complex. It is notable that the deeper nodes in this 
phylogeny are not well supported (Figure 6). This could be due to the use of 
inappropriate markers (too quickly evolving) in regards to this specific issue, 
but biological explanations are also possible.  

Paper IV concludes that D. aureostipes is one of a number of protist 
‘species complexes’ which are delimited by a striking morphological feature 
– in this case yellow pigmentation. Species complexes are a leading reason 
that protist species richness is routinely underestimated. Furthermore, spe-
cies delimited by morphology alone often appear to be cosmopolitan, when 
in fact they are made up of a series of geographically limited cryptic or 
pseudo-cryptic species (Heger et al., 2009). This has important implications 
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for both conservation and invasion biology. For these reasons we emphasize 
the need for well-sampled multi-gene phylogenies as a basis for taxonomic 
delimitation and biogeographic studies in protists. 

 

 
 
Figure 6. Phylogeny of Dictyostelid Group 1A+B including multiple isolates of 
Dictyostelium aureostipes and D. fasciculatum morphospecies. The tree was derived 
by Bayesian analysis of combined SSU and atp1 sequences. The names indicated on 
the phylogeny refer to various isolates identified as D. aureostipes as indicated by 
the key in the upper left. Names in bold italics indicate holotypes. Maximum likeli-
hood bootstrap support (BS) over 50% and Bayesian inference posterior probabili-
ties (PP) over 0.70 are shown on the branches to the left and right of the slash mark, 
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respectively. The five well-supported clades including D. aureostipes isolates are 
indicated by colored backgrounds with proposed group names specified to the right. 
The phylogeny is rooted following Schaap et al. (2006).  
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Conclusions 

This thesis consists of four papers that explore the systematics and bi-
ogeography of dictyostelid social amoebae. The findings expand on previous 
knowledge of global dictyostelid species richness and distribution patterns. 
Furthermore, the results have several implications for the possible endemici-
ty of species in the group as well as the limitations of the current taxonomy.  

The papers in this thesis highlight some of the ecological biogeo-
graphic patterns exhibited by dictyostelids. Building on earlier evidence, 
Paper III shows that in Iceland dictyostelid species occurrence peaks in 
near neutral pH soils, and also at lower altitudes. Furthermore, a global anal-
ysis confirmed that dictyostelids follow a latitudinal gradient of species 
richness in the Northern hemisphere – a pattern that had been observed but 
never statistically tested. However, though high latitude regions, such as 
Sweden, have fewer species than the tropic this does not mean that the rela-
tively low species richness of these areas is fully known. In Paper II two 
new species are described, Dictyostelium barbibulus and Polysphondylium 
fuscans, and five further species were reported from Sweden for the first 
time. Together, the data suggest that dictyostelids show some ecological 
patterns that are similar to those seen in macroorganisms, and that continued 
work is needed to know how speciose this group is. 

In the context of the ‘everything is everywhere debate,’ several points 
can be made based on the results of the papers in this thesis. Some species, 
which are morphologically defined, appear to be cosmopolitan. This was the 
case with Dictyostelium aureostipes in Paper IV. After this morphospecies 
was assessed in a phylogenetic context it became clear that it is in fact not 
everywhere, and is instead a species complex made up of a series of distinct 
clades with varying distributions. This is a case of taxonomic confusion, 
which is a major problem when assessing species distributions. Furthermore, 
the results from Paper I, where four species of dictyostelid were recovered 
from boots, are evidence of anthropogenic dispersal in these microorgan-
isms. If dictyostelids are being frequently transported by humans, as seems 
to be the case, this may be rapidly expanding species distributions. This has 
consequences for our understanding of historical biogeographic patterns, 
which may be obscured before they are detected. 
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Svensk Sammanfattning 

Förundra dig över allt, även det mest alldagliga. 
 

Valspråk av Carl von Linné (1707-1778) 
 
 

Denna avhandling behandlar systematiken och biogeografin hos dic-
tyostelida sociala amöbor. Dictyostelider är bakterieätande amöbor som 
lever i marken och kan hittas över hela världen. Det finns runt 150 kända 
arter, men troligtvis är den verkliga artrikedom betydligt högre. Dicty-
ostelider är medlemmar av Amoebozoa, och kan mer allmänt betraktas som 
"protister." Protister är en generellt benämning för alla eukaryota organismer 
som inte är växter, djur eller svampar. 

Dictyosteliderna är ett intressant protistiskt taxon då de också har ett 
äkta multicellulärt stadium under deras livscykel. När amöborna svälter 
skickar de ut en kemisk signal, ett så kallat akrasin, vilket initierar en ag-
gregering med alla närliggande amöbor. Tillsammans bildar de en snigel-
liknande organism som kan migrera korta sträckor innan den slutligen for-
mar en fruktkropp. Fruktkroppen består av en stjälk på upp till cirka en cen-
timeter, med ett sorus (”kula”) av sporer i slutänden, och ibland också med 
ytterligare sori på eventuella sidogrenar. Det är denna multicellulära 
fruktkropp, den såkallade sorocarpen, som oftast används när en dictyostelid 
ska artbestämmas. 

Dictyosteliderna är indelade i tre släkten: Acytostelium (med acellulä-
ra stjälkar), Dictyostelium (med cellulära stjälkar och antingen oregelbundna 
eller inga grenar), samt Polysphondylium (med cellulära stjälkar och vridna 
grenar). Trots de morfologiska likheterna inom de olika släktena så har ge-
netiska studier visat att alla tre släkten är polyfyletiska. Baserat på dicty-
ostelidernas fylogeni kan istället åtta större grupper urskiljas: Dictyostelid 
Grupp 1, 2A, 2B, 3 och 4, samt violaceum-komplexet, polycarpum-
komplexet och polycephalum-komplexet. 

En av de viktigaste biogeografiska frågorna när det gäller såväl dicty-
ostelider som andra eukaryota mikroorganismer är huruvida dessa organis-
mer har en begränsad utbredning och vad detta i så fall beror på. Om en art 
har en sådan utbredning så kan man vidare ställa sig frågan: Är detta ett 
resultat av ekologiska eller historiska processer, eller en kombination av 
båda? 
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Artikel I behandlade en möjlig spridningsväg för dictyostelider: 
Människor. Det har tidigare visats att en mängd små djur, så som syrsor, 
maskar och fåglar, kan transportera dictyostelider till nya platser, men att 
också människan kan ha en inverkan på dess spridning hade hittills inte varit 
känt. I denna artikel hade smuts från 18 par skor analyserats. Det visade sig 
att åtminstone fyra av paren hade levande dictyostelider under skosulorna. 
Dessa fyra par bar på totalt tre olika arter av dictyostelider, inklusive en ny 
art som vid artikelns publicering ännu inte beskrivits. I artikel II beskrevs 
denna nya art som Polysphondylium fuscans (sp.nov.). 

Artikel II undersökte artrikedomen av dictyotelider i norra Sverige. 
Nio arter återfanns i denna studie, varav två nya arter: Dictyostelium barbib-
ulus (sp.nov.) samt P. fuscans (sp.nov.). Denna artikel belyste även fördelen 
med att använda gensekvensering för identifiering av dictyostelider. Vidare 
diskuterade artikeln även svårigheten med att identifiera vissa arter som 
liknar varandra morfologiskt men är distinkta enligt molekylära fyloge-
netiska analyser. Även förekomsten av artkomplex inom flera av de stora 
fylogenetiskt definierade grupperna av dictyostelider behandlades.  

Artikel III fokuserade på de ekologiska mönstren av dictyostelidernas 
biogeografi. Här undersöktes hur olika miljöförhållanden relaterar till 
förekomsten av dictyostelider. Det visades att antalet arter av dictyostelider 
på Island korrelerar negativt med höjden (dvs. fler arter vid lägre latituder). 
Det visades också att majoriteten av alla dictyostelider påträffas vid nära 
neutrala pH-värden, även om ytterligare en topp i förekomst kunde ses runt 
pH=5. I artikel III gjordes dessutom en global analys, baserat på tidigare 
publicerade artiklar i ämnet, av de dictyostelider som beskrivits från norra 
halvklotet med syftet att kunna förutsäga hur gruppens artrikedom förändras 
beroende på latituden. Resultatet av detta visade att dictyostelidernas mång-
fald minskar signifikant med ökande latitud, ett mönster som också kan ses 
hos de flesta makroorganismer och som kommit att kallas den ”latitudinella 
gradienten av arternas diversitet”.  

I den sista artikeln, artikel IV, behandlades den möjliga polyfylin in-
om Grupp 1 dictyosteliden Dictyostelium aureostipes. Ett protokoll för att 
amplifiera den mitokondriella atp1-region i dictyostelider utvecklades för 
denna studie. Denna region användes vidare som supplement till de mer 
allmänt använda SSU och ITS för att härleda fylogenin hos D. aureostipes 
och andra närbesläktade dictyostelider. Dessa tre genetiska markörer ampli-
fierades utifrån 57 isolat bestående av D. aureostipes och närbesläktade ar-
ter. Den resulterande fylogenin visade att de isolat som tidigare identifierats 
som D. aureostipes inte är en enhetlig monofyletisk grupp, utan snarare ut-
görs av ett antal olika arter.  

Artiklarna i denna avhandling belyser tillsammans svårigheterna med 
att identifiera och avgränsa olika dictyostelida arter, vilket tydligt framgår i 
artikel II och IV. De ekologiska faktorer som bidrar till dictyostelidernas 
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naturliga utbredning utreds i artikel III, där en latitudinell förändring av 
deras mångfald förutsägs och bekräftas, vilket tyder på att dessa eukaryota 
mikroorganismer uppvisar liknande biogeografiska mönster som observerats 
hos makroorganismer. I artikel I identifieras slutligen människan som en 
viktig bidragande faktor till spridningen av dictyostelider – något som 
avsevärt kan försvåra analysen av dessa organismers historiska utbredning. 
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