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Abstract

Protosteloid amoebae are a paraphyletic assemblage of amoeboid protists
found exclusively in the eukaryotic assemblage Amoebozoa. These amoebae
can facultatively form a dispersal structure known as a fruiting body, or more
specifically, a sporocarp, from a single amoeboid cell. Sporocarps consist of one
to a few spores atop a noncellular stalk. Protosteloid amoebae are known in two
out of three well-established major assemblages of Amoebozoa. Amoebae with
a protosteloid life cycle are known in the major Amoebozoa lineages Discosea
and Evosea but not in Tubulinea. To date, only one genus, which is monotypic,
lacks sequence data and, therefore, remains phylogenetically homeless. To
further clarify the evolutionary milieu of sporocarpic fruiting we used single-
cell transcriptomics to obtain data from individual sporocarps of isolates of
the protosteloid amoeba Microglomus paxillus. Our phylogenomic analyses
using 229 protein coding markers suggest that M. paxillus is a member of the
Discosea lineage of Amoebozoa most closely related to Mycamoeba gemmipara.
Due to the hypervariable nature of the SSU rRNA sequence we were unable to
further resolve the phylogenetic position of M. paxillus in taxon rich datasets
using only this marker. Regardless, our results widen the known distribution of
sporocarpy in Discosea and stimulate the debate between a single or multiple
origins of sporocarpic fruiting in Amoebozoa.
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INTRODUCTION

PROTOSTELOID amoebae (previously called protoste-
lids) were thought to be a monophyletic group of amoe-
boid organisms. They were united primarily by their
shared ability to produce a sporocarp facultatively during
their lifecycle (Olive, 1975; Spiegel et al., 1995). Early
molecular phylogenies based on the SSU rRNA gene
showed all protosteloid amoebae sampled at that time
were members the eukaryotic supergroup Amoebozoa.
However, they were a paraphyletic group with a nearly
Amoebozoa-wide distribution (Shadwick et al., 2009).
Interestingly, these studies demonstrated certain
protosteloid taxa were members of “well-studied” and
established groups of amoebozoans, such as the vannel-
lids and acanthamoebids where protosteloid life cycles

were not previously known (Shadwick et al., 2009). The
ability of these amoebae to produce a sporocarp was
emphasized because protosteloid amoebae were dis-
covered and mostly studied by mycologists who placed
little emphasis on amoeba morphology as a systematic
character. Upon further inspection of the trophic cells,
these results were congruent with morphological ex-
pectations (Shadwick et al., 2009). More recent studies
on additional taxa using the SSU rRNA gene as well as
multiprotein phylogenomic data have continued to cor-
roborate this (Tice et al., 2016).

While 29 out of the ca. 38 species that have been
considered protosteloid amoebae have been sequenced
and placed in the tree of Amoebozoa using single
and/or multigene phylogenetic analyses, no molecular
data exist for only one remaining genus, the unusual
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monotypic, Microglomus (Olive et al., 1983; Olive &
Stoianovitch, 1977). Due to its low rate of occurrence on
sampled substrates (occurring in 1%-5% of collections;
Ndiritu et al., 2009; Shadwick et al., 2009), cryptic mor-
phology, and resistance to laboratory cultivation, the
protosteloid amoeba Microglomus paxillus has yet to be
included in any molecular phylogenetic study.

In the original description Olive noted similari-
ties between Microglomus paxillus and species in the
protosteloid genus Protosporangium (Amoebozoa,
Eumycetozoa, Protosporangiida). This was due to the
production of fruiting bodies with multiple apical cells
by members of both genera (Olive et al., 1983; Olive &
Stoianovitch, 1977). Additionally, in the original descrip-
tion of Semimorula liqguescens, an amoeboid taxon with a
complex life cycle that includes a stalkless fruiting body,
the authors noted the amoebae of both S. liquescens and
M. paxillus reabsorb their spore walls after germination.
This trait was uncharacteristic of other protosteloids and
myxomycetes known at the time and, therefore, perhaps
a character that unites the two (Haskins et al., 1983).
However, further observations on M. paxillus later re-
vealed that spore wall absorption did not actually occur
in this taxon (Olive et al., 1983).

A close relationship to either Protosporangium spp.
Or S. liquescens were both suggested cautiously due to
the lack of flagellated cells in the lifecycle of M. paxil-
lus unlike the former taxa (Haskins et al., 1983; Olive
et al., 1983; Olive & Stoianovitch, 1977). Subsequent
molecular phylogenetic studies have shown S. liguescens
to be a derived myxomycete (Fiore-Donno et al., 2009)
and the protosporangiids to be the closest relatives to
the myxomycetes (Kang et al., 2017). While all protospo-
rangiids have a flagellated stage in their life cycle at least
one instance of loss of this cell type has occurred in the
myxomycetes (Fiore-Donno et al., 2019). Additionally,
ultrastructure of the sporocarps of M. paxillis demon-
strated that spores appear to be the site of meiosis, a char-
acter associated with protosporangiids (Olive et al., 1983;
Spiegel et al., 2017).

We have recently been able to collect and germi-
nate M. paxillus and confirm its identity through ex-
amination of its amoebae. To clarify the phylogenetic
position of M. paxillus and to further investigate the
evolution of sporocarpic fruiting, we obtained tran-
scriptomic data from geographically distinct isolates
of M. paxillus using the single-cell transcriptomics. We
use our resulting transcriptomes to confidently place
M. paxillus in a highly resolved tree of Amoebozoa.
Additionally, we bioinformatically extracted the SSU
rRNA gene from our transcriptomes for use in more
taxon rich phylogenetic analyses with the hope of more
accurately deciphering the closest relatives of M. paxil-
lus. We discuss our results in the context of the origin of
sporocarpy and the nature of the last common ancestor
of Amoebozoa.

MATERIALS AND METHODS
Isolation

Bark from Juniperus sp. was collected from two locations
in Texas, USA. Just outside of Kerville, TX N:30.065927
E:—99.135255 (K-2016-24-1C) and in Cross Mountain,
TX N:29.648483, E:—98.672592 (BX4L). The bark was
placed onto the surface of weak malt yeast agar (WMY)
plates (0.002 g yeast extract, 0.002 g malt extract, 0.75¢g
K,HPO,, 15¢g agar, and 1 L distilled H,0), moistened
with sterile deionized water, and incubated at room
temperature (~20°C). After 2days and continuing for
10days the bark was examined using a Zeiss AxioSkop2
Plus equipped with a 10x objective. A single instance
of spore germination was achieved by placing a sporan-
gium on a thin sheet of wMY agar melted onto a mi-
croscope slide then a drop of liquid wMY was added to
create a wet mount slide (see https:/www.yumpu.com/
en/document/read/11344400/a-beginners-guide-to-isola
ting-and-culturing-eumycetozoans for illustration).
Micrographs of intact sporocarps were taken using a
Canon EOS 650D digital camera on a AxioSkop2 Plus
under 10xs or 20x objective using brightfield micros-
copy. Micrographs of spores and amoebae were taken
with a Canon EOS 5Ds on an AxioSkop2 Plus under 40x
objective using Differential Contrast Interference mi-
croscopy. All images were taken using the Canon EOS
Utilities software.

RNA extraction, cDNA library preparation and
Illumina sequencing

RNA was extracted from four individual sporocarps
(referred to as isolates K-2016-24-1C-1, K-2016-24-
1C-2, K-2016-24-1C-3, and K-2016-24-1C-4) from a
single fructification on substrate collection K-2016-
24-1C (Figure S1). RNA was also extracted from two
individual sporocarps (referred to as isolates BX4L-10
and BX4L-11) from a single fructification on substrate
collection BX4L (Figure SI). For RNA isolation and
cDNA construction single sporocarps were picked with
a flame and ethanol sterilized platinum needle and suc-
cessively washed with deionized water to remove con-
taminating organisms before being processed using
a modified version of Smart-Seq2 (Picelli et al., 2014)
that includes six freeze—thaw cycles to aid in cell lysis
as in Onsbring et al. (2020). The resulting cDNA librar-
ies were prepared for sequencing on the Illumina plat-
form using a NexteraXT DNA Library Preparation Kit
(Illumina) following the manufacturer's recommended
protocol. The libraries were then pooled along with li-
braries of unrelated studies and sequenced on either an
IMlumina HiSeq 4000 or Illumina HiSeq X sequenced
by Psomagen.
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Transcriptome assembly and Bioinformatic
retrieval of SSU sequences

Adaptors, primer sequences, and low-quality bases
were removed from the raw sequencing reads using
Trimmomatic v. 0.36 with the options ILLUMINACLIP
2:30:10 SLIDINGWINDOW:4:5 LEADING:5
TRAILING:5 MINLEN:25 (Bolger et al., 2014). The
remaining reads for each library were assembled using
Trinityv.2.12.0 (Haasetal., 2013). Proteins were predicted
from the assembled transcripts using Transdecoder v.
5.5.0 (https://github.com/TransDecoder/TransDecod
er/). Assembly metrics such as number of contigs and
predicted proteins for each individual transcriptome can
be found in Table S1.

Ribosomal rRNA gene sequences from representative
amoebozoans were used as queries in blastn (Camacho
et al., 2009) searches against each M. paxillus transcrip-
tome to retrieve the contig that represented the SSU
rRNA gene sequence from each of our six individual
transcriptomes.

Phylogenetic analyses

Phylogenomic dataset
construction and analyses

The phylogenomic dataset was constructed using tools
in the software package PhyloFisher (Tice et al., 2021).
Candidate orthologs were collected for up to 240 protein
coding genes from the M. paxillus predicted proteomes
using fisher.py via the “phylogenetically aware route”
using previously identified orthologs from the amoebo-
zoans Dictyostelium discoideum, Acanthamoeba castel-
lanii, Protostelium aurantium var. fungivorum as BLAST
queries. Candidate orthologs were added to their corre-
sponding alignments via prep_working_dataset.py. Each
alignment contained previously identified orthologs and
closely related paralogs from a set of eukaryotic wide
taxa. Homolog trees were constructed using sgt_con-
structor.py using the default settings. Homolog trees
were inspected by eye to ensure correct ortholog selec-
tion and elimination of any contaminating sequences. To
mitigate the effect of missing data on our final analysis,
predicted proteomes for all isolates from the same sam-
ple location were concatenated together using taxon_col-
lapser.py to produce a chimeric proteome with as many
of the 240 phylogenetic markers present as possible. The
number of PhyloFisher marker genes found in each in-
dividual transcriptome as well as in the two chimeric
transcriptomes can be found in Table S1. Orthologs that
contained at least 33% of our final set of 84 amoebozoan
taxa and 11 obazoan outgroup taxa were collected via
prep_final_dataset.py. Single ortholog datasets were
aligned, trimmed, and concatenated via matrix_con-
structor.py using default settings resulting in a matrix of

72,498 amino acid positions from 229 genes. Maximum
likelihood phylogenetic reconstruction was performed
using the LG+G4+F+C60-PMSF (Wang et al., 2017)
model of evolution, with an LG+ G4+ F+C20 maximum
likelihood tree as a PMSF guide input tree in IQ-TREE2
v 2.0-rcl (Minh et al., 2020). Support values for each
node were inferred using 100 real bootstrap replicates
under the LG+G4+F+C60-PMSF model of evolution
in IQ-TREE2.

SSU rRNA phylogenetic analyses

The SSU sequences of all M. paxillus isolates were
added to an SSU dataset consisting of described disco-
sean taxa, related environmental sequences (identified
through blastn to NCBI nucleotide database), and out-
group sequences from Variosea taxa. Sequences were
aligned using mafft v. 7.427 (Katoh & Standley, 2013)
with the —auto flag. Sites with low coverage and low
confidence sites were removed using BMEG v. 1.12
(Criscuolo & Gribaldo, 2010) with the maximum gap
rate allowed per character (—g) set to 0.6, leaving 1452
sites for phylogenetic analysis. The maximum likeli-
hood phylogenetic tree was constructed with RaxML
v. 8.2.4 (Stamatakis, 2014) under a GTR + G+1 model
of nucleotide substitution. Bayesian phylogenetic anal-
ysis was performed using Mr. Bayes v. 3.2.6 (Ronquist
et al., 2012) also under a GTR + G+1 model of nucleo-
tide substitution. Two runs consisting of four chains
each were run for 10,000,000 generations sampling
trees every 1000 generations. Convergence of all pa-
rameters was reached as assessed by a split-deviation
value <0.01. The first 25% of trees were discarded as
burnin.

RESULTS

Sporocarps matching those originally described for
M. paxillus appeared on the agar surface ~5days after
plating (Figure 1A). Spores isolated for RNA extrac-
tion ranged from 9.4 to 13.4 pm in diameter (aver-
age = 11.62 pm, std = 1.52 pm, n = 6). Spore germination
was achieved once from a two-celled spore isolated
from the fructification that appeared on the same
substrate as collection K-2016-24-1C (Figure 1B). Two
binucleate amoebae emerged from the spore leaving
the spore wall behind wall as described by Olive and
Stoianovitch (1977; Figure 1C,D). The amoebae were
longer than they were wide in their locomotive form
with length to breath ratios of 1.08 and 1.12. The av-
erage size of the nuclei of the amoebae were 2.75 and
3.45 pm while the nucleoli had an average size of 1.2
and 1.75 pm. Both amoebae observed were isodia-
metric and displayed broad lamellopodia with broad-
based acutely pointed subpseudopodia. Both were
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(A)

FIGURE 1

Photomicrographs of M. paxillus. (A) Sporocarp from the fruitification isolate K-2016-24-1C was collected from. Scale

bar = 15pm. (B) Two-celled spore of a sporocarp from the fructification isolates K-2016-24-1C 1-4 were collected from. Scale bar = 10 pm.
(C) Binucleated amoeba that germinated from the sporangium shown in (B). (D) The second binucleated amoeba that germinated from the
sporangium shown in (B). Only one nucleus visible. Figures (B—D) are to scale. n = nucleus, cv = contractile vacuole, sw = spore wall.

binucleate with contractile vacuoles located near the
nucleus (Video S1). No uroid was observed on either of
the two amoebae.

In our phylogenomic analyses using 229 genes
(72,498 amino acid positions) we recover the three
well-established major assemblages of Amoebozoa
(Tubulinea, Evosea, and Discosea) all with full sup-
port (100 MLBS; Figure 2). Both of our representative
M. paxillus isolates branch within Discosea sister to
Mycamoeba gemmapera with full bootstrap support
(Figure 2). Microglomus paxillus and M. gemmapera to-
gether are sister to the Dermamoebida (Dermamoeba,
Paradermamoeba, and Mayorella) also with full MLBS
support (Figure 2).

We were able to retrieve partial SSU rRNA sequences
from three of our six individual transcriptomes. They
were 1762 (K-2016-24-1C-4), 1767 (Bx4L-11), and 1570
(Bx4L-10) bp in length. All were highly divergent result-
ing in an extremely long branch and inconclusive phy-
logenetic placement. In our SSU phylogenetic analyses
using a dataset enriched in discosean taxa, and related
environmental sequences, but absent of other long-
branching members of the group both maximum likeli-
hood and Bayesian analyses show M. paxillus branching
sister to D. algensis with low support (29/0.63; Figure 3).

DISCUSSION

The first question that must be addressed, since the
original cultures no longer exist, is if the material
shown here is Microglomus paxillus. The spores/spo-
rangia are completely consistent with those shown
in the original publications (Olive et al., 1983; Olive &
Stoianovitch, 1977). The short stalk (shorter than the
diameter of the spore/sporangium) with a sudden apical
narrowing to an acute point is the same and is unique
among sporocarpic Amoebozoa. Because we were able
to germinate material, we were able to show that the
amoebae are morphologically similar to those shown
in Olive and Stoianovitch (1977) and Olive et al. (1983).

Though the terminology of the original publications
for amoebal morphology are somewhat idiosyncratic
because at the time in the Olive lab accepted morpho-
logical terminology for amoebae was not used as the lab
was a mycological lab. However, the broad lamellopodia
with broad-based acutely pointed subpsuedopodia are
identical with the original publications. The amoebae
are relatively isodiametric, binucleate upon germina-
tion, and have a contractile vacuole close to the nuclei.
Additionally, the second author of this manuscript was
in the Olive lab in the late 1970s when the species was dis-
covered and had many chances to observe the cultures of
the type of material and was also involved in laboratory
discussions about it. There is no doubt that the present
material is consistent with the original material. Given
these observations, we feel confident we have identified
an organism that fits the morphospecies concept of M.
paxillus. However, we cannot rule out the possibility we
have isolated a sibling species morphologically indistin-
guishable from the original isolate since our knowledge
of cryptic speciation in this genus is lacking. Molecular
data will need to be gathered on several more isolates fit-
ting this morphospecies concept to understand the true
diversity within the genus Microglomus.

Olive et al. (1983) pointed out that the life cycle of
M. paxillus seems to be sexual due to the presence of
synaptonemal complexes in nuclei of the develop-
ing sporocarp. However, the complete details of the
sexual cycle are not known. While it is well-agreed
upon that the last common ancestor of Amoebozoa
was sexual (Hofstatter et al., 2018; Lahr et al., 2011;
Tekle et al., 2017) examples of organisms with tradi-
tionally sexual life cycles are sparse in Amoebozoa,
especially within Discosea (Kang et al., 2017). Our
phylogenetic placement of M. paxillus adds a second
instance of an organism that likely exhibits a tradi-
tionally sexual life cycle, meiosis followed by karyo-
gamy sometime in the future, to Discosea though the
exact details need to be examined further once cul-
tures can be reestablished. Our phylogenetic results
also further expand the number of known sporocarpic
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lineages within Amoebozoa, specifically the Discosea
clade of Amoebozoa. In addition to M. paxillus, spo-
rocarpy is found in the Vannellida, Acanthamoebidae,
and Pellitida clades of Discosea. Outside of Discosea
sporocarpic fruiting is known in the Fractovitelliida,
Cavosteliida, and Profiliida lineages of Variosea as
well as the Protosporangiida and Myxogastria lineages
of Eumycetozoa (Figure 2; Kang et al., 2017). When
considering the sculpted spore morphology and meio-
sis synchronized sporulation of M. paxillus, its phylo-
genetic placement in Discosea near the Dermamoebida
rather than in the Eumycetozoa (i.e. myxogastrids and
protosporangiids) was somewhat unexpected (Olive
et al., 1983; Olive & Stoianovitch, 1977). However, with
the recent placement of the limax amoeba Coronamoeba

villafranca (Kudryavtsev et al., 2022) and the large mul-
tinucleate amoeba Thecochaos fibrillosum (Mesentsev
et al., 2022) in Discosea it is obvious the group is more
morphologically diverse than previously recognized.
Though tempting, due to their sister relationship in
our phylogenomic analysis, we hesitate to discuss the
relationship of M. gemmapera and M. paxillus in depth.
While both exhibit complex life cycles that include the
production of “fungal like” structures (the sporocarp in
the case of M. paxillus and the pseudomycelium in M.
gemmipera), we believe their close phylogenetic proxim-
ity to one another in our phylogenomic analysis is more
likely due to insufficient taxon sampling rather than an
actual close evolutionary relationship between the two.
Unfortunately, due to the divergent nature of the SSU
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sequences of our M. paxillus isolates we were unable to
confidently resolve the phylogenetic position of M. pax-
illus in more taxon rich datasets that included environ-
mental sequences. As such, taxonomically we chose to
leave Microglomus as its own lineage within Amoebozoa,
Discosea, Flabellinia as has been done with Mycamoeba
for the time being.

Continuing to characterize and conduct phyloge-
netic studies on protosteloid amoebae is important for
understanding the nature of the last common ancestor
of Amoebozoa. While M. paxillus represents the last
described protosteloid amoebae genus whose phylo-
genetic home was previously mysterious, many unde-
scribed species exist. Due to the paucity of researchers

focusing on protosteloid amoebae, there remains much
to be explored and discovered regarding the biodiversity
of these organisms. Whether these distinct lineages rep-
resent independent innovations of sporocarpic fruiting
or maintenance of sporocarpic fruiting from a shared
common ancestor is still a topic of debate. Arguments
have been made for both scenarios. Cavalier-Smith
et al. (2016) suggested that protosteloid sporocarps
arose from nonstalked cysts independently in each pro-
tosteloid lineage. Arguing that selection for aerial dis-
persion is widespread and, therefore, mutations that
lead to the development of aerial dispersal structures
such as sporocarps must not be particularly complex
and, therefore, not particularly rare (Cavalier-Smith
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et al., 2016). On the other hand, Kang et al. (2017) fa-
vored a single origin in the last common ancestor of
Amoebozoa citing the uniqueness of the protosteloid
life cycle to Amoebozoa even though amoeboid taxa
can be found in most major lineages of eukaryotes, the
widespread phylogenetic distribution of sporocarpic
fruiting in Amoebozoa, and morphological differences
between the cysts and spores of many protosteloid amoe-
bae as evidence for their position (Kang et al., 2017).
We would also like to point out that from the little that
is known of stalk ultrastructure, stalk morphology
is very similar in both the Evosea in Protosteliidae/
Profiliida (Spiegel et al., 1979), Cavosteliida (Spiegel &
Feldman, 1993), Schizoplasmodiida (Spiegel, unpub-
lished), Protosporangiida (Spiegel, unpublished) and in
Discosea in Acanthamoebidae (Spiegel, unpublished)
and Pellitida (Olive et al., 1984). If one looks at figure 17
in Olive et al. (1983) There is what appears to be a rather
typical protosteloid stalk apex directly below the spore
of M. paxillus.

Much more clarity on this matter will be provided
when further developmental studies have been con-
ducted to examine molecular commonalities and/or
differences during sporocarp developmental in a range
of taxa. As of now, gene expression throughout sporo-
carp development has only been examined in a single
taxon Protostelium aurantium var. fungivorm (Hillmann
et al., 2018). A well-agreed upon deep structure of the
tree of Amoebozoa is also important to understanding
the nature of the last common ancestor of Amoebozoa
and the evolution of sporocarpic fruiting. Currently two
competing hypotheses exist and seem to be dependent
on the phylogenetic reconstruction method applied to
phylogenomic datasets. In maximum likelihood anal-
yses using both site homogenous and site heterogenous
evolutionary models Tubulinea is always sister to the
rest of Amoebozoa (Cavalier-Smith et al., 2016; Kang
etal., 2017; Tekle et al., 2022). When the site heterogenous
infinite mixture model CAT-GTR is applied in Bayesian
phylogenetic analyses Discosea is sister to the rest of
Amoebozoa (Kanget al., 2017). If the ML topologies are
correct the possibility that sporocarpic fruiting arose in
the last common ancestor of Discosea plus Evosea rather
than the last common ancestor of Amoebozoa cannot
be ruled out since there are no protosteloid members of
Tubulinea.

In conclusion, the results of our phylogenetic study
on the protosteloid amoeba Microglomus paxillus
demonstrate sporocarpic fruiting is more prevalent in
Amoebozoa than previously known. We believe the
widespread distribution of this amoebozoan exclusive
life cycle within the group is most likely due to its re-
tention from the last common ancestor of Amoebozoa
in some taxa and loss in many others. However, future
studies across a multitude of biological disciplines
will be needed to convincingly support or reject this
hypothesis.
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