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1 Abstract

1.1 English

Myxomycetes or Myxogastria (supergroup Amoebozoa) are one of several Protistean groups
dispersing via airborne spores. The model organism for the group, so far exclusively studied in a
laboratory environment, is Physarum polycephalum. Here, molecular evolution, distribution and the
ecology of spores dispersal was investigated for the non-model species Physarum albescens. This
nivicolous myxomycete fruits with snow melt in most mountain ranges of the northern hemisphere
and disperses via spherical, dark-colored and melanin-rich spores. Fruit body development and
subsequent spore dispersal occurs within a short time window of a few days. At this time, the fruiting
plasmodium is fully exposed to the harsh environment if the protecting snow melts away. The spores,
with a diameter of 10-13 um of the typical size for myxomycetes, can potentially reach all suitable
habitats worldwide, which led to the assumption that not only Ph. albescens but most myxomycete

species should be ubiquitously distributed over the world.

In the first part of this study (article 1), the question was, if spore dispersal can realize a gene flow
sufficient to meet the above-mentioned assumption. A total of 324 accessions of Ph. albescens,
collected all over the northern hemisphere, was sequenced for 1-3 genetic markers (SSU, EF1A, COl),
and 98 specimens were further analyzed using the genotyping by sequencing technique. As a result,
at least 18 reproductively isolated units, which can be seen as cryptic biological species, emerged as
phylogroups in a three-gene phylogeny, but as well in a SNP-based phylogeny and were confirmed by
a recombination analysis between the three markers. However, this evolutive radiation is not simply
caused by geographic fragmentation due to low dispersal capability: within a certain region, multiple
phylogroups coexisted next to each other, although some appeared to be regional endemics. Most
likely, mutations in mating-type genes, as shown to exist for the cultivable Ph. polycephalum, are the
main drivers of speciation. This challenges the hypothesis of ubiquitous distribution of Ph. albescens
and corroborates the results of the few available studies for other myxomycete species. In addition,
groups of clonal specimens, mostly but not always restricted to a certain slope or valley indicated that

sexual and asexual reproduction coexists in the natural populations of Ph. albescens.

In the second part (articles 2), the fundamental niche for Ph. albescens was described using all
available records for the species. The resulting set of 537 unique occurrence points was subjected to
a correlative spatial approach using the software MaxEnt. In dependence on the predictor variables
three species distribution models emerged which differed only in details. The first consisted of only
19 bioclimatic variables and an elevation map from the WorldClim dataset. The second was corrected

for pseudo-absences resulting from missing survey activities, and the third was expanded with an



additional categorical environment variable on snow cover. High mean AUC (area under the curve)
values above 0.97 could be reached with all three models. Variables for snow cover, precipitation of
the coldest quarter (of the year), and elevation correlated highly to predict the distribution of Ph.
albescens. Only in mid-northern latitudes, elevation alone was a good predictor, but it would cause
false-positive predictions in arid mountain ranges and failed to explain occurrence in lowland sites at
higher latitudes. Mountains in humid climates showed the highest incidences, confirming recent
studies that long-lasting snow covers combined with mild summers are crucial for the ecological guild

of nivicolous myxomycetes, with Ph. albescens as a typical species.

Spore size is crucial for dispersal ability and should thus be a character under strong selection. In
addition, spores carrying two nuclei with opposite mating types should have a colonization advantage.
This was the hypothesis for the last part of this study (articles 3 and 4), which investigated this trait in
a quantitative manner. This required a method to analyze thousands of spores automatically (article
3) and with high precision for size and the number of nuclei enclosed. Human errors should be
excluded, to reveal even subtle differences in the resulting spore size distributions. Two challenges
had to be met for this approach. First, a preparation technique was developed to reduce false
segmentations due to overlaying spores by aligning spores on one common plane with a high-
frequency vibration device. Second, the segmentation process was automated to allow separating
spores that are densely packed in the respective images. A machine learning algorithm was set up and
trained to reliable identify and measure dark-colored spores. The technique produced consistent
results with high accuracy, and the large number of spores allowed to compile spore size distributions,
to check for the constancy of this character, which is impossible with manual measurements limited

to low numbers.

The resulting spore size distributions, obtained from over 80 specimens (article 4), were mostly
narrow, which is in accordance with our hypothesis. Spore size was as well fairly constant within
fructifications from one colony. However, mean spore size within different accessions of Ph. albescens
showed large variation (ca. 10%, a range often indicated to key out different morphospecies of
myxomycetes), and this was explained only by a minor part with differences between biospecies. Not
much smaller (8%) was the variation within a group of clonal specimens collected within 25 m distance.
This points to a strong influence of environmental factors even at a micro spatial scale, perhaps caused
by microclimatic differences and high phenotypic plasticity for spore size. The influence of large-scale
covariates like altitude or latitude was negligible. However, spore size correlated with the variance in
this trait, indicating that oversized spores may be caused by detrimental environmental conditions.
Two aberrations in spore development were found: First, a few specimens showed a multimodal

distribution for spore size with two or even three discernible spore populations. The estimated
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volumes of those populations correspond to a multiple of the first and most abundant conspicuous
spore size population. Second, not all spores were uninucleate as to be expected for meiotic products.
This was revealed by fluorescence signals from staining the same spores with DAPI, with a second
machine learning algorithm trained to identify the nuclei in a spore. A few specimens showed a
significant proportion of binucleated spores in the size range of normal-sized ones, and these
specimens were not the ones with multimodal spore size distributions. This indicates that the negative
impacts (inbreeding) of multinucleate spores should outweigh a possible colonization advantage and
is in accordance with the high genetic diversity found in the worldwide population of Ph. albescens,

indicating predominantly sexual reproduction in wild populations of myxomycetes.



1.2 Deutsch

Myxomyceten oder Myxogastria (Supergruppe Amoebozoa) sind eine von mehreren Gruppen
innerhalb der Protisten, die sich hauptsachlich iber windverbreitende Sporen ausbreiten. Der bisher
ausschlieBlich im Labor untersuchte Modellorganismus dieser Gruppe ist Physarum polycephalum.
Hier wurde die molekulare Evolution, Verteilung und die Okologie der Sporenausbreitung fiir den
Nicht-Modellorganismus Physarum albescens untersucht. Diese nivicole Myxomyceten bildet
Fruchtkorper mit dem Einsetzen der Schneeschmelze in den meisten Gebirgsziigen der nordlichen
Hemisphédre und verbreitet sich Gber kugelformige, dunkel gefdarbte und melaninreiche Sporen. Die
Fruchtkorperentwicklung und anschlieBende Sporenausbreitung erfolgt innerhalb eines kurzen
Zeitfensters von nur wenigen Tagen. Zu diesem Zeitpunkt ist das Plasmodium vollstédndig den rauen
Umweltbedingungen ausgesetzt, sobald die schiitzende Schneeschnicht nicht mehr besteht. Die
Sporen mit einem Durchmesser von 10-13 um, der fir Myxomyceten typischen GroRe, kénnen
potenziell alle geeigneten Lebensraume weltweit erreichen. Dies fiihrte zur Annahme, dass nicht nur

Ph. albescens, sondern die meisten Myxomycetenarten ubiquitar Gber die Welt vorkommen sollten.

Der erste Teil in dieser Arbeit (Artikel 1) war es daher zu klaren, ob die Sporenausbreitung einen
Genfluss realisieren kann, der ausreicht, um die eben genannte Annahme zu bestatigen. Insgesamt
324 Proben von Ph. albescens, die auf der gesamten noérdlichen Hemisphdre gesammelt wurden,
wurden fir 1-3 genetische Marker (SSU, EF1A, COI) sequenziert und 98 Proben wurden mit der
Genotypisierung durch Sequenzierungstechnik weiter analysiert. Infolgedessen konnten mindestens
18 reproduktiv isolierte Einheiten entdeckt werden, die als kryptische biologische Spezies angesehen
werden kdnnen. Diese Phylogruppen waren das Ergebnis einer Drei-Gen-Phylogenie, aber auch einer
SNP-basierten Phylogenie und wurden durch eine Rekombinationsanalyse zwischen diesen drei
Markern weiter bestéatigt. Diese evolutive Aufficherung wird jedoch nicht einfach durch geografische
Fragmentierung aufgrund der geringen Ausbreitungsfahigkeit verursacht: Innerhalb einer bestimmten
Region koexistierten mehrere Phylogruppen nebeneinander, obwohl einige regionale endemisch zu
sein schienen. Hochstwahrscheinlich sind Mutationen in den “mating type” Genen, wie sie fir den
kultivierbaren Ph. polycephalum vorgewiesen wurden, die Haupttreiber der Artbildung. Dies stellt die
Hypothese der ubiquitdaren Verteilung von Ph. albescens in Frage und bestatigt die Ergebnisse der
wenigen verfligbaren Studien lber andere Myxomycetenarten. Darliber hinaus deuteten Gruppen
klonaler Exemplare, die meist, aber nicht immer auf einen bestimmten Hang oder ein bestimmtes Tal
beschrankt sind, darauf hin, dass sexuelle und asexuelle Fortpflanzung in den natirlichen

Populationen von Ph. albescens koexistieren.



Im zweiten Teil (Artikel 2) wurde die fundamentalen Nische flr Ph. albescens unter Verwendung aller
verfligbaren Aufzeichnungen fiir die Art beschrieben. Der resultierende Datensatz von 537
eindeutigen Vorkommnissen wurde mit der Maximum-Entropie-Methode der Software MaxEnt
genutzt, um eine Habitatmodellierung zu erstellen. In Abhdngigkeit von den Einflussvariablen
entstanden drei Verteilungsmodelle, die sich nur im Detail unterschieden. Das erste Modell bestand
aus nur 19 bioklimatischen Variablen und einer Héhenkarte aus dem WorldClim-Datensatz. Das zweite
wurde von Pseudo-Abwesenheiten korrigiert und die dritte wurde um eine zusatzliche kategoriale
Einflussvariable, basierend auf Schneebedeckung, erweitert. Mit allen drei Modellen konnten hohe
durschnittliche AUC-Werte (Flache unter der Kurve) lber 0,97 erreicht werden. Die Variablen fir
Schneebedeckung, Niederschlag des kaltesten Quartals (des Jahres) und Hohe korrelierten am
starksten, um die Verteilung von Ph. albescens vorherzusagen. Nur in mittleren noérdlichen
Breitengraden war die Variable “Hohe” allein ein guter Pradiktor, aber in den trockenen Gebirgsziigen
fihrte es zu falsch-positive Vorhersagen und konnte zudem auch nicht das Vorkommen in
Tieflandstandorten in héheren Breiten erkldaren. Berge in feuchten Klimazonen zeigten die hochsten
Inzidenzen, was neuere Studien bestatigt, dass lang anhaltende Schneedecken in Kombination mit
milden Sommern fiir die 6kologische Gruppe der nivicolen Myxomyceten, mit Ph. albescens als

typischer Art, von entscheidender Bedeutung sind.

Die SporengrofRRe ist ein entscheidender Faktor fir die Ausbreitungsfahigkeit und sollte daher ein
Charakter unter starker Selektion sein. Darlber hinaus sollten Sporen, die zwei Kerne mit
komplementaren Paarungstypen tragen (“mating type” System), einen Kolonisationsvorteil haben.
Dies war die Hypothese fiir den letzten Teil dieser Studie (Artikel 3 und 4), der dieses Merkmal
quantitativ untersuchte. Dies erforderte eine Methode, um Tausende von Sporen automatisch (Artikel
3) und mit hoher Prézision, beziiglich GréRe und Anzahl, zu analysieren. Der menschliche Fehler sollten
so gut wie moglich ausgeschlossen werden, um auch subtile Unterschiede in den resultierenden
SporengroRenverteilungen aufzudecken. Fiir diesen Ansatz mussten zwei Herausforderungen
bewaltigt werden. Zuerst wurde eine Praparierungstechnik entwickelt, um falsche Segmentierungen
aufgrund von Uberlagerungen zu reduzieren. Dazu wurden Sporen auf einer gemeinsamen
Raumebene mit einer hochfrequenten Vibrationsvorrichtung ausgerichtet. Zweitens wurde der
Segmentierungsprozess automatisiert und optimiert, um Sporen zu trennen, die in den jeweiligen
Bildern zu dicht gepackt sind. Ein maschineller Lernalgorithmus wurde eingerichtet und trainiert, um
dunkel gefarbte Sporen zuverlassig zu identifizieren und zu messen. Die Technik lieferte stabile
Ergebnisse mit hoher Genauigkeit. Die groBe Anzahl von untersuchten Sporen erlaubte es,
SporengroRenverteilungen zu erstellen, um die Konstanz dieses Charakters zu tberprifen, was mit

manuellen Messungen, die auf niedrige Zahlen beschrankt sind, unmaoglich ist.



Die resultierenden SporengroRenverteilungen, die fiir iber 80 Exemplare (Artikel 4) erhalten wurden,
waren meist schmal verteilt, was unserer Hypothese entsprach. Die SporengrofRe war innerhalb von
Fruktifikationen aus einer Kolonie konstant. Die durchschnittliche Sporengréofe innerhalb
verschiedener Sammlungen von Ph. albescens zeigte jedoch grolRe Unterschiede (ca. 10%, ein Bereich,
der oft angegeben wird, um verschiedene Morphospezies von Myxomyceten herauszufiltern), und
dies wurde nur durch einen kleinen Teil mit Unterschieden zwischen Biospezies erkldrt. Nicht viel
kleiner (8%) war die Variation innerhalb einer Gruppe klonaler Exemplare, die innerhalb von 25 m
Entfernung gesammelt wurden. Dies deutet auf einen starken Einfluss von Umweltfaktoren auch auf
mikrordaumlicher Skala hin, der méglicherweise durch mikroklimatische Unterschiede und einer hohen
phanotypischen Plastizitat fur die SporengroRe verursacht wird. Der Einfluss groraumiger Kovariate
wie Hohe oder Breitengrad war vernachlassigbar. Die SporengrofRe korrelierte jedoch mit der Varianz
dieses Merkmals, was darauf hindeutet, dass (bergrofe Sporen durch schéadliche
Umweltbedingungen verursacht werden kénnen. Zwei Abweichung in der Sporenentwicklung wurden
gefunden: Erstens zeigten einige Exemplare eine multimodale Verteilung fiir die SporengroRe mit zwei
oder sogar drei erkennbaren Sporenpopulationen. Die geschatzten Volumina dieser Populationen
entsprechen einem Vielfachen der ersten und am haufigsten vorkommenden Population in
SporengroRe. Zweitens waren nicht alle Sporen einkernig, wie es bei meiotischen Produkten zu
erwarten ist. Dies wurde durch Fluoreszenzsignale aus der Farbung der gleichen Sporen mit DAPI
aufgedeckt, wobei ein zweiter maschineller Lernalgorithmus trainiert wurde, um die Kerne in einer
Spore zu identifizieren. Einige Exemplare zeigten einen signifikanten Anteil an zweikernigen Sporen
im GroBenbereich normaler Sporengrofle, und diese Exemplare waren nicht diejenigen mit
multimodalen SporengrofRenverteilungen. Dies deutet darauf hin, dass die negativen Auswirkungen
(Inzucht) von mehrkernigen Sporen einen mdoglichen Kolonisationsvorteil iberwiegen sollten, und
steht damit im Einklang mit der hohen genetischen Vielfalt, die in der weltweiten Population von Ph.
albescens gefunden wurde. Das wiederum weist auf eine Uberwiegend sexuelle Fortpflanzung in

wilden Populationen von Myxomyceten hin.



2 General introduction

2.1 Background

Spores are not unique to plants but have emerged independently in different groups of terrestrial
organisms. Spore dispersal is especially successful in macroscopically visible and sessile organisms like
plants or fungi — these cannot spread themselves. This study aims to show the mechanisms and

limitations of this type of dispersal.

Life on earth is almost as old as our planet, about 4 billion years. In the beginning, all life forms were
aquatic, small, and therefore self-spreading. In water as a medium, which is almost a thousand times
denser than air, rather large particles can drift — we know these life forms as plankton. With the
conquest of the land, the dispersal problem arose: on the one hand, actively living organisms must be
resistant to desiccation, which means being larger, preferably multicellular. On the other hand, the
much lower density of air compared to water allows only very small particles to propagate in air.
Evolution's (almost universal) answer to this challenge is the spore: microscopic particles with minimal

metabolism yet resistant to UV radiation and desiccation that "float" in air.

Spores evolved in many, often not closely related groups of terrestrial organisms: fungi (Asco- and
Basidiomycetes as the most important groups) (Corner 1947), mosses (Miles and Longton 1992),
clubmosses (Lycopodiophyta) as well as ferns and fern relatives (such as horsetails or moss ferns)
(Kenrick and Crane 1997; Edwards and Kenrick 2015). Seed plants also have spores, but they are called
pollen and they have lost the ability to germinate independently in the evolution of life cycles
(Williams and Reese 2019). However, to mediate gene flow via pollination they must spread anyway:
this also happens through the air in wind-pollinated plants (Ellstrand 1992; Kwak et al. 1998). But
lesser-known groups of terrestrial organisms also form spores. A good model are the plasmodial slime
molds (Myxomycetes), a group of protists belonging to the Amoebozoa (Stephenson S. L. and
Schnittler M. 2017), which form small, mushroom-like fruiting bodies, usually with nearly spherical
spores (Schnittler M et al. 2012) most all sessile terrestrial organisms form spores; the big exception
is higher animals: they move themselves. The "zoospores" (cells that move actively utilizing flagella)
occurring in aquatic organisms are excluded here since the purpose of this work is to focus on passive

dispersal over the air.

How large can airborne spores become? Physics, more precisely Stokes' law (Stokes 1845), provides

an answer. It describes the case of small, spherical particles falling through the air:

(Pp — py)

RZ
R

2
V=9



Already the formula, with R as the radius of a particle (the spore) raised to the power of two, shows
that spore size must be the crucial factor for the terminal velocity v. The density of the spore particle
is given by p,,. Water has a density of 1.0 g cm3. However, spores dry out in the air, which is why we
must assume a slightly lower density. The other variables are approximately constant (gravitational
constant g =981 cm s, the density of air pr = 1.29x103 g cm™3 at sea level and approx. 25 °C, and the
viscosity of air u = 1.82x10* g cm?s?). The terminal velocity v is the velocity that occurs as a balance
between gravitational acceleration and air friction; it describes the chances of a spore dispersing and

can be measured experimentally (Tesmer and Schnittler 2007, Fig. 1).
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Fig. 1. Measurements of the terminal velocity of spores of myxomycetes and fungi (Bovist puffball,
Lycoperdon perlatum). Horizontal bars show the standard deviations of spore size (25 spores
measured); vertical bars are the standard deviations of the measured terminal velocity. Black line: a
fitted curve according to Stokes' law with confidence intervals (dotted black lines), red line: theoretical
terminal velocity of a spore with a density of 0.7 g cm=. According to Tesmer and Schnittler 2007,

modified.

The slower a spore falls, the greater the chance of being drifted away by horizontal air streams or even
updrafts. Therefore, spores should be as small as possible, but they must transport the entire genome

of an organism. This is at least one haploid genome, which in prokaryotes usually entails a single



circular DNA molecule (Thanbichler et al. 2005), but in eukaryotes consists of several linear molecules
that become visible as chromosomes (stainable bodies) during cell division. The DNA needs to be
packed into the pollen grain of a wind-pollinating plant. In maize, a monocotyledonous plant with a
rather large genome, pollen grains reach diameters of 76—80 um, with a theoretically expected
terminal velocity of 21 cm/s. For pollen grains with a diameter of 103—106 um already 32 cm/s can be
estimated (Aylor 2002), which is about the maximum of what is functional with airborne pollen or
spores. Terminal velocity increases rapidly with diameter, at 1 mm it would already be 37-47 m/s.
Thus, even if the genome can be transported, there is no space in spores for additional resources,
comparable to the endosperm of a seed. Therefore, a spore can only successfully establish a new
organism (fern, fungus, myxomycete, etc.) if optimum conditions are met from the beginning. This
brings us to the first limitation, which favors quantity before quality: the lower the chances of
establishment, the more spores are produced. This can be seen in the evolution of the study group

mentioned above, the myxomycetes.

Myxomycetes or Myxogastria belong to the supergroup Amoebozoa within the domain of Eukaryota.
This group of organisms, also often called plasmodial slime molds, are currently classified into 14
families and approximately 1000 species (Leontyev et al. 2019; Lado 2005-2022). They are free-living
predators preying on other microorganisms like fungi, bacteria, and other protists. So far, they are
recorded in every terrestrial habitat and build often distinct local communities (Stephenson et al.
2008). In history, they were falsely classified as plants, animals, or fungi based on their fungal-like
dispersal ecology via airborne spores. Bary (1863) was the first to recognize their Amoebozoan nature.
Today we know that fruit bodies dispersing spores evolved in several groups within Amoebozoa
(Hillmann et al. 2018) but as well non-related Protistean groups (Schnittler et al. 2006). As predators,
amoebae hatching from spores prey on other microorganisms. However, terrestrial habitats with a
high density of microorganisms are confined to small spots (a dead trunk, litter that has been blown
together in a depression, a dying fungal fruit body), so new habitats have to be colonized via spores
(Schnittler and Tesmer 2008). In the simplest case, the amoeba forms a stalk and becomes a spore;
this solution was found several times in this group (Kang et al. 2017, Hillman et al. 2018). In
myxomycetes, however, the amoeba grows into a giant cell called a plasmodium. Through
differentiation of the cell mass, entire fruiting bodies are formed, which contain many spores instead
of one. A phylogeny of the corresponding Amoebozoan subgroups shows not only their multiple
independent evolution, but reveals as well that the number of spores per fruiting body increases
rapidly in terminal clades especially in the Myxomycetes (Fig. 2). There are similar evolutionary trends
in ferns (Rose and Dassler 2017) and large mushrooms (Ingold. 1965), here species with larger fruiting

bodies also seem to produce slightly larger spores (Meerts 1999).



Schizosaccharomyces pombe AY046272
Candida albicans M60302
el ! ch fum AF026593
is JQ271707

L‘—‘:Ameba proteus AJ314604 Tu B UL' NEA

Copromyxa cantabrigiensis AY284147
Schoutedamoeba minuta KP719190
Uncultured Amoebozoa GU479959
Uncultured eukaryote LC150160
Uncultured eukaryote AB895458
#<l Dictyamoeba vorax KP864096 1
5| o] CEratiomyxella tahitiensis FJ544419 @
Schizoplasmodium cavostefioides FJ544418 @ 1
%= Nematostelium ovatum FJ544420 @ 1

<4 Phalansterium sp. KX844828
v Pl Phalanstenium sp. EF143966
M E l_ Phalansterium solitarum AF280078
'l Phalanstenium sp. KF539978

o[ Ischnamoeba sp. KP864094

Ischnamoeba montana KP8B4092

Ischnamoeba sp. KPB64093

Darbyshirella terrestris KP864087

7|, _Darbyshirella sp. KP864091

— ‘1 Darbyshirelia sp. KP884090

d [ Sohizoplasiodopsis g EFS13180 o1

Schizoplasmodiopsis sp. KP864100 1

= 2 i iopsi idea FJ766478 @

Schizoplasmodiopsis amoeboidea FJT66477 @

gen. sp. KPBB4101

11

o

soma oo

o FJ792704
—— Tychosporium acutostipes FJ792703 1
i2 SIS

reticulata KP864097

s Filamoeba nolandi AF293896
10t Filamoeba sp. GQ371176
l: Filamoeba nolandi AY714368
s

Filamoeba sinensis AY714369
Filamoeba sp. GU320578
Filamoeba sp. GU320603
Heli mirabilis KPB64095
Flamella pleistocenica KP208180
Telaepolelia tubasferens EU273440
Telagpolella sp. KP864099
Flamella aegyptia EU186021
Fiamella amhemensis EU186022
131 Flamella balneana EU186023
Flamella beringiania KP219428

o —————— Multicilia marina AY268037
dendroida AF293897

e Mastigamoeba simplex AF421218
s Endolimax nana AF149916
. i sp. AF421220 Mastigamoebidae
10 Mastigelia commutans AF421219
Ll Phreatamoeba balamuthi L23799
Mastigella eilthardi KJ879584

7 s Pelomyxidae Pelomyxa stagnalis JX157660
= 4'_y_'__'_7pslomyxa palustris X157661
o i a belovskil JX157662

coli AF149915

e Entamoeba histolytica X56991 Entamoebidae
Entamoeba gingivalis D28490

YOZO4d3O0NnVv

vIisond

VSOA3L

i [

Uncultured eukaryote LC109017
[ Grellamoeba robusta GQ438742
i irregulare FJ766480 @ 1
Soliformovum expulsum FJ766479 @ 1
rAngulamoeba microcystivorans HM017143
L Uncultured sp. JN547325
Angulamoeba sp. KP864086
Uncultured Angulamoeba sp. ABB95474
- Angulamoeba fungorum KPB64084
1L Uncultured Angulamoeba sp. AB695473
Protostefium noctornum Fu766461 @ 1
Protostelium nocturnum FJ766468 @
Uncultured eukaryote GU200108. 1
Protostelium sp. JQ271712
“lCercozoa sp.’ JQ271792

1766452 @ 1
Fre6io6 @ 1

Protostelium apiculatum FJ766484 @ 1
o[~ PrOtOStelium aurantium FJ766465 @ 1

f J004604
Hprotostefium aurantium F766462 @
Furess74 @ 1

FJ792705 @ .
4 | —Cersomyxa utlosa EF513175 @ Ceratlomyxo-
- fomyxa morchela KT351647 @ 4 ). 4 05 mycetes
=) Ceratiomyxa fruticulosa EF513173 ®
..LI__.,,.

Ceratiomyxa fruiculosa EF513174 @

: ——=——mml10’- 10’ @] Dictyosteliomycetes
— — () 10°-10°

Fig. 2. Simplified phylogeny of the Amoebozoa, subgroup Tevosea (maximum likelihood method, 18S
rRNA gene sequences, calculation with 1Q-Tree 1.5.5, 1000 bootstrap replicates, GTR+R7 model).
Clades forming spores are highlighted (e); the numbers are estimates of spore counts (as number of

spores per fruit body). Modified after Leontyev et al. (2019).
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Fig. 3. Spores of different groups of organisms that are not closely related. The examples show the
most water-repellent type of ornamentation: a network of elevated ridges. A Myxomycetes
(plasmodial slime molds): Tubifera spp., 7-8 pum, a new taxon to be described (photo D. Leontyev), B
Lycopodiophyta (clubmosses): Diphasiastrum spp., 32—36 um (photo W. Bennert), C Tilletiales (smut
fungi): Tilletia caries, 16—20 um (Photo from (Shivas et al. 2014), smut fungi of Australia,

collections.daff.qld.gov.au). Size scale: 1 um.

There are similar developmental tendencies in several eukaryotic phyla, including the classic spore
"plants" such as mosses, fungi, and ferns. The independently evolved solutions for spore shape and
ornamentation are strikingly similar, as shown by scanning electron micrographs of spores (Fig. 3). A
natural polymer, sporopollenin coats the spores (Mackenzie et al. 2015; Atkin et al. 2011). Ornaments
with attached proteins ensure a hydrophobic surface, a prerequisite for spores not immediately
sticking to moist surfaces, but instead being able to drift off repeatedly. The ornaments of these
particles usually vary from small warts and spines to ridges. Similar ornaments occur repeatedly in life
forms that are not closely related. These ornaments are very likely to be differently hydrophobic
(Hoppe and Schwippert 2014). The more hydrophobic the spore surface is, the lower the chance that
the spore will stick to moist surfaces, which are common in nature; or washed out of the air by rain
drops. In this way, they can possibly be stirred up again several times and spread further. However,
here is a trade-off, spores with hydrophobic surfaces are more difficult to become wet and therefore
absorbing water becomes more difficult, but this is necessary for germination. Therefore, spore
ornaments may vary from high to less hydrophobic depending on the environmental conditions in

which a species lives.

How effective is spore dispersal? Can spores fly around the world? The principal answer is yes, and
there are indications that they do so with the help of the jet stream, an extremely strong, equator-

parallel high-altitude air current (Diez et al. 2020; Geiger et al. 2007; Wolf et al. 2001). However, all
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experimental studies indicate that only a very few of the many spores or pollen that organism forms
manage this. Most spores do not get thus far, so the number of spores falling on an area decreases
exponentially with distance from the source (Fig. 5). In the case of ferns, it has been shown that the
large number of spores formed enables effective colonization of distant habitats at least over longer

(decades to centuries) periods of time (Groot et al. 2012); the same applies to fungi (Golan and Pringle

2017).
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Fig. 5. Spore dispersal curve for the clubmoss species Lycopodium clavatum. Slides with double-sided
adhesive film were placed vertically at an appropriate distance from an isolated stand to serve as spore
traps. The spores captured on an area of 1 cm? were counted in eight different directions (each with
three parallel slides). A Triple measurements (grey diamonds) for eight cardinal points and distances
between 5 and 200 m; black diamonds denote the average value for these 24 measurements (fit:

decaying exponential function). B Same data set with linear scaling. Data: R. Kaufmann (unpublished).

The question for speciation and population biology of spore-dispersing organisms is not whether all
spores are spread over long distances, but how often this happens and how effective gene flow can
be maintained between distant populations. Indeed, spore-dispersed plants seem to have larger areas
than seed-dispersed ones: for example, some ferns and clubmosses occur in both Europe and North
America, in contrast to native ranges of seed plants (Smith 1972). But: detailed studies often show

that the corresponding populations differ slightly - whether they are described as a separate species
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or subspecies is at the discretion of the taxonomists (Fayle et al. 2011; Kinosian et al. 2020; Masuyama

et al. 2002; Aguilar et al. 2014; Borg Dahl et al. 2018).

At least population genetics can provide a theoretical answer as to whether evolutionary trends
always lead to better and better dispersal mechanisms. Here two phenomena can occur called
inbreeding depression and outbreeding depression. For inbreeding, the fitness tends to decrease
when a population has little genetic exchange with others (see work of Moraes (2018) on Tigriopus
californicus). Alleles for genetic defects, for example, have a higher chance of being homozygous when

relatives mate so that the corresponding defect manifests itself.

On the other hand, there is as well the opposite effect. As the selection conditions for a species change
from place to place, for example with climate, the genotypes best adapted to local conditions will
ultimately prevail in a population. A specimen of the same species from a more distant population
then shows a lower fitness locally than the individuals of the local population (see work of Brown
(1991) on Tigriopus californicus). If we now imagine the extremes of dispersal ability, a lack of dispersal
possibilities tends to cause "inbreeding depression", but unlimited dispersal will favor "outbreeding
depression": the emergence of locally adapted genotypes is prevented by the constant immigration
of non-adapted genotypes. This leads to the assumption that evolution does not automatically
progress in the direction of better and better possibilities of dispersal, especially since the resources
brought by a spore or a seed are decisive for the establishment of the individual, especially in dry
terrestrial habitats. Again, a trade-off will result between a) effective dispersal (colonization of new
habitats, depending on the length of time a population remains in a habitat; avoidance of inbreeding
depression through gene flow between populations) and b) local adaptation by limited dispersal (need
to carry nutrients for establishment; avoidance of outcrossing depression). Obviously, the optimum

setting differs for each species because it depends on many factors, such as:

- the reproductive system (in plants: probability of self-fertilization),

- the probability of establishment of the propagation units (are many or only a few resources needed),
and

- the steepness of gradients in environmental conditions over a species' range.

At least theoretically, there must be a species-specific optimum for the efficiency of dispersal, which
on the one hand avoids inbreeding depression and on the other hand enables local adaptation. This
should also apply to species that produce so many spores that the probability of establishment is
sufficiently high despite a large lack of resources. Regional differentiation of the populations is
therefore the rule, at least for spore-dispersed eukaryotes, and could also be confirmed for

myxomycetes, the model group for this study (Dagamac et al. 2017a; 2017b).
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The species studied here, Physarum albescens, belongs to the nivicolous myxomycetes that fruit
usually but not exclusively (Ronikier and Ronikier 2009) on mountain ranges with a seasonal snow
cover. During its plasmodial stage, the organisms are foraging on bacteria, yeast, and other
microorganisms (Gray and Alexopoulos 1968). Feeding on under snow microbial communities, the
plasmodium is protected against harsh and sudden changes of environmental factors by the snow
cover, for example, a sudden temperature shock (Schnittler et al. 2015; Dahl et al. 2018). As soon as
the cover starts to melt, the sporulation process is initiated, and plasmodia fragment to colonies of
multiple fruiting bodies, each filled with 10°-10° spores (Schnittler and Tesmer 2008). During this
process the plasmodium is exposed to the harshest environment during its lifetime, with rapid
changes in temperature and radiation upon snow melt (Schnittler et al. 2015). This is enhanced by the
positive phototropic behavior of fruiting plasmodia, ensuring an elevated starting point for spore
dispersal. Only the spore itself will experience even more drastic environmental impacts but at the
same time is protected by a spore wall mixed with melanin and amino sugars (Rakoczy and Panz 1994;
Loganathan et al. 1989; McCormick et al. 1970). Following the ideas outlined above, spore size should
be under strong genetic control. However, in the short time window for sporulation, with rapidly
changing weather and different microenvironmental conditions, environmental conditions may
overrule that. Genetic differentiation within Ph. albescens and the influence of genetic and
environmental factors on spore size is the focus of this study. With samples collected over several
mountain ranges all over the northern hemisphere we will look at the influence of large-scale factors
like altitude (stronger winds on higher altitudes may allow for larger spores with a higher chance of
establishment), genetic factors (isolated populations may differ from each other in spore size) or

small-scale factors like microenvironment (spore size in different colonies found close by).
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2.2 Study sites

The accessions used for this work are a mix between an existing collection (M. Schnittler, to be
deposited at the Botanical State Museum Munich) and newly collected specimens during this Ph.D.
project. The goal was to achieve a maximum in geographical variation, therefore various mountain
ranges around the northern hemisphere were targeted. Besides the very well surveyed transect in the
German Alps (in the Kreuzjoch region near the Alpspitz, close to the city Garmisch-Partenkirchen),
collections from the Rocky Mountains (Colorado, United States of America), Sierra Nevada (Granada,
Spain), Lapland region and Khibiny Mountains (Murmansk Oblast, Russia), the Caucasus Mountains
(Karachay-Cherkess Republic, Russia), the lli-Alatau mountain range (near Almaty, Kazakhstan), and
the mountain range southwest to the volcanoes Koryaksky and Avachinsky (Kamchatka Krai, Russia)
were added. Field surveys were scheduled around late spring / early summer; at this time snowmelt
starts at regions around 2 000 m elevation (with the most suited elevational belt depending on
northern latitude). Ph. albescens is a prominent representative of a whole ecological guild, the
nivicolous myxomycetes, and a number of other myxomycete species could be collected
simultaneously with surveys focusing on Ph. albescens. During the collecting process, geographical
information with the highest precision possible was recorded. Additionally, more detailed information
for each specimen was documented, like inclination, the height of a colony on the substrate, the plant
species where it fruits on, and coverage of shadowing trees and shrubs. Since the species is relatively
common in suitable places but cannot be cultivated (Shchepin et al. 2014), finding these sites was one

of the challenges for this study.
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2.3 Framework of RESPONSE

This thesis is part of the research projects in the graduate school “Biological Responses to Novel and
Changing Environments“(in short RESPONSE). Two research clusters were planned, with cluster A
focusing on local adaptation and cluster B on dispersal-related traits. In the latter cluster, factors
related with the colonization of new habitats by a species are of major interest (RESPONSE?, for further
details). For this project, dealing with an organism producing airborne spores, the size of these

particles is obviously a trait directly linked to dispersal abilities.

For a non-model species in a lesser-known group of organisms like Physarum albescens (the only
species of the genetically extremely diverse group of protists, making up for the clear majority of deep
lineages in eukaryotes), we first needed to study a number of subjects which are well studied for the
most other organisms in RESPONSE: distribution range, reproductive mode, or gene flow between
populations. Therefore, first goal was to analyze the species concept for the chosen study species
(myxomycetes are of the few Protistean groups following a mainly morphological species concept)
and to elucidate the importance of sexual and asexual reproduction in wild populations. The second
goal is to understand environmental influences on morphological traits important for dispersal of this

species, here especially spore size.

In the following section for this work investigated research goals are summarized.

! From the RESPONSE web site: https://biologie.uni-greifswald.de/forschung/dfg-

graduiertenkollegs/research-training-group-2010/research-projects/ accesses 30.01.2022.
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2.4 Objectives of the thesis

The main focus of this thesis was (i) to investigate gene flow, genetic differentiation and the putative
distribution range of Ph. albescens. This forms the foundation to (ii) investigate the balance between
genetic and environmental factors on spore features, here spore size distribution and the number of
nuclei transported, with the idea to detect signs of local adaptation. Therefore, the first part of the
thesis focuses on population-genetic analyses, the second on a quantitative analysis of spore features

in Ph. albescens.

Question 1: Is there intraspecific genetic differentiation in the morphologically described species Ph.
albescens? Judged on the few available studies, the existence of reproductively isolated groups,
furthermore, called phylogroups, could be expected. These constitute putative (and cryptic) biological

species, with no or a certain extent of admixture between them.
To answer this, the first research project included:

= Sequencing of multiple collections of Ph. albescens from multiple mountain ranges around the

northern hemisphere with three independent gene markers.

= A test for reproductive isolation between genetic variants (phylogroups), assuming random

recombination of independent genetic markers.

= Genotyping by Sequencing methods to find out about the extent of asexual reproduction via

detection of groups of clonal specimens in a wide range of collections.

= A species distribution model to define the fundamental niche of the study species, assuming

snow cover to be an environmental factor of crucial importance.
The results are reported in articles 1 and 2.

Question 2: s the genetic difference between biospecies or local populations of Ph. albescens large
enough to be as well visible on phenotypic characters like spore size? If so, can the variation of spore
size be explained rather by genetic factors (biospecies and clonal identity) or by recorded
environmental factors (large scale: mountain range, elevation; small scale: microenvironmental

differences between close by locations)?
To answer this, the second research project included:
= A novel method to align spore or pollen samples to a monolayer for imaging analysis.

= New segmentation models based on machine learning algorithms for automatically analyzing

thousands of spores.
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= Analysis of the resulting detailed spore size distributions of collections of Ph. albescens from

multiple mountain ranges around the northern hemisphere

= Statistical analysis on to test for correlation between genetic / environmental factors with

spore size in different phylogroups and clonal specimens of Ph. albescens.
The results are reported in articles 3 and 4.

In Addition to Q1, besides spore size measurements, fluorescence staining of the nucleus was added

to the methods to acquire further information on spore formation for Ph. albescens.
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Abstract

Myxomycetes are terrestrial protists with many presumably cosmopolitan species
dispersing via airborne spores. A truly cosmopolitan species would suffer from out-
breeding depression hampering local adaptation, while locally adapted species with
limited distribution would be at a higher risk of extinction in changing environments.
Here, we investigate intraspecific genetic diversity and phylogeography of Physarum
albescens over the entire Northern Hemisphere. We sequenced 324 field collections
of fruit bodies for 1-3 genetic markers (SSU, EF1A, COI) and analysed 98 specimens
with genotyping by sequencing. The structure of the three-gene phylogeny, SNP-
based phylogeny, phylogenetic networks, and the observed recombination pattern of
three independently inherited gene markers can be best explained by the presence
of at least 18 reproductively isolated groups, which can be seen as cryptic species.
In all intensively sampled regions and in many localities, members of several phylo-
groups coexisted. Some phylogroups were found to be abundant in only one region
and completely absent in other well-studied regions, and thus may represent regional
endemics. Our results demonstrate that the widely distributed myxomycete species
Ph. albescens represents a complex of at least 18 cryptic species, and some of these

seem to have a limited geographical distribution. In addition, the presence of groups

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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of presumably clonal specimens suggests that sexual and asexual reproduction coex-

ist in natural populations of myxomycetes.

KEYWORDS

cryptic species, DNA barcoding, phylogeography, protists, simulation, slime molds

1 | INTRODUCTION

Terrestrial soil protists have received much less scientific attention
than prokaryotes, fungi, and viruses, despite their functional signif-
icance (Geisen et al., 2020). Their diversity and biogeography are
generally understudied, but a few studies have found presumed
cosmopolitan soil protist taxa to consist of multiple cryptic species
(Pinseel et al., 2020; Rysanek et al., 2015; Singer et al., 2019). Some
of these cryptic species showed endemic distributions, and others
proved to be cosmopolitan (Foissner, 2008). The fact that these en-
demic protist species exist implies that at least in some taxa, gene
flow between remote populations is not frequent enough to prevent
populations from diverging (Mann & Vanormelingen, 2013).

Among terrestrial protists, myxomycetes are especially con-
venient models to study biogeography and phylogeography.
Myxomycetes are amoeboid protists with a complex life cycle that
includes microscopic amoeboflagellates, resting microcysts, multi-
nuclear plasmodia, and fruiting bodies (sporocarps) containing air-
borne spores. Myxomycete spores have been detected in the air
(Kamono et al., 2009), but no direct evidences for a long-distance
dispersal have been found. Nevertheless, their ability for a long-
distance dispersal is indirectly confirmed by presumably cosmopoli-
tan distribution of many species and a relatively diverse myxomycete
assemblages found on remote islands (see a detailed discussion in
Schnittler et al., 2021). Myxomycete sporocarps are often conspic-
uous, easy to find in nature and preserve as dried herbarium speci-
mens. Herbarium specimens can be used for DNA isolation and 18S
rDNA (SSU) barcoding (Borg Dahl, Brejnrod, et al., 2018; Schnittler
et al., 2017). However, virtually all studies on myxomycete diversity
and distribution have been conducted at the morphological species
(morphospecies) level.

The few studies that investigated the genetic structure of par-
ticular myxomycete morphospecies produced similar results. Aguilar
et al. (2014) studied the geographical distribution of SSU variants
in Badhamia melanospora (here and throughout the manuscript,
myxomycete nomenclature follows Lado, 2005-2021). They found
two geographically structured groups of ribotypes, which were con-
gruent with slight morphological differences in spores. The authors
suggested that this taxon constituted a complex formed by at least
two cryptic species. In Physarum pseudonotabile, a SSU and EF1A
gene phylogeny revealed several well-separated genetic lineages
(Novozhilov et al., 2013). Analysis of three independent genes (SSU,
EF1A, and COI) and group | introns in SSU demonstrated the ex-
istence of three cryptic species in Trichia varia (Feng & Schnittler,

2015). Similarly, Lepidoderma chailletii turned out to be a polyphyletic
complex, which consisted of three cryptic species, as was shown by
the analysis of SSU, EF1A, and COI (Shchepin et al., 2016). Dagamac
et al. (2017) analysed two-gene data (SSU and EF1A) and revealed
four putative cryptic species in Hemitrichia serpula with subtle mor-
phological differences. Finally, several large phylogroups were found
within Didymium nivicola in SSU and EF1A phylogenies, with strik-
ing differences in genetic diversity between the Northern and the
Southern Hemisphere (Janik et al., 2020).

However, many intriguing questions remain unanswered. How
common is the presence of cryptic species in myxomycetes? How
widely are such species distributed? Trying to answer these ques-
tions, we applied a three-gene approach and, for the first time in
myxomycetes, genotyping by sequencing to investigate the genetic
structure of populations of the myxomycete Physarum albescens.

Ph. albescens (Figure 1a,b) abundantly occurs in mountains of
the Northern Hemisphere but is rarely reported from the Southern
Hemisphere. It belongs to the ecological guild of snowbank (nivic-
olous) myxomycetes (Schnittler et al., 2015), which makes up for c.
10% of the morphospecies diversity in myxomycetes. Myxamoebae
inhabit the uppermost soil layer; fructifications emerge in spring at
the edge of melting snow patches in mountainous areas (Figure 1c;
Ronikier & Ronikier, 2009). Ph. albescens is morphologically clearly
distinctive from other members of the guild. Moreover, it is one of
the most common nivicolous species in some regions. Its brightly
coloured sporocarps are easily visible in nature, and no infraspecific
taxa are described within it, which makes it an ideal candidate for a
large-scale phylogeographic study.

2 | MATERIALS AND METHODS

2.1 | Material studied

We studied 324 herbarium specimens of Ph. albescens, which were
collected in several mountain ranges of the Northern Hemisphere
between 2010 and 2018 (Europe, Central Asia, East Asia, and North
America). A specimen was defined as a colony of closely located
sporocarps that share the same hypothallus and probably have
originated from one plasmodium. Additionally, we studied 44 her-
barium specimens that were received from other collectors. Based
on the GPS coordinates (WGS84) of collection sites, all specimens
were assigned to standardized localities of approximately 50 m di-
ameter using the python package ceopy and a custom python script
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(a)

FIGURE 1 (a-b)Sporocarps of Ph. albescens from Khibiny Mts. (a, specimen LE305933) and Luvenga Tundra Mts. (b, MYX9295)
at the Kola peninsula, Russia. (c) Typical habitat of Ph. albescens in Khibiny Mts. Scale bars = 1 mm

that performed greedy centroid-based clustering of collection sites.
The resulting material included 368 specimens from 16 regions and
164 localities (Table S1).

2.2 | Genetic markers

Partial sequences of three independently inherited genetic mark-
ers were analysed. First, the beginning of the small ribosomal subu-
nit gene (185 rDNA, SSU), including V2 region, located on nuclear
minichromosomes. Second, the protein elongation factor subunit
1-alpha gene (EF1A) with nuclear chromosomal localization. Third,
mitochondrial cytochrome ¢ oxidase subunit one gene (COI). These
markers proved to be highly variable in myxomycetes and valuable
for species delimitation and phylogenetic inference (Schnittler et al.,
2017).

For DNA extraction, approximately 2-5 sporocarps were sam-
pled from a herbarium box and placed in 2 ml safe-lock tubes.
Samples were homogenized either in a Tissuelyser LT homoge-
nizer (Qiagen) with 3 mm diameter steel balls or in a FastPrep-24
(MP Biomedicals) with sterilized sea sand and glass beads. DNA was
extracted with PhytoSorb (Sintol) or with E.Z.N.A. Plant DNA Kit
(Omega Bio-tek) according to the manufacturer's protocols.

The primers used were S1/SU19R or S3bF/S31R for SSU (Fiore-
Donno et al., 2008, 2012; Hoppe & Schnittler, 2015; Schnittler et al.,
2017), PB1F/PB1R for EF1A (Novozhilov et al., 2014), COIF1/COIR1
or COMF/COMRs for COI (Feng & Schnittler, 2015; Liu et al., 2015;
Novozhilov et al., 2019). Amplification protocols were as follows: de-
naturation for 5 min at 95°C, 39 cycles (30 s at 95°C, 30 s at 56°C,
1 min at 72°C) and 5 min at 72°C with S1/SU19R; denaturation for
5 min at 95°C, 34 cycles (30 s at 95°C, 30 s at 57.6°C, 48 s at 72°C)
and 5 min at 72°C with S3bF/S31R; denaturation for 5 min at 95°C,
35 cycles (30 s at 95°C, 30 s at 65.4°C, 1 min at 72°C) and 10 min
at 72°C with PB1F/PB1R; denaturation for 5 min at 95°C, 34 cycles
(30 sat 95°C, 50 s at 50.7°C or 52.0°C, 1 min at 72°C) and 10 min at
72°C with COIF1/COIR1 or COMF/COMRs.

Amplicons were sequenced on ABI 3500 automated DNA se-
quencer (Applied Biosystems) or by Macrogen Europe. Sequence

chromatograms were examined in BioEpit 7.2.5 (Hall, 1999) and base-
calling errors were corrected manually. New sequences were sub-
mitted to GenBank (accession numbers MW691477-MW691847,
MW692988-MW693025, MW701443-MW?701877, Table S1).

2.3 | Genotyping by sequencing (GBS)

For genotyping, 108 samples were prepared (Table S1). They repre-
sented 98 herbarium specimens of Ph. albescens from seven phylo-
genetic groups. Of them, two specimens were prepared in triplicates
and six specimens in duplicates for evaluation of technical errors.
From each specimen, 25-100 sporocarps (depending on their size
and condition) were transferred into a 2 ml microtube with sterilized
sea sand and glass beads and homogenized with a FastPrep-24 (MP
Biomedicals). DNA was extracted with the E.Z.N.A. Plant DNA Kit
(Omega Bio-tek) according to the manufacturer's protocol.

At least 100 ng of high molecular weight DNA per sample was
required for GBS. DNA integrity was checked using gel electropho-
resis with Lambda DNA/Hindlll Marker. DNA concentration was
measured using a Qubit 4 fluorometer (Invitrogen). GBS was per-
formed by LGC Genomics with Msll restriction endonuclease and
paired-end sequencing (2 x 150 bp) on an lllumina NextSeq 500
platform (lllumina Inc.) with a sequencing depth of 0.5 million paired
reads per sample. Preprocessing (demultiplexing, trimming sequenc-
ing adapters and restriction enzyme sites from raw sequence reads)
was done by the sequencing facility. The raw data were submitted to
the sequence read archive (PRINA706537).

Preprocessed paired-end reads were de novo assembled and
analysed using steps 3-7 of the ipyrap 0.9.26 pipeline (Eaton &
Overcast, 2020). In brief, reads were quality-filtered, dereplicated
and clustered within samples with a specified sequence similarity
threshold, maximum number of alleles per site, and minimum and
maximum allowed sequencing depth. For each cluster, consensus
sequence was produced. After that, consensus sequences from all
samples were aligned together to obtain contigs. Only contigs that
covered at least 10 samples were retained (value specified with the
core parameter of step 7 “minimum number of samples per locus”).
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We optimized the core assembly parameter “clustering threshold for
de novo assembly” (ct) by running the analysis with three different
values of ct (0.85, 0.90, 0.95) on the data of 10 technical replicates.
The value 0.95 was chosen since the lower values produced appar-
ent assembly errors leading to increased genetic distances between
replicated samples. The resulting alignment of single-nucleotide
polymorphisms (SNPs) was subjected to phylogenetic analysis and
phylogenetic network construction.

ABBA-BABA statistics were calculated in Dsuite 0.4 (Malinsky
et al,, 2021) using Drtrios command for 61 specimens from five
phylogroups (Ha-He) and 25 specimens from phylogroup B as an
outgroup. Relationships between phylogroups were specified by
a simple tree based on the well-resolved maximum likelihood tree
obtained for the SNP alignment: (Outgroup,((Hc, Hb),(Hd,(Ha, He)))).
Drtrios calculates Patterson's D and f,-ratio statistics and finds trios
of phylogroups with significantly elevated D using Z-score, which is
estimated with a block-Jackknife procedure that takes linkage among
sites into account. The option Jknum (the number of jackknife blocks
to divide the data set into) was left with its default value (20 blocks
of 1278 SNPs), since different tested values (20, 30, 40, 50) did not
alter the results. A Benjamini-Hochberg correction for multiple tests
was applied to the resulting p-values to control the false-discovery
rate. To aid the interpretation of correlated f,-ratio results, f-branch
statistic (f,(C)) was calculated using FerancH command, and its results
were plotted using dtools.py. For the phylogroup trios with signifi-
cantly elevated D, a sliding-window analysis was performed using
DinvesTicaTE command to assess whether the admixture signal was
confined to specific contigs (window size = 2, step = 1).

To test for the presence of clonal specimens, genetic distances
between all pairs of specimens and between technical replicates
were calculated using the Hamming Distances method (Hamming,
1950) with default options in SpuTsTree5 5.0.0_alpha (Huson, 1998;
Huson & Bryant, 2006). Groups of specimens that showed genetic
distances not exceeding the maximum distances between technical
replicates were classified as putative clones.

2.4 | Phylogeny construction
Four sequence data sets were built: (1) a two-gene data set (SSU
and exons of EF1A) for Ph. albescens and diverse members of
Physarales to infer phylogenetic relationships of Ph. albescens with
other members of the order, (2) an SSU data set for all specimens of
Ph. albescens for initial screening of species-wide genetic diversity,
(3) a three-gene data set (SSU, exons of EF1A, and COI) for a subset
of specimens from each clade of the SSU phylogeny to test for the
presence of cryptic species within the morphologically defined spe-
cies, and (4) a SNP data set resulting from the analysis of GBS data to
get a phylogeny with a higher resolution for a subset of specimens.
In the first three data sets, sequences of different genes were
aligned separately with MAFFT online service with default gap pen-
alties (Katoh et al., 2019). Two alignment strategies were applied:
E-INS-I for SSU, G-INS-I for EF1A and COI (Katoh et al., 2005). All

alignments were visually inspected, corrected if necessary, and
trimmed. Poorly aligned regions with multiple indels in SSU align-
ment of the first data set were removed manually prior to the
phylogenetic analyses (mask in Alignment S1 shows the remaining
positions). Introns in all EF1A alignments were as well removed be-
fore the alanyses.

Maximum likelihood (ML) phylogenies for all four data sets were
built using W-IQ-TREE 1.6.11 (Trifinopoulos et al., 2016) with 1000
ultrafast bootstrap replicates (Minh et al., 2013). For the SNP data
set, an ascertainment bias correction model was applied. Optimal
substitution models for ML analysis were chosen independently
for each partition with MobeLFinpbeEr on W-IQ-TREE web server
(Kalyaanamoorthy et al., 2017) according to the Bayesian informa-
tion criterion.

Bayesian inference was computed with MrBaves 3.2.1 on CIPRES
Science Gateway (Huelsenbeck & Ronquist, 2001; Miller et al.,
2010). Five simultaneous runs with the evolutionary model set to
GTR+G4+l included one cold and three heated Monte Carlo Markov
chains. The number of generations, sample frequencies, and burnin
ratio were set to 50 M, 1000, and 0.25, respectively. The conver-
gence of MCMC chains in Bayesian inference analyses was assessed
using Tracer 1.7.1 and R package rwty 1.0.2 (Warren et al., 2017).
Clade confidence scores based on the results of Bayesian inference
analyses were placed on ML trees using IQ-Tree (it implements an
algorithm that, similar to sumt command in MRrBAYEs, counts the pro-
portion of the Bayesian trees where every taxon bipartition appears).

The two-gene data set included SSU and EF1A sequences for
298 myxomycete specimens belonging to 47 species of differ-
ent Physarales, with three Lamproderma species as an outgroup
(Alignment S1, Table S1). Of them, 194 specimens belonged to
Ph. albescens. 66 SSU and 55 EF1A sequences were obtained
from GenBank. The concatenated alignment contained 1434 sites,
505 of them parsimony informative. Four partitions were de-
fined (Chernomor et al., 2016): one for SSU (model SYM+R4) and
three for different codon positions in EF1A (models HKY+F+R4,
TVM+F+1+G4, and TVM+F+G4 for the first, second, and third po-
sition, respectively).

The SSU data set included 372 nucleotide sequences (Alignment
S2, Table S1). Of these, 368 sequences of Ph. albescens were ob-
tained in this study and four sequences fetched from GenBank, with
Physarum polycephalum as an outgroup. Among 565 nucleotide posi-
tions, 56 were parsimony informative. For phylogenetic inference, a
single partition was defined with TNe+R2 model.

The three-gene data set included SSU, EF1A, and COIl sequences
for 182 specimens of Ph. albescens. SSU and EF1A sequences of
three specimens of Badhamia foliicola were added as an outgroup,
based on the two-gene analysis results (Alignment S3, Table S1). The
concatenated alignment contained 1946 sites, 302 of them parsi-
mony informative. Five partitions were defined (Chernomor et al.,
2016): one for SSU (model K2P+R2), three for different codon po-
sitions in EF1A (models F81+4+F+I, F81+F+I, and TPM2u+F+G4 for
the first, second, and third position, respectively), and one for COI
(model K3Pu+F+1+G4).
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The SNP data set included SNP data for 108 samples (98 speci-
mens and technical replicates) of Ph. albescens (Alignment S4, Table
S1). The alignment contained 25,589 positions, 10,364 of them par-
simony informative. For phylogenetic inference, a single partition
was defined with TVM+F+R3 model.

2.5 | Phylogenetic network construction

A phylogenetic network was built for the three-gene data set and the
SNP data set. The analysis was performed using SpuLiTsTrRee5 5.0.0_
alpha (Huson, 1998; Huson & Bryant, 2006). A distance matrix was
calculated using the Hamming Distances method (Hamming, 1950)
with default options. The neighbor-net method (Bryant & Moulton,
2004) was used to obtain splits. The Splits Network Algorithm
(Dress & Huson, 2004) produced a splits network with 5716 nodes
and 10,883 edges for the three-gene data set, and with 1650 nodes
and 3002 edges for the SNP data set.

2.6 | Phylogroup delimitation

Several approaches were applied to delimit phylogroups repre-
senting putative reproductively isolated cryptic species. First, we
used species delimitation approach based on multilocus “fields
for recombination” (ml-FFRs) concept proposed by Doyle (1995).
Following the logic described in detail by Flot et al. (2010), we tried
to determine groups of specimens that were not necessarily re-
ciprocally monophyletic in each of the gene phylogenies, but their
pools of alleles of three independently inherited genes were mutu-
ally exclusive (mutual allelic exclusivity criterion). For this, unique
sequence variants of SSU, EF1A, and COI in Ph. albescens were
determined by clustering sequences with a 100% similarity thresh-
old using the --cluster_size command in VSEARCH 2.14.2 (Rognes
et al., 2016). Each sequence variant received a numeric code. A
custom GUI python program was written to visualize the com-
binations of the variants of three independently inherited genes
(SSU, EF1A, and COI) within individuals (herbarium specimens) of
Ph. albescens (Shchepin, 2021a). The resulting groups of individuals
that do not have any allele in common (ml-FFRs) were compared
with the topologies of the three-gene phylogeny and the SNP-
based phylogeny, and ml-FFRs supported by the tree topologies
were considered as putative cryptic species. If two distinct well-
supported clades shared only one allele of one gene, they were still
considered as two putative cryptic species. If aml-FFR consisted of
a single individual and it was closely related to another mI-FFR in a
phylogeny, it was united with it into one phylogroup.

In addition, we employed two automatic species delimitation
algorithms. First, multirate Poisson tree processes (MPTP) approach
was employed. The analyses were run on MPTP 0.2.0 web server
(Kapli et al., 2017) with default settings, using the three-gene ML
phylogeny and SNP ML phylogeny as inputs. Second, assemble spe-
cies by automatic partitioning (ASAP) analyses were run on a web

server with default settings using the three-gene and SNP align-

ments as inputs (Puillandre et al., 2021).

2.7 | Sequence clustering

To evaluate the taxonomical resolution of SSU-based DNA barcod-
ing at the intramorphospecies level, SSU sequences of Ph. albescens
were clustered with two similarity thresholds that were applied for
species determination or clustering of the operational taxonomic
units (OTUs) in previous studies: (1) 99.1% (Borg Dahl et al., 2019;
Borg Dahl, Brejnrod, et al., 2018; Borg Dabhl, Shchepin, et al., 2018;
Shchepin et al., 2017, 2019) and (2) 98% (Clissmann et al., 2015; Gao
et al., 2019; Kamono et al., 2013; Shchepin et al., 2019). SSU se-
quences were trimmed to match ca. 350 bp fragment covered by the
primers S3bF/S31R used in DNA metabarcoding studies (columns
98-457 in Alignment S2). The --cluster_size command implemented
in VSEARCH was used for clustering.

2.8 | Pairwise genetic distances

Genetic distances were calculated for all pairs of sequences from
the three-gene data set and the SSU data set. Additionally, within-
phylogroup and between-phylogroup pairwise genetic distances
were computed for nonsingleton phylogroups. The analyses were
conducted in MEGA X (Kumar et al., 2018). Genetic distance was
defined as the number of base differences between two sequences.
All ambiguous positions were removed for each sequence pair (pair-
wise deletion option). Standard error estimates were obtained by a
bootstrap procedure (100 replicates).

2.9 | Diversity estimates

Phylogroup and SSU sequence variant diversity estimates (richness,
sample completeness, Shannon and Simpson diversity) together
with individual-based rarefaction and extrapolation sampling curves
for phylogroup richness of Ph. albescens were obtained using the
R package INEXT2.0.20 (Hsieh et al., 2016). In addition, the same
analyses were performed for six other myxomycete species based
on data from published phylogeographic studies: Badhamia melano-
spora, Didymium nivicola, Hemitrichia serpula, Lepidoderma chailletii,
Meriderma atrosporum, Trichia varia (Aguilar et al., 2014; Dagamac
et al., 2017; Feng et al., 2016; Feng & Schnittler, 2015; Janik et al.,
2020; Shchepin et al., 2016).

2.10 | Computer simulation

To test for the presence of genetic isolation between members of
different phylogroups of Physarum albescens, a python script was
written (Shchepin, 2021b). It takes a table of observed combinations
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of genetic variants of three independently inherited genes and cre-
ates 1000 times the first offspring generation, consisting of a speci-
fied number of individuals (equal to the number of studied specimens
in the input table) with randomly combined multilocus genotypes.

To produce a new simulated individual, the algorithm randomly
samples with replacement two “parent” individuals and randomly
chooses one SSU variant (from parent 1 or parent 2, non-Mendelian
inheritance), one COI variant (from parent 1 or parent 2, non-
Mendelian inheritance), and two EF1A variants (one of the two alleles
from parent 1 and one of the two alleles from parent 2, Mendelian
inheritance). The simulation does not consider that in myxomycetes
some variants of SSU and COI are preferentially preserved during
the homogenization process (Ferris et al., 1983; Silliker & Collins,
1988; Silliker et al., 2002). To test if this factor would influence the
results, an alternative simulation was created: here, a weight value
(0, 1, or 2) was randomly assigned to each SSU and each COl variant.
Whenever an individual was produced, the weights of the parental
SSU and COl variants were compared, and the variant with a larger
weight was inherited. If the weights were identical, the variant to be
inherited was chosen randomly.

To minimize the possible influence of geographic isolation, the
input data included only specimens collected in 2-3 adjacent val-
leys within a given mountain range. Five input data sets were com-
piled: (1) Forty-one specimens from Khibiny Mts. (phylogroups Ha,
Hb, Hc), (2) Thirty-six specimens from Spanish Sierra Nevada (phy-
logroups B, D, Fa, G, M), (3) Sixteen specimens from Khibiny Mts.
(phylogroup Hb only), (4) Twenty-two specimens from Khibiny Mts.
(phylogroup Hc only), and (5) Eleven specimens from Spanish Sierra
Nevada (phylogroup D only).

For each data set, the percentage of individuals with genetic
variants coming from different phylogroups (“mixed” genotypes) in
the observed and simulated data was calculated. Additionally, the
average number of unique multilocus genotypes over 1000 simu-
lated generations was calculated.

The Sierra Nevada data set was additionally tested with different
values for generation size (from 100 to 5000, with an increment of
100) to determine the influence of generation size on the number of

unique genotypes in the simulated offspring.

3 | RESULTS

3.1 | Genetic diversity of Ph. albescens

The 368 specimens of Physarum albescens collected throughout the
Northern Hemisphere revealed 44 unique variants of partial SSU
sequences. The monophyly of this morphospecies was confirmed
by a two-gene phylogeny of Physaraceae (Figure S1). A phylogeny
based on the SSU sequences (Figure S2) separated Ph. albescens into
13 clades of closely related specimens (phylogroups), with four ad-
ditional phylogroups consisting of one specimen each (singletons).
For a subset of specimens from each phylogroup, partial sequences
of a mitochondrial gene COIl and nuclear gene EF1A were obtained.

Among 204 COI sequences, 46 unique variants (haplotypes) were
found. The highest number of genetic variants was found for the
exons of the EF1A gene: 58 unique heterozygous variants (corre-
sponding to 87 allelic variants) among 194 sequences. The three-
gene genotypes' total diversity equalled 85, with 61% of them
occurring in one specimen only (Figure 2a). In all studied specimens
of Ph. albescens, the amplified fragment of EF1A contained a spliceo-
somal intron 59-110 bp in length near the end. This intron was ab-
sent in all other species of Physaraceae sequenced to date except for
one accession of Badhamia nitens (MA-Fungi 57896) that was sister
to Ph. albescens in the two-gene phylogeny (Alignment S1).

A robust phylogeny based on the three-gene data set separated
Ph. albescens into multiple phylogroups with high statistical support.
This pattern was reproduced in the phylogenetic network based on
the same data (Figure 3a). The analysis of combinations between the
sequence variants of three independently inherited gene markers
(SSU, COlI, and EF1A) revealed 22 ml FFRs, six of them consisting of a
single specimen (Figure 2c). Based on these mI-FFRs and the topology
of the three-gene tree, 18 phylogroups representing putative cryptic
species and two singleton phylogroups were delimited according to
the rules described in methods section (Figure 2b). The presence of
ml-FFRs matching the clades in the three-gene phylogeny suggested
the absence of recombination between the members of different phy-
logroups, that is, their reproductive isolation (Figure 2c). Only two ex-
ceptions were found: SSU variant 21 appeared in specimens from two
closely related phylogroups (Ha and Hb), and the EF1A variant 32 was
shared by sister phylogroups Ha and He.

Two species delimitation algorithms applied to the three-gene
data set, MPTP and ASAP, suggested the presence of 17 and 19 spe-
cies (including singletons), respectively (Table 1). Both algorithms
united several phylogroups together (Fa+Fb, Ha+He, Hb+Hc). In ad-
dition, ASAP split the phylogroup | into three species.

For the three-gene data set, the pairwise genetic distance be-
tween specimens of Ph. albescens averaged 48.34 (SE 0.21, SD 27.47,
min 0.00, max 102.00) base differences between two sequences.
The average within-phylogroup distance was as low as 3.01 (SE
1.10, SD 4.69, min 0.00, max 19.67), while the average between-
phylogroup distance was 62.48 (SE 1.32, SD 16.35, min 5.83, max
87.85). For SSU, the average between-phylogroup distance was
62.48 (SE 0.31, SD 4.05, min 0.896, max 22.56). Matrices of genetic
distances and their descriptive statistics for SSU, COI, EF1A, and the
three-gene data can be found in Table S2.

3.2 | GBSresults

Raw Illumina sequencing data for 98 specimens representing seven
phylogroups of Ph. albescens contained 87.6 million paired-end
reads. After quality filtering, clustering withing samples, and filter-
ing clusters by sequencing depth, 1,220,930 consensus reads were
produced. Consensus reads were assembled into 76,192 contigs. Of
them, 4521 contigs that covered at least 10 samples were retained
(length: min 35, max 304, N50 200). Only 664 contigs were present
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in at least half of the samples. Each sample was on average repre-
sented by 11,305 reads (min 1537, max 38,800) and 1180 contigs
(min 111, max 1833).

SNP calling resulted in an alignment of 25,589 SNPs with
71.63% missing sites. A phylogenetic network (Figure 3b) that was
produced using this alignment separated the specimens into the
same seven phylogroups as the three-gene phylogeny (Figure 2b).

The SNP-based ML analysis produced a phylogeny with maxi-
mum bootstrap support for almost all major branches (Figure 4).
Its topology again confirmed the separation of the investigated
specimens into the same seven phylogroups as the SSU and the
three-gene phylogenies.

Two species delimitation algorithms, MPTP and ASAP, produced
different results when applied to the SNP data set (Table 1). MPTP
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FIGURE 2 (a) Histogram showing the number of occurrences of three-gene genotypes with different frequencies among 182 specimens
of Ph. albescens. (b) ML tree based on partial SSU, EF1A, and COIl sequences of 182 specimens of Ph. albescens, with two species of the genus
Badhamia as outgroups. Only unique three-gene genotypes are shown. Phylogroups of Ph. albescens are highlighted with different colours
and named with letters. Labels list sequence variants of the three analysed genes in the following format: cN for COI, sN for SSU, and eN

for EF1A (or eN+N for heterozygous sequences). The number of specimens bearing each three-gene genotype and their regions of origin is
provided in square brackets (see abbreviations below). Bayesian posterior probability values above 0.7 and ultrafast bootstrap values above
95 are indicated. Fully supported branches (100/1) are marked with a solid circle. Branches fully supported by only one statistic are marked
with a hollow circle. (c) Combinations of the variants of three independently inherited genes for 214 specimens of Ph. albescens that were
sequenced for at least two genes. Numbers indicate unique sequence variants of each gene. Line type indicates the number of specimens
where a particular combination of sequence variants was observed (see legend). For specimens with heterozygous EF1A, combinations

of EF1A alleles are shown with vertical square brackets. Numbers in round brackets after the phylogroup names indicate the number of
analysed specimens from each phylogroup. One SSU and one EF1A variant that each occur in more than one phylogroup are marked in red.
Abbreviations: Cal, San Jacinto Mt. and Sequoia National Park, California, USA; Car, Western Carpathians, Poland; Cau, Northern Caucasus,
Russia; FrA, French Alps; ItA, Italian Alps; Jap, Hokkaido, Japan; Kam, Kamchatka, Russia; Kaz, lle Alatau Mts., Kazakhstan; Khi, Khibiny Mts.,
Russia; Lap, Chunatundra Mts., Lapland Reserve, Russia; Luv, Luvenga Tundra Mts., Russia; RoM, Rocky Mts., Colorado, USA; Slo, Slovenian

Alps; SN, Sierra Nevada Mts., Spain

(a)
'
N2
B
0 0.013 Fit: 99.6 c
—e ]

Fit: 99.8

FIGURE 3 Phylogenetic networks produced for Ph. albescens in SpLiTsTRee5 using the three-gene data set (a) and the SNP data set for
seven phylogroups investigated with GBS (b). Phylogroups are highlighted with the same colours as in Figure 2. Scale bar indicates the

number of substitutions per site

supported delimitation of the phylogroups Ha, Hb, Hc, Hd, and He,
but suggested splitting of B into six species. ASAP supported delim-
itation of A and Hd, but sugested splitting B into two species and
uniting Hb with Hc and Ha with He.

ABBA-BABA tests were conducted for ten trios of closely re-
lated phylogroups Ha-He to detect possible introgression events.
Four trios showed D statistic significantly different from zero
(Z > 3, p-adjusted <.00135) and large f,-ratio values (0.18-0.23)
(Table S3). A sliding-window analysis demonstrated that SNPs
showing ABBA-BABA patterns for each trio were distributed over
25-29 different contigs (Table S3). However, a single gene-flow
event can lead to multiple elevated D and f,-ratio results. When
a branch-specific f,(C) was calculated that partially disentangles
correlated f,-ratio results, only two of the eight branches in the

phylogeny showed significant excess sharing of derived alleles

with at least one other phylogroup (Figure 5). Specifically, an in-
ternal branch representing the common ancestor of phylogroups
Ha and He showed an excess sharing of derived alleles with phy-
logroups Hb and Hc. One more f,(C) signal involves two of the
same four phylogroups: Hc and Ha. These results are consistent
with the observation of an SSU variant shared by Ha and Hb and
an EF1A variant shared by Ha and He (Figure 2c), which, however,
could be also explained by incomplete lineage sorting. It should
also be taken into account that a single introgression event can
still lead to significant f,(C) values across multiple related phy-
logroups (Malinsky et al., 2018).

Pairwise genetic Hamming distances between technical repli-
cates ranged between 0.0011 and 0.0097, while distances between
unique specimens averaged 0.2446 (min 0.0012, max 0.5292).
Among the phylogroups A, B, Ha, Hb, Hd, and He, some pairs of
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TABLE 1 Results of delimitation of cryptic species within Physarum albescens obtained using different methods

SSU barcode Three-gene data GBS SNPs
Phylogroup 98% similarity 99.1% similarity MPTP ASAP MPTP ASAP
A 5 6 17 10 1 4
B 3* 4 6 9 2/, 3N 4N, 51, 61, TN 17, 57
C 8", 9n 15 10 18
D 6* 7 4 2
E 3* 13 14
Fa 2* 3* 1* 1*
Fb 2* 3* 1* 1*
G 4% 5 3 8
Ha 1* 1* 13* 6* 10 3*
Hb 1* 1* 12* 5* 9 2%
Hc 1* 1* 12* 5% 8 2*
Hd 1* 19 14 15 12 6
He 1* 147,177 13* 6* 11 3*
| 47,71, 8~ 8", 107 2 87,134, 177
J 6* 9 5 4
K 8* 11 8 12
L 1* 2 16 11
M g 12 9 16
Singlel 8* 16 11 19
Single2 10 18 15 7

Note: “Phylogroup” - species delimited manually based on mI-FFRs and topologies of the three-gene and SNP phylogenies. “SSU barcode” - species
delimited based on two different SSU barcoding similarity thresholds. MPTP and ASAP delimitations are presented separately for the three-gene
data and for the GBS SNP data. GBS SNP data are available only for seven phylogroups. Predicted species that contain members of more than one
phylogroup are marked with *Predicted species that split one phylogroup into several species are marked with *.

specimens showed a genetic distance comparable to the distance be-
tween technical replicates (0.0012-0.0094). Due to this, 18 groups
of specimens that showed pairwise genetic distances not exceeding
0.01 were denoted as putative clones (Figure 4, Table S3). In total,
57 of 98 specimens were included into putatively clonal groups, with
groups consisting of 2-8 specimens. Within phylogroup Hb, nine pu-
tatively clonal groups were found.

In most pairs of putatively clonal specimens, both specimens
were collected from the same locality. However, in 10 of 18 puta-
tively clonal groups, some specimens were collected from distant
localities (240-44,610 m), including different valleys of the same
mountain range and different mountain ranges in a region (Figure 4,
Table S3). Two groups included putatively clonal specimens that were
collected in two different years and at large distances from each
other (44,610 and 3540 m).

3.3 | Observed and simulated number of unique
multilocus genotypes

Five data sets containing information on genetic variants of three
independently inherited genes (SSU, EF1A, COIl) in specimens of
Ph. albescens were used to test for the presence of reproductive
isolation between different phylogroups. For populations of Ph. al-
bescens from the Khibiny Mts. (data set 1, phylogroups Ha, Hb, and
Hc) and Spanish Sierra Nevada (data set 2, phylogroups B, D, Fa, G,
and M), the observed number of unique multilocus genotypes was
outside the distance of three standard deviations (36) from the
mean number of unique multilocus genotypes for 1000 simulated
offspring generations consisting of the same number of individu-
als as the parent generation (Table S4, Figure S3). In other words,

the observed number of combinations of three genetic variants is

FIGURE 4 ML tree based on 25,589 single-nucleotide polymorphisms from the GBS analysis for 108 samples (98 specimens plus
technical replicates) of Ph. albescens. Phylogroups are highlighted with the same colours as in Figure 2. Labels show specimen numbers with

sequence variants of the three analysed genes (same format as in Figure 2b;

«n

stands for missing data), followed by figures for the estimated

heterozygosity and error rate. Labels of technical replicates are shown in red font. Groups of putatively clonal specimens are marked

with grey vertical lines, and geographic distances (minimal and maximal) between the localities where members of a group were collected
are shown, with “O m” denoting specimens collected from the same locality. Putatively clonal groups that include specimens collected in
different years are marked with an asterisk. Bootstrap values above 70 are indicated. Fully supported branches (100) are marked with a solid

circle
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FIGURE 5 Results of f-branch inference for five phylogroups of
Ph. albescens performed in Dsurte. The branch-specific statistic f,(C)
identifies excess sharing of derived alleles between the tree branch
on the y-axis and the phylogroup C on the x-axis. Grey data points
in the matrix correspond to tests that are not applicable to the
provided phylogeny

significantly lower than what would be expected in a randomly sam-
pled panmictic population.

Inthe case of the data sets 3-5, the simulation was run separately
for three phylogroups that were represented by more than 10 spec-
imens and more than three unique multilocus genotypes within a
region, assuming that they were reproductively isolated from other
phylogroups (phylogroups Hb and Hc from Khibiny Mts., and D from
Sierra Nevada). For these data sets, the observed number of combi-
nations of three genetic variants did not differ significantly from the
simulation results (Table S4).

When the influence of generation size on the mean genotype
number over 1000 simulated generations was tested for the data set
from the Sierra Nevada, a strong positive correlation was found (R
0.89, p < .01) (Figure S4a). However, when generations of different
sizes were sub-sampled to the size of the parent generation, this cor-
relation disappeared (R -0.02, p < .88), and the mean genotype num-
ber showed a negligible variation (mean 28.69, SD 0.07) (Figure S4b).

3.4 | Recombination patterns in simulated
populations

Each of the 1000 offspring generations simulated under the assump-
tion of panmictic populations for data sets 1 and 2 contained 34%-
83% or 50%-94% (for Khibiny Mts. and Sierra Nevada, respectively)
of individuals with “mixed” genotypes, consisting of genetic variants
from different phylogroups (Table S4). Such “mixed” multi-locus gen-
otypes were completely absent in the input data on Ph. albescens.
The observed patterns of combinations of genetic variants of
three genes clearly differ from the combinations simulated under the

assumption that individuals from different phylogroups recombine
freely. As seen from the examples shown in Figure 6, phylogroups
cannot be separated in the simulated generations, since COI, SSU,
and EF1A variants from different phylogroups combine freely with
each other, while this never happens among the combinations ob-
served in the input data.

3.5 | Species-level similarity thresholds for SSU
Clustering SSU sequences at 98% and 99.1% similarity threshold
resulted in 10 and 19 clusters, respectively (Table 1). None of the
two thresholds allowed to differentiate all phylogroups. Clustering
at 98% similarity formed separate clusters only for the phylogroup
A and one of the singletons. Six clusters contained sequences from
more than one phylogroup. Clustering at 99.1% similarity produced
separate clusters for 13 phylogroups and both singletons; only two
clusters included more than one phylogroup. In both cases, they
united phylogroups that appeared closely related in phylogenies (Fa
and Fb; Ha, Hb, and Hc).

3.6 | Regional phylogroup diversity

Diversity estimates for the 20 phylogroups (two represented by
singletons only) in the investigated regions revealed a sample cov-
erage of 99.44% (the probability that the next sampled specimen
would belong to one of the previously found phylogroups; Chao
& Jost, 2012) (Figure 7a, Table S1). The asymptotic estimate of the
total phylogroup richness was 21.99 + 3.73 (for the formula, see
Chao et al., 2014). Among the five regions that were sampled most
intensively, the sample coverage varied from 94.41% in the Rocky
Mts. to 100% in the mountains of the Kola Peninsula (Figure 7b,
Table S1). The same two regions showed the highest and the lowest
phylogroup richness estimates: for the Rocky Mts., the observed
and estimated phylogroup richness was eight and 12.41 + 7.06, re-
spectively; for the Kola Pen., these numbers were 3 and 3.00 + 0.02
(Figure 8).

Some phylogroups showed a very restricted distribution in the
Northern Hemisphere. For example, the phylogroups C, E, He, I,
and J occurred only in the mountains of western North America,
Fa - only in Spanish Sierra Nevada, Fb - in European Alps and the
Pyrenees, Hc - mountains of the Kola Pen., and Hd - in the moun-

tains of the Kamchatka Pen. (Figure 8).

3.7 | Diversity comparison with other species

Ph. albescens showed the highest observed phylogroup and SSU
sequence diversity compared to the other six species that were
extensively studied with molecular markers (Figure Sé, Table S5).
When extrapolated diversity values were compared, Ph. albescens
still showed the highest expected phylogroup diversity, while
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SSU sequence diversity was expected to be higher in Hemitrichia

serpula.

3.8 | Small-scale phylogroup distribution

Among the 164 localities of approx. 50 m diam., in 60 localities more

than one specimen of Ph. albescens was collected. In many cases,

specimens from different phylogroups occurred in the same locality:

of the 60 localities, 24 (40%) harboured members of two or more
different phylogroups (mean 1.53, SD 0.79) (Figure S5). The highest
number of phylogroups per locality was found in the Rocky Mts.: up

to five in one locality.

4

4.1 |

| DISCUSSION

Phylogroups in Ph. albescens

We investigated the genetic structure of populations of the nivicol-

ous myxomycete Physarum albescens in different mountain ranges

of

the Northern Hemisphere using three independent genetic mark-

ers (SSU, EF1A, COIl). With 324 studied specimens, Ph. albescens

becomes the most extensively sequenced species of myxomycetes

to

date. The results of our study show an extraordinarily high in-

traspecific phylogroup diversity that largely exceeds the observed

and expected phylogroup diversity in other studied myxomycete

species (Figure Sé, Table S5). Our main finding is that Ph. albescens


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

384
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

SHCHEPIN €T AL.

75°N

mm A G . He
mm B Ha mmm |
mm C B Ha/b mmm J
mm D mm Hb K
. E Hc L
N Fa =mm Hd M
== Fb
50°N 3 >
2 v
(o P e o
w ] 2
100 '
25°N— @ 0 250  500km
[ =
T T T I
00 -100°W 0° 50°E 150°E
~(Halb
D Ha
1
;B
‘ ’ K Ha $ a Hb
0 Ha\”‘Hb “W-Hp i ®-L ° [ ]
. : “Halb Halb .,G :
>N T (b) s ©
S10-12
7 H 3 e 4
50°N - é 15
3 . : .
. P4 3 14 16
. 1 :
20 3
25°N 1 0 250 500 km
[ ————
-100°W 0° 50°E 150°E

FIGURE 8 Regions sampled for Ph. albescens. The circle diameter reflects the number of studied specimens collected from a region. The
area of the coloured sectors shows proportions of phylogenetic groups among the specimens collected from a region (see details in the
Results section). Specimens sequenced only for SSU and showing sequence variant s21 shared by Ha and Hb are shown in grey. (a) North
America (1, Rocky Mts., 2, Angeles National Forest, San Bernardino National Forest, San Jasinto Mt., and Sequoia National Park). (b) Europe
(3, Sierra Nevada Mts; 4, French Pyrenees; 5, French Alps; 6, Italian Alps; 7, German Alps; 8, Slovenian Alps; 9, Northern Caucasus; 10-12,
Kola Peninsula: Khibiny Mts., Chunatundra Mts., Luvenga Tundra Mts., 13, Western Carpathians) and Central Asia (14, lle Alatau Mts.). (c)
East Asia (15, Kamchatka; 16, Hokkaido). Maps were produced with QGIS 3.12.1 and Mapbox online service

represents not a single species, but a species complex, since this mor-
phologically defined species splits into at least 18 phylogroups that
can be considered as cryptic species. According to the extrapolated
diversity estimates, even more phylogroups could be found with an
extended sampling. Previous studies reported two to seven large
phylogroups (putative cryptic species) per morphospecies in other
complexes of myxomycete species (Aguilar et al.,, 2014; Dagamac
et al., 2017; Feng et al., 2016; Feng & Schnittler, 2015; Janik et al.,
2020; Novozhilov et al., 2013; Shchepin et al., 2016).

The three-gene data set used here included 302 parsimony-
informative variable sites, which allowed to construct a robust phy-
logeny and a phylogenetic network that, in combination with the
analysis of ml-FFRs, showed the separation into 18 phylogroups

(Figures 2b and 3a). Two automatic species delimitation algorithms
applied to the three-gene data set (nPTP and ASAP) agreed in de-
limitation of 13 phylogroups and suggested uniting some of the
closely related phylogroups together (Table 1), partly supporting
our manual phylogroup delimitation. High-resolution GBS data that
were obtained for a subset of samples from seven phylogroups fur-
ther supported the separation revealed from the three-gene data.
Judging by the topology of the phylogenetic tree and network
(Figures 3b and 4) and mPTP results for the GBS data (Table 1), it is
possible that some of these phylogroups split into even more cryptic
species (for example, phylogroup B). We applied here a conservative
approach and tried to keep the number of recognized phylogroups
to a minimum.
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4.2 | Reproductive isolation

In all intensively sampled mountain ranges, members of several dif-
ferent phylogroups of Ph. albescens occur together, and even within
one locality, two or more phylogroups were often found. However,
even though members of different phylogroups may share habi-
tats (Figure S5), they do not exchange genetic information, as seen
from the observed combinations of genetic variants in 214 sam-
pled colonies of sporocarps (Figure 2c). This observation supports
the hypothesis of reproductive isolation between phylogroups. We
consider incomplete lineage sorting or hybridization to be the most
probable explanation for the two exceptions (one SSU variant shared
by Ha and Hb and one EF1A variant shared by Ha and He). There are
three reasons for this: (1) in both cases, these variants are shared by
two closely related phylogroups separated by short branches, which
is indicative of a recent speciation event, (2) the separation of the
phylogroups Ha, Hb, and He is strongly supported by the SNP phy-
logenies (Figures 3b and 4), and (3) ABBA-BABA tests and f-branch
statistics indicate a possible gene flow event(s) between the dis-
cussed phylogroups. The fact that only two of the eight branches
in the input tree for Fbranch showed an excess of shared derived
alleles with other branches supports the idea that gene flow is gen-
erally restricted even between the most closely related phylogroups.

The computer simulation results showed that the observed num-
bers of combinations of three genetic variants in populations of Ph. al-
bescens from neighbouring valleys in the Khibiny Mts. and the Sierra
Nevada were significantly lower than what would be expected for a
single randomly sampled panmictic population. Moreover, among the
individuals sampled from each of the 1000 replicates of the simulated
panmictic populations, 34%-94% of individuals showed “mixed” geno-
types consisting of genetic variants from different phylogroups, while
such genotypes did not occur in the individuals sampled from the real
populations, although the sample size was the same.

Based on the observations listed above and the simulation re-
sults, we conclude that the revealed phylogroups of Ph. albescens are
reproductively isolated from each other, although rare hybridization
events between recently diverged phylogroups cannot be excluded.
As such, they can be seen as biological species in Mayr's strict sense
(1942). In this case, another biological feature, the monophyly of the
respective phylogroups, supports this (compare de Queiroz, 2005),
but we do not expect to find consistent morphological differences
between all phylogroups. The frequent coexistence of different phy-
logroups (cryptic species) in one region can be explained by sympat-
ric speciation caused by mutations in the mating-type systems or
polyploidisation (see review in Clark & Haskins, 2010). Alternatively,
the observed phylogroup distribution could have resulted from an
allopatric or parapatric speciation followed by range expansion.

4.3 | Mode of reproduction

The reproduction mode of myxomycetes in natural populations has
long been in question. Amoebozoa are principally capable of sexual

reproduction (Lahr et al., 2011), but amoebae reproduce as well
asexually by cell fission. Although myxomycetes are considered to
be predominantly heterothallic sexual organisms, in vitro experi-
ments with several easily cultivable species have shown that at least
in culture exceptions do often occur (see discussion in Feng et al.,
2016; Walker & Stephenson, 2016).

From the observed pattern of combinations of genetic variants
within phylogroups in the current study and the high number of
three-marker genotypes found, we can assume that in most lineages
from time to time sexual recombination does occur. However, the
GBS data show a considerable percentage of specimens of puta-
tively clonal origin, forming 18 putatively clonal groups within six
of the seven genotyped phylogroups (Figure 4). The most obvious
explanation for this could be the fragmentation of a single plasmo-
dium, with different parts of it moving in different directions and
forming genetically identical colonies of sporocarps. However, in 10
of 18 groups, some specimens showing nearly identical genotypes
(genetic distance within the range of technical errors) were found on
a large distance from the others (240-44,610 m) (Figure 4, Table S3).
Moreover, in two cases, members of a putatively clonal group were
collected in two different years (2013 and 2015). In such cases, the
genotypic identity of different specimens cannot be explained by
fragmentation of a single plasmodium, as it can be done for the spec-
imens found in one season in a few metres from each other. In the
Sierra Nevada and Khibiny Mts., members of some putatively clonal
groups were found in different valleys, so their distribution cannot
be explained by a passive drift of pieces of plasmodia with streams of
water running down from melting snow patches. This could be a sign
of asexual lineages dispersing via airborne spores, as suggested for
Didymium nivicola (Janik et al., 2020). A second possible explanation
(as well speculative) could be that these genetically nearly identical
specimens result from repeated mating of a few dominating myx-
amoebal strains that are widely distributed within a large area and
persist from year to year.

Our results demonstrate that sexual and asexual reproduction
coexist in natural populations of Ph. albescens. Despite these in-
triguing results, the proportions of sexual and asexual reproduction
remain unclear. Crossing experiments or studies of ploidy levels at
different life cycle stages could shed light on this question. However,
these methods require in vitro cultivation of Ph. albescens at least
from spore to plasmodium, which we failed to achieve (Shchepin
etal., 2014).

4.4 | Geographical distribution

The cryptic species in the Ph. albescens complex show well-
pronounced phylogeographical patterns (Figure 8). Most of the 18
cryptic species have a limited geographical distribution, and none
was found in all of the studied regions. Moreover, some phylogroups
were found to be abundant in only one region and totally absent
in all other studied regions and thus may represent local endemics.
Nevertheless, in most studied regions, several phylogroups coexist
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and are often found in one habitat. The observed geographical dis-
tribution may be at least partially due to the niche differentiation
among the members of the Ph. albescens complex (hypothesis not
tested herein). The presence of niche differentiation between
closely related cryptic species was demonstrated previously for
Badhamia melanospora and Hemitrichia serpula using environmental
niche modeling (Aguilar et al., 2014; Dagamac et al., 2017).

While reports of Ph. albescens from the Southern Hemisphere are
rare, the largest observed and predicted phylogroup diversity in the
Northern Hemisphere is recorded from the Rocky Mts., which may
represent the centre of diversity for this species complex. However,
since other mountains in North America are sampled poorly or not
sampled at all, the real centre of diversity can be somewhere else on

this continent.

4.5 | Resolution of SSU barcoding

Species determination based on the similarity of short nucleotide
sequences to references (DNA barcoding) is becoming a widely
used method in myxomycete research. Here, with only one excep-
tion (SSU variant 21 shared by Ha and Hb), a partial SSU sequence
is sufficient to unambiguously classify a herbarium specimen of
Ph. albescens as belonging to a particular phylogroup. However, in
environmental DNA studies, sequences are usually clustered prior
to taxonomic assignment to reduce sequencing noise. Several differ-
ent similarity thresholds were applied previously for the determina-
tion of myxomycete species in SSU-based DNA barcoding studies
and clustering OTUs in metabarcoding studies: (1) 99.1% (Borg Dahl
et al., 2019; Borg Dabhl, Brejnrod, et al., 2018; Borg Dahl, Shchepin,
et al., 2018; Shchepin et al., 2017, 2019), (2) 98% (Clissmann et al.,
2015; Gao et al., 2019; Kamono et al., 2013; Shchepin et al., 2019),
(3) 97% (Fiore-Donno et al., 2016), and (4) 96% (Kamono et al., 2013).
We have evaluated the ability of the two more popular similarity
thresholds (98% and 99.1%) to differentiate between the cryptic
species within Ph. albescens.

With a 98% similarity threshold, the species complex split into
ten clusters, six of them containing sequences of more than one phy-
logroup. The 99.1% similarity threshold showed better results: 13
cryptic species and both singleton phylogroups could be separated,
and only two clusters included more than one phylogroup (in both
cases, they united closely related phylogroups within clades F and
H).

However, none of the two thresholds can differentiate all
18 cryptic species. This can present a serious limitation for the
barcoding-based identification of environmental sequences due to
two reasons: (1) in DNA metabarcoding studies, usually only one ge-
netic marker is sequenced. Thus, the taxonomic resolution cannot
be increased by the analysis of additional genes; even if two or more
different gene markers are sequenced from the same environmental
sample, it can often be impossible to show that two sequences of
different genes originate from the same species; (2) environmental
sequencing data are inherently noisy due to PCR artifacts and high

error rates of the high-throughput sequencing platforms, thus clus-
tering at thresholds higher than 98% may lead to a high number of
erroneous OTUs. In comparison, lower thresholds would lump even
more species together into one OTU. In a DNA metabarcoding study
based on OTUs, the phylogroup Hc from the Kola Peninsula would
not differ from Hb distributed over Eurasia and from Ha, which oc-
curs in Europe and North America; Fa from Sierra Nevada would
form one OTU with Fb from European Alps and Pyrenees. A possi-
ble solution could be the use of amplicon sequence variants (ASVs)
instead of OTUs. ASVs represent every unique biological sequence
in the analysed sample (Callahan et al., 2017). This approach could
increase the taxonomic resolution of the amplicon-based eDNA
studies, but very stringent data filtering is required to reduce se-
guencing noise. However, even the use of ASVs in some cases would
not help to differentiate between SSU sequences of the phylogroups
Ha and Hb due to the presence of at least one shared SSU sequence
variant. In contrast, COl sequences are unique for each of the 18
phylogroups and more genetically diverse, and could potentially
serve as DNA barcodes with better resolution than SSU sequences.
COlI has been promoted as a barcode for metazoans since the very
appearance of the concept of DNA barcoding (Hebert et al., 2003).
Later this gene was shown to be a more suitable barcode than
SSU for different groups of protists, including some members of
Amoebozoa (Nassonova et al., 2010; Zlatogursky et al., 2016) and
SAR (Heger et al., 2011; Zhao et al., 2016). Taxonomic resolution and
convenience of COl as a DNA barcode for myxomycetes needs to be

tested on a broader taxon sample.

5 | CONCLUSIONS

Although the nivicolous myxomycete Ph. albescens seems to have
a cosmopolitan distribution over the mountains of the Northern
Hemisphere, our results demonstrate that it represents a complex
of at least 18 cryptic species, each of them showing a much nar-
rower distribution than the morphospecies as a whole. This again
challenges the ubiquity hypothesis for myxomycetes and supports
the moderate endemicity hypothesis. Despite the fact that members
of different phylogroups co-occur in most of the studied regions and
many microhabitats, our data suggest that introgression events be-
tween phylogroups, if they happen, should be rare and occur mostly
between recently diverged phylogroups.

On the one hand, such patterns of multiple cryptic species
within morphospecies seem to be common in myxomycetes and
may represent a general mode of evolution in this group: all hitherto
investigated morphospecies turned out to be complexes of several
cryptic species (Aguilar et al., 2014; Dagamac et al., 2017; Feng &
Schnittler, 2015; Janik et al., 2020; Leontyev et al., 2015; Shchepin
et al., 2016). This means that we should expect the real number of
myxomycete species to be several times bigger than c. 1050 cur-
rently recognized species (Lado, 2005-2021). Further efforts should
be made to identify cryptic species within other myxomycete spe-
cies and their geographical distribution, to find new morphological
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traits that could help to differentiate between them, and to test for
the presence of niche differentiation between members of cryptic
species complexes. This data would allow us to better estimate the
total expected myxomycete species diversity and to re-evaluate our
knowledge on ecology and distribution of some presumably ubiqui-
tous morphospecies.

On the other hand, the presence of groups of presumably
clonal specimens together with a high genotypic diversity within
phylogroups suggests that sexual and asexual reproduction coex-
istin natural populations of Ph. albescens. This conclusion is consis-
tent with the results of crossing experiments conducted for other
species of myxomycetes, which revealed a frequent occurrence
of apomictic strains, including facultatively apomictic ones (Clark
& Haskins, 2013). If the presence of apomictic strains among sex-
ual strains is usual in myxomycetes, this makes species delimita-
tion and interpretatin of species-level ecological data even more
complicated.

In addition, it should be pointed out that SSU barcode proved to
lack resolution in some cases to differentiate some closely related
phylogroups in Ph. albescens. Since COIl showed a better resolution
in currrent study, it should be evaluated on a broader sample of taxa
as a possibly better DNA barcode for myxomycetes.

The large cryptic diversity and biogeographical patterns revealed
for Ph. albescens are consistent with the presence of multiple cryptic
species with restricted distribution found for other soil-inhabiting
protists as different as diatoms, streptophyte algae, and testate
amoebae (Pinseel et al., 2020; Rysanek et al., 2015; Singer et al.,
2019). It seems possible that these patterns of diversity and distri-
bution can be universal for soil-inhabiting protists. Further research
on soil protist diversity and biogeography is essential to estimate
the number of endemic protist species and their ability to persist in

changing environments.
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ARTICLE INFO ABSTRACT

Corresponding Editor: Yu Fukasawa To identify potentially suitable areas for the mostly alpine ecological guild of nivicolous (snowbank) myxomy-

cetes, the worldwide distribution of a distinct morphospecies, Physarum albescens, was modelled with a correl-

Keywords: ative spatial approach using the software MaxEnt from 537 unique occurrence points. Three models were

B‘_Ogeography developed, first with only the 19 bioclimatic variables plus elevation from the WorldClim database, second with

PD‘SIZf’rtsal regularization to correct for pseudo-absence, and third with additional categorical environmental layer on snow
rotists

cover. All three models showed high mean AUC (area under the curve) values (>0.970). Output maps were
comparable, with the third model perhaps the most realistic. For this model, snow cover, precipitation of the coldest
quarter (of the year), and elevation predicted best the distribution of Ph. albescens. Elevation alone is a good
predictor only in some regions, since (i) elevation of the occurrence points decreases with increasing latitude,
and (ii) elevation wrongly predicts the species’ occurrence in arid mountain ranges. The model showed moun-
tains in humid climates with highest incidence, which confirmed field studies: a long-lasting snow cover fluc-
tuating with comparatively mild summers is the decisive factor. As such, the model can serve as a predictive map
where fructifications of nivicolous myxomycetes can be expected. Limitations of the model are discussed: cryptic
speciation within a morphospecies, including the evolution of reproductively isolated units which may lead to

Species distribution modeling
Slime molds

local adaptation and niche differentiation, and wider ranges for myxamoebal populations.

1. Introduction

Among protists, myxomycetes (Amoebozoa) are one of the few ex-
ceptions from an entirely microbial life style: they form macroscopically
visible fruit bodies which are comparatively easy to detect that release
airborne spores (Stephenson and Schnittler 2017). The group includes
slightly over 1000 formally named species (see Lado, 2005-2021 for
species names mentioned herein) delimited upon morphological char-
acters of the fructifications. These can be stored as herbarium speci-
mens, which led to a solid body of data on the distribution of species
(Stephenson et al., 2008) within distinct communities across terrestrial
habitats (Novozhilov et al., 2017a; Schnittler et al., 2017). As such, they
are directly observable but will be detected usually only by a few spe-
cialists working with this group. This calls for the application of species
distribution models (SDMs) to estimate their potential geographic dis-
tribution, although species persistence times (which can critically

influence the correctness of this approach, Suweis et al., 2012) are not
yet known, since only the fructifications are observable. However,
studies of other ephemeral organisms like fungi (Phellinus sp., Yuan
et al., 2015), protosteloid amoebae (Aguilar and Lado 2012) or marine
ciliates (Williams et al., 2018) have shown that SDM give meaningful
results.

Myxomycetes are assumed to be capable of long-distance dispersal
(Kamono et al., 2009), a feature that suits SDMs, since they do not ac-
count for dispersal barriers by default. Even small habitat sections,
so-called microhabitats, are sufficient to sustain an amoebal population.
Prominent examples are floricolous myxomycetes (inhabiting in-
florescences; Schnittler and Stephenson 2002; Rojas et al., 2017), or
epiphyllic myxomycetes (inhabiting liverworts and lichens covering
living leaves of understory woody plants in tropical regions; Schnittler
2001; Schnittler et al., 2002; Stephenson et al., 2004). These micro-
habitats, constituting a small piece of substrate exposed to a
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microclimate suitable for the respective species, may exist in very
different regions of the world and can be reached by spores, at least over
long periods of time. This was shown first for Barbeyella minutissima, a
rare species with minute fructifications appearing on decorticated logs
of (mostly) conifers covered by algae and liverworts that stay continu-
ously moist but are somewhat sheltered from wind and rain (Schnittler
et al., 2000). The fragmentary data on the very patchy worldwide dis-
tribution of this species were well reflected by the distribution of
montane spruce-fir forests that provide suitable habitats for B. minu-
tissima (Schnittler et al., 2000). A follow-up study showed that the po-
tential distribution of this myxomycete is not limited by the distribution
of conifers, but still remains patchy (Stephenson et al., 2019). Therefore,
the question arises if a myxomycete species can fill out its entire po-
tential range, i.e., conquer all suitable habitats world-wide.

In recent years, there is a growing evidence that the “everything is
everywhere” hypothesis does not apply for many protists (e.g. Foissner
et al., 2007, ciliates; Bass et al., 2007, protozoa; Azovsky et al., 2016,
marine benthic flagellates). For myxomycetes, only a few species seem
to be really cosmopolitan in distribution, as a comparison between as-
semblages of the Neo- and Paleotropics has shown (Dagamac et al.,
2017a). Even within smaller regions, species are not uniformly distrib-
uted, as it has been shown by regional distribution models for abun-
dantly occurring tropical myxomycetes species in Costa Rica (Arcyria
cinerea, Didymium iridis, D. squamulosum, Hemitrichia calyculata, Physa-
rum compressum; Rojas et al., 2015) and in the Philippines (Diderma
hemisphaericum, Almadrones-Reyes and Dagamac 2018).

In this study, we employed the MaxEnt algorithm (Phillips et al.,
2008) to explore the potential world-wide distribution of nivicolous
myxomycetes, a distinct ecological guild of species fruiting on the edge
of melting snow banks preferentially in mountains (Novozhilov et al.,
2013). These organisms are most likely predators of under-snow mi-
crobial communities, where amoebae benefit from the rather constant
soil temperatures under insulating snow beds (Schnittler et al., 2015).
They grow at low but positive temperatures, and may survive frost
events by encystment, if those are not too severe and do not come too
fast (Shchepin et al., 2014). These conditions are usually, but not al-
ways, fulfilled best in mountains (Ronikier and Ronkier 2009). Nivico-
lous myxomycetes constitute an ecological guild with ca. 100 described
species, discovered first by Meylan (1908) in the Swiss Jura mountains,
where he described numerous species in subsequent publications
(Kowalski 1975). Most members belong to the dark-spored clade of
myxomycetes (Fiore-Donno et al., 2012). Our target species, Physarum
albescens, was described already in the 19th century by T. Macbride from
Denver (Colorado) as Leocarpus fulvus (Macbride 1899). After confusion
with Diderma albescens, which is today known as D. niveum, another
species of nivicolous myxomycetes (Singer et al., 2004), it was recog-
nized as a Physarum, and Macbride reported occurrences at Lake Tahoe,
Nevada, and from Montana (Macbride 1922). All these localities are
situated in mountainous regions of the American west, and Macbride
suggested the species to be “No doubt common at high altitudes near the
snow-line in mountainous regions, probably around the world.” Physarum
albescens is one of the most easily recognizable nivicolous myxomycetes,
since its fruit bodies are brightly colored and appear often in large
groups. The species is easily distinguishable from Diderma niveum by the
type of capillitium (reticulate, tubular and with lime nodes in Ph.
albescens, but mostly solid and simply branched threads without lime
nodes in D. niveun) and the presence of a stalk. According to the expe-
rience of the authors, its occurrence usually indicates locations rich in
other nivicolous species. As such, the modelled distribution map of this
species should give us an idea, in which regions of the world fruiting of
nivicolous myxomycetes can be expected.
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2. Materials and methods
2.1. Data sources

GBIF lists 1225 entries named as Physarum albescens (http://GBIF.
orgGBIF.org, 2020). All accession numbers were traced back to the
respective survey, and numerous records had to be excluded due to
confusion with Ph. Album, a non-nivicolous species. This left 1117 en-
tries. Additional five records came from published papers (Yamamoto
1993; Ing, 2009; Tamayama 2000; Ronikier and Lado 2013; Antono-
poulos et al., 2018) mentioning localities of Ph. albescens not provided
by GBIF. The last source of data (594 records) constituted the private
collections of the authors and the collections of M. Meyer, R. Cainelli
and Y. Yajima. However, many records overlapped with entries in GBIF
or referred to multiple collections from one place, thus only 537 ob-
servations turned out to be really unique and were used for modeling.
Geographical coordinates were reconstructed for all records where the
locality could be determined with a precision of at least +50 km; and
elevation data were taken from Google Earth for all localities deter-
mined with a precision of less than 250 m (Supplement 1). Since most of
our records are rather recent and have relatively precise geographical
coordinates we did not investigate the influence of spatial uncertainty
(Naimi et al., 2014).

Data for the respective environmental conditions were first obtained
from the 19 BioClimatic variables with 30 arc seconds (~1 km?) spatial
resolution (Hijmans et al., 2005; Fick and Hijmans 2017) of the
WorldClim database (version 2, www.worldclim.org). These variables
represent trends in temperature and precipitation, seasonality, and
extreme or limiting environmental factors. Mean elevation (variable 20,
see list of all environmental variables in Table S1) of each grid is as well
available. In addition, snow cover (21) was obtained from the
ERA5-Land data set (Munoz-Sabater, 2019).

2.2. Correlative modeling approach employed in MaxEnt

We first created an occurrence matrix showing rasterized presences
of all records. Together with various matrices of the environmental
variables, it was subjected to MaxEnt v. 3.3.3. (http://www.cs.pr
inceton.edu/~schapire/maxent/). This software is one of the most
robust (Thapa et al., 2018) bioclimatic modeling approaches that relies
on presence-only data and performs well even if the species occurrence
data are scarce (Pearson 2007; Townsend-Peterson et al., 2007; Elith
et al,, 2011), which certainly is the case for a myxomycete with
ephemerous fruiting which will be found mostly by specialists.

We did three model runs: first with default values of the BioClim data
set, second adding a correction for pseudo-absence (not all mountain
ranges of the world are surveyed) and third adding snow cover as the
decisive parameter for the suitable ecological niche. The first run (model
1) considered all BioClim variables (1-19) and elevation (20), using only
the default regularization settings in Maxent.

In the second run (model 2) the ENMeval package in R (Muscarella
et al., 2014) was utilized to correct for possible pseudo-absences. It
balances the goodness of fit with model complexity and (for spatially
independent data) it establishes the equivalent of a penalty for
pseudo-absences. In our case, the fine-tuned setting generated from the
ENMeval analysis (method = randomkfold, kfold = 10) suggested the
adjustment of a regularization multiplier of 3 with Linear settings to be
selected.

For the last approach (model3) snow cover (21) was considered.
Monthly values from the ERA5-Land data set were converted into a
categorial map of regions with suitable snow cover: grid cells receiving
(i) three successive months with snow cover (average 2000-2010, >1
cm considered as presence) and (ii) three successive months free of snow
(allowing vegetation to develop). In addition, we conducted a variance
inflation factor analysis to identify correlated environmental variables
within the WorldClim data set. To reduce computational load, we only
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analyzed this for grids with suitable snow cover and elevation >350 m.
Within these areas, we randomly selected 5000 points and extracted
climate information (19 BioClimatic variables and elevation) at those
points and used the extracted data as input for the vifcor function from
the usdm R package (v. 1.1.18), which uses a stepwise procedure to
exclude variables that are highly correlated to each other (Pearson’s R >
0.7). We repeated the random sampling procedure 10 times to ensure
that the results were not sensitive to the random selection of points. The
Bioclimatic variables 2, 3, 5, 8, 15, and 18-20 were always retained as
non-correlated (Table S1); variable 9 was retained in six cases. These
nine variables were finally used for the model, together with snow cover
(21) as a categorical environmental layer (see Table S1). In this case
ENMeval suggested that a regularization multiplier of 3 and Linear,
Quadratic, Hinge, Product and Threshold settings should also be
selected.

In accordance with Yang et al. (2013), the random test percentage
was adjusted to 30% and the file format turned into logistic for all
models. A total of 100 runs were set for the model building (Flory et al.,
2012). The algorithm runs either 1000 iterations of these processes or
continues until it reaches a convergence threshold of 0.00001 (Yuan
et al.,, 2015). The resulting models were then evaluated using the
receiver operating characteristic (ROC) analysis, which eventually
generated the area under the curve (AUC) scores (Phillips et al., 2006) to
determine the model’s goodness-of-fit. A Jackknife procedure was used
to calculate the contribution of the variables used for the model pre-
diction. The final output of all models produced a distribution map that
with potential incidence values for each grid cell, ranging from 0 to 1.
For easier visualization these values were subsequently grouped into
five classes from very low (0.0-0.2), low (0.21-0.40), medium
(0.41-0.60), high (0.61-0.80), to very high (0.81-1.00) probability. The
final output file generated by MaxEnt was then exported as an ASCII file
format so that it could be imported in ArcMap v. 10.4. for a better map
visualization.

To visualize the elevation preferred by Ph. albescens in dependence
from the latitude of the localities, we plotted altitude over latitude for all
records from the Northern Hemisphere, where elevation was given or
could be reconstructed with a precision of at least 100 m. To test for a
correlation between altitude and incidence of occurrence, all land-
locked grid cells of the Northern Hemisphere provided by the World-
Clim database were assigned to latitudinal belts of 5° extension. The
Pearson correlation coefficient was calculated for each belt.
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3. Results

Not surprisingly for a small and ephemerous organism, the known
records of Physarum albescens are very unevenly distributed and span a
wide range of elevation (from low-mountain areas of northwestern
Russia, ca 400-650 m a.s.l., up to the U.S. Rocky Mountains, nearly
3500 m a.s.l., Supplement 1). Fig. 1 shows the known distribution,
together with localities that were surveyed for nivicolous myxomycetes
(Supplement 2). Best represented are European countries, including
Andorra (2), Austria (16), France (490), Germany (17), Greece (1), Italy
(20), Norway (39), Poland (11), Slovenia (4), Spain (199), northwestern
Russia (231; Erastova et al., 2015) and Switzerland (4). For the whole of
Africa, a single older record is known from the Atlas Mts. (Morocco). The
species is fairly common in the northwestern Caucasus (168 records;
Novozhilov et al., 2013), was found in only one region of Central Asia
(Trans-1li Alatau, Kazakhstan, near Almaty, 9 records); but nothing is
known for the Himalaya and the South Siberian Mountains. Ph. albescens
is fairly common in the Russian Far East (Kamchatka; Novozhilov et al.,
2017b) and northern Japan (Tamayama 2000). In the New World it is,
despite lacking recent studies, known from numerous older records
across the Rocky Mountains and the western US (California, 24; Colo-
rado, 285; Montana, 8; South Dakota, 1; Utah, 9; Washington, 5;
Wyoming, 4). The last author added one record for the Coastal Moun-
tains from British Columbia. Despite several years of searching (S.L.
Stephenson, pers. comm.), no records are known from the eastern US,
although the Appalachians reach ca. 2600 m a.s.l. At the highest peak.
For the Southern Hemisphere we have 35 records from southwestern
Australia (Stephenson and Shadwick 2009) and New Zealand (Ste-
phenson et al., 2007). A single is occurrence is known from Argentina
(Ronikier and Lado 2013).

Three, subsequently refined SDMs with the same distribution but
different environmental data and degrees of regularization produced
similar results (see Supplements 3-5 for maps of all three models in high
resolution), yet with differences especially for lowland regions.

Although model 1 was most simple (all 19 WorldClim variables plus
elevation), it produced high AUC values for both training (0.982) and
test (0.981) data sets (see Supplement 3).

Model 2 (same variables, but with a regularization multiplier of 3)
resulted in a lower AUC (0.970, mean of ten runs). Its incidence map
(Supplement 4) is less restricted to mountain regions, e.g. highlighting
with a low incidence as well the lowlands of northern Central Europe.

Model 3 (8 of 19 WorldClim variables selected by a collinearity test,
elevation and categorical map of suitable snow cover plus

Elevation (m a.s..)
0 [ ss00
B0 [ s000
B 000 [ 7000
[ 3000 [] s000

Fig. 1. Elevation map of the world built upon the elevational layers included in the WorldClim data set, showing the distribution of known records of Physarum
albescens (circles) and selected studies for nivicolous myxomycetes (large hair crosses: other nivicolous species but not Ph. albescens found; small hair crosses: no
nivicolous species found but alpine environment). Insets show the exact localities of (A) all occurrences from North America, (B) Europe and (C) Northeast Asia.
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regularization) is again more centered around mountains, and indicates
more correctly regions with no or a few known records but apparently
suitable climate (Fig. 2, Supplement 5). The AUC value increased again
(0.974, mean of ten runs).

The analysis of the percent contributions (Table S1) for the envi-
ronmental predictors fed into the models listed elevation as very influ-
ential (26.2/19.1/20.5%) in all runs. In addition, environmental
variables that yielded high percent contributions for the first and second
model run were precipitation of the driest quarter (Biol7, 27.1%) and
precipitation seasonality (Biol5, 37.2%), respectively. For the third model
run, Biol9 (precipitation of the coldest quarter) and the additional
categorical environmental layer of the suitable snow condition gave
31.9 and 27.5 percent contribution, respectively.

Our maps do not indicate all mountain ranges as equally suitable.
Even the incidence map for model 3 (Fig. 2) that includes snow cover
and corrects for possible pseudo-absence of records does not highlight
most of the Central Asian mountains, the northeastern part of the
Himalaya with the Tibetan plateau and most of the Andes. This indicates
that elevation alone does not always predict species occurrence.

A plot for the known records for the Northern Hemisphere, making
up for 68% of the land mass and 98% of all unique records, reveals a
pattern of decreasing elevation with increasing latitude (Fig. 3A). If we
compare the elevation belts preferentially inhabited by Ph. albescens
(>25 to <75° latitude, Fig. 3A) with the map in Fig. 2, two remarkable
exceptions become visible. The first regards arid mountain ranges (like
Central Asia and the central and eastern Andes) with high altitudes
where the species is predicted to be absent. The second exception is
constituted by low-mountain regions in the northern boreal zone, where
Ph. albescens is predicted in spite of low altitude (and was found).

As suggested by the plot in Fig. 3A, at latitudes below 25° no areas
with sufficiently high altitudes seem to exist. This is confirmed by the
incidence values (Fig. 3B). The mean altitudes in latitudinal belts of 5°
show a bimodal distribution (peaks at 25-40 and above 70°N), but the
mean incidence values are more unimodal and peak between 35 and
60°N (Fig. 3B). However, for the respective grids, mean altitude and
incidence correlate best for this latitudinal range (Fig. 3B, red dots).
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4. Discussion

The classical applications of SDMs are for large organisms, like
vascular plants (Chromolaena odorata, Truong et al., 2017, Thuja sutch-
uenensis, Qin et al., 2017), although small organisms noticeable only by
specialists have been studied as well (Drosophila suzukii, Wang et al.,
2010; Dos Santos et al., 2017). Since nivicolous myxomycetes fruit in
habitats hard to access (mountains) only for a short time in spring, we
have chosen a species that is (relatively for the group) easy to spot in
nature and has clear morphological characters (less likely to be confused
with other nivicolous myxomycetes). As a common element of snow-
bank assemblages, Ph. albescens has a high extent of surrogacy for other
nivicolous species.

The predictive distribution map for this species (Fig. 2) shows a
distribution pattern centered around mountainous regions, as expected
from the known records, but revealed a much lower incidence for re-
gions with a continental climate, i.e. with low winter precipitation. The
suitable elevation belt generally decreases with increasing latitude, and
incidence values reach a maximum between 35 and 65° northern lati-
tude (Fig. 3B). At this belt, humid temperate to southern boreal climates
prevail, and sufficient winter snow alternates with fairly humid and
warm summers supporting herbaceous vegetation. Here, elevation alone
has the highest predictive value, as indicated by the correlation between
altitude and incidence (Fig. 3B, red dots).

Although a number of surveys enlarged our knowledge about the
distribution and ecology of nivicolous myxomycetes since the time of
Meylan, the mountains of Europe are still covered best (Supplement 2).
Further surveys of the authors contributed records from British
Columbia (Canada), Kamchatka (Russia), and the Trans-Ili Alatau range
(Kazakhstan). The major “white spots” in need of surveys predicted by
this study include the Himalayan mountain range (but some nivicolous
myxomycetes are reported, Venkataramani and Kalyanasundaram
1986), the South Siberian Mountains, the Canadian province of Nova
Scotia (nivicolous myxomycetes were seen to occur, S. Beland, pers.
comm.), southern Greenland, and the Alaskan Mountains. Mountains in
northern Africa (Atlas, only one occasional record) and the Middle East
(e.g., the Golan Heights between Israel and Syria) deserve as well a place
in the list of regions in need of studies.

\:l Very Low
- Low
[] Medium
[ High
- Very High

Fig. 2. Predicted worldwide distribution of Ph. albescens according to model 3 shown as a heat map with incidence (probability of occurrence) classified from very
low (grey, 0-0.20), low (green, 0.21-0.40), medium (yellow, 0.41-0.60), high (orange, 0.61-0.80) to very high (red, 0.81-1.00). Insets show (A) Western North
America, (B) Europe and (C) Northeast Asia. See Supplement 3 for a high-resolution map. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 3. (A) Plot of elevation vs. northern latitude for 991 records of Physarum albescens from the Northern Hemisphere, where elevation was given or could be

reconstructed with a precision of £100 m. Data are fitted according to a modified decay function with elev = a exp H

[-b at -l obtained where figures of a = 3351, b
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Asia (red), and Central Asian mountains (black). (B) Average incidence & SEM (black bars) in latitudinal belts of five degrees of the Northern Hemisphere, showing as
well mean elevation (grey bars) and incidence-weighed Pearson correlation between elevation and incidence (red dots) for all land-locked grid cells of the WorldClim
model. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4.1. Does the model reflect the ecological niche of nivicolous
myxomycetes?

The correlative approach employed in the MaxEnt algorithm re-
quires an easily scalable set of abiotic data; complex, especially bio-
logical, interactions are not included. The first question is to what extent
the model appropriately describes the fundamental niche of Ph. albes-
cens. Nivicolous myxomycetes are not necessarily alpine (Ronikier and
Ronikier 2009, compare Fig. 3A). We therefore analyzed all grid cells
above 350 m elevation for snow cover (the lowest record comes from
380 m a.s.l.).

What is known about the microhabitat of nivicolous myxomycetes,
the uppermost soil layer? Studies employing data loggers measuring
relative humidity and temperature revealed that the probability of soil
frost is the decisive factor for the fruiting of nivicolous myxomycetes
(Schnittler et al., 2015; Borg-Dahl et al., 2018). Amoebae can multiply
under low but positive temperatures, but are susceptible to frost, espe-
cially to sudden frost events, where they fail to encyst and die (Shchepin
et al., 2014). This probability is closely linked to the insulating power of
snow beds, which can keep the soil at low but positive temperatures
during the whole winter (Schnittler et al., 2015). In each of two
long-term studies where local weather has been recorded by data loggers
at ground level (Northwestern Caucasus, Schnittler et al., 2015, 4 y;
German Alps, Borg Dahl et al., 2018, now 6 y), one year with few or no
fructification has been observed, and this coincided with a single severe
autumn frost occurring before the first snowfall. Snow falling on frozen
soil conserved the below-zero temperatures in the uppermost soil layer
for a long time.

At a world-wide scale, no data for soil surface temperature are
available, and in addition this parameter is extremely variable over
small distances, depending on local exposition, vegetation, and soil
water content. Nivicolous myxomycetes fruit only after snow melt in
spring around melting snow fields, thus snow cover must have a crucial
influence — mitigating fluctuations in surface soil temperatures over the
winter and sheltering the A-horizon (topsoil) from hard frosts, where
amoebal density seems to be highest (Stephenson and Feest 2012). For
this reason we included snow cover, where data are available at a
world-wide scale. Guided by local investigations with data loggers
(Schnittler et al., 2015) we considered a region with a minimum of three
months of continuous snow cover as harboring suitable habitats for
nivicolous myxomycetes.

These considerations coincide best with the map produced by model
3 that includes snow cover. In addition, this model corrects for pseudo-
absence (which occurs in the data, as mentioned above), and takes into
account the high correlation between some of the WorldClim (1-19)
variables, which was indicated by shifts in the per cent contributions of

single variables shift between the model runs (Table S1). Here precipi-
tation of the coldest quarter (Bio19), snow cover (20), and elevation (21)
appear as the strongest predictors. This model corrects for some regions
which were marked by the first two models as apparently suitable, but
have never snow (for example, an area in the Brazilian Atlantic forests
south of Sao Paulo, showed with much lower incidence in model 3
compared with model 2, see Supplements 4 and 5).

A few surveys negative for nivicolous myxomycetes can serve as
“ground checks” to prove the “correctness” of the model. The species so
far was not found in tropical mountains, where even at high elevations a
continuous snow cover does not develop. This was confirmed in surveys
for the Simien Mts. in Ethiopia (Dagamac et al., 2017c, max. elev. 4200
m, 13.2°N), Sierra de la Muerte in Costa Rica (Lado and Rojas 2018, ca.
3800 m, 9.5°N) and in southern Vietnam (Novozhilov et al., 2020, ca.
2400 m, 12.1°N): these regions were all negative for nivicolous myxo-
mycetes (Supplement 2) and correctly not highlighted in the predictive
map (Fig. 2).

Ronikier and Ronikier (2009) already suggested that elevation and
incidence of occurrence do not always coincide for nivicolous myxo-
mycetes. The two exceptions identified by the model are arid mountains
(low to missing incidence but high altitude), and boreal lowlands
(moderate incidence but low altitude). In arid mountains receiving only
sporadic snowfall, the upper soil layer usually freezes in winter:
amoebae cannot actively prey and multiply (Shchepin et al., 2014). This
explains why in most of Central Asia, Ph. albescens (and nivicolous
myxomycetes in general) seem to be rare. For example, in Kazakhstan
they were found only in one spot within a week of surveying; in the
Chinese Bogd-Shan (Xinjiang province) surveys in three different years
(2004-2006) did not reveal a single record of a nivicolous myxomycete
species (see brief habitat descriptions in Peterson et al., 2011). The
mountains of western North America are also more arid than the Eu-
ropean mountains: here, records of Ph. albescens are found on average at
higher altitude (Fig. 1, average elevation of known records from western
North America 2898 + 632 m, 136 records; from Europe, 1852 + 363 m,
763 records). Northeast Asia, influenced by the Pacific climate with high
precipitation, shows the lowest mean altitude (869 + 292 m, 74 records,
see color codes in Fig. 3A).

Indeed, a number of nivicolous myxomycete species, especially of
the genera Diderma and Lamproderma, are known to fruit in boreal
lowlands (Erastova and Novozhilov 2015, 47 km NE from St. Petersburg,
Russia, elev. 70 m a.s.l.; Gmoshinskiy, 2018, near Tver, Russia, elev.
200-300 m a.s.l.; near Outokumpu, eastern Finland, elev. 120 m a.s.L.,
Marja Pennanen, pers. comm.). Even in eastern Ukraine, characterized
by temperate deciduous forests, nivicolous Lamproderma spp. were
found (Yatsiuk and Leontyev 2020). These species, apparently less
strictly adapted to alpine conditions, can be expected as well in areas
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with lower incidence values (Fig. 2). For Physarum albescens no true
lowland occurrences are yet known, the lowest records come from ca.
380 m a.s.l. (Kola peninsula, Khibiny mountains, 67°N, Erastova et al.,
2017).

In a given mountain range, nivicolous myxomycetes of the genera
Lamproderma and Meriderma seem to be able to inhabit lower elevations
(with a less durable continuous snow cover preventing soil frost), species
of Diderma spp. Are intermediate, and Lepidoderma and Physarum
albescens are restricted to higher elevations (compare Fig. 1 in Schnittler
et al., 2015). We hypothesize that this has to do with the water content
of the soil: fructifications of especially Lamproderma spp. were often
observed over waterlogged soils (Schnittler, pers. obs.). These will freeze
more slowly than dry soils, giving the amoebae more time to encyst. In
this genus transitions to the nivicolous life style can be seen: species like
L. arcyrioides can be called cryophilous and are closely related to
nivicolous members of the genus. Fructifications sometimes appear in
deciduous forests in late autumn and winter in absence of snow (per-
sonal observ. of the authors). As such, the chosen species, Physarum
albescens, is certainly not representative of all nivicolous myxomycetes
but likely describes the “core” niche of this ecological guild: at all places
where the authors found it, numerous other nivicolous species were
recorded as well.

4.2. Dispersal barriers and local adaptation

Correlative SDMs as used in the present study are static (Convertino
et al.,, 2014) and do not consider (i) possible dispersal limitations
(Rodriguez-Rey et al.,, 2013) and (ii) local adaptation or any other
within-species differentiation (Merow et al., 2013). They predict the
suitable range for a species assuming unlimited dispersal capabilities. In
other words, they neglect the history of speciation and the existence of
possible dispersal barriers. We thus must ask if such barriers exist for
myxomycetes. Even surveys on remote islands (Hawaii, Eliasson et al.,
1983; Galapagos, Eliasson, 1991) did not discover endemic myxomy-
cetes, at least not at the level of morphospecies. Nivicolous myxomy-
cetes produce rather large spores for the group (12-16 pm vs. 7-12 pm as
the usual range (Schnittler and Tesmer 2008). This seems not to be the
limiting factor: in ferns long-distance dispersal is common (Schneller
et al., 1998; Dassler and Farrar 2001) despite a much higher average
spore size (Tryon 1970; Gomez-Noguez et al., 2017). Like in ferns,
myxomycete spores are primarily adapted to become airborne (Kamono
et al., 2009). A study in the nivicolous myxomycete genus Meriderma
(Feng et al., 2016) indicated that long distance dispersal exists but looses
power over large distances: the more distant two mountain ranges are,
the lower the proportion of shared genotypes.

Second, we should ask for local adaptation in myxomycete pop-
ulations. Most myxomycete species are not simply ubiquists (Schnittler
et al., 2017). Several recent studies mounted evidence for biological,
often cryptic, speciation in myxomycetes: molecular markers demon-
strated the existence of reproductively isolated units within morpho-
species. If occurring regionally, such units are expected to suffer less
from outbreeding depression, which may facilitate local genetic adap-
tation. The respective biospecies may be cryptic (Trichia varia, 3 putative
biospecies; Feng and Schnittler 2015), partially discernible by subtle
morphological characters (Hemitrichia serpula, 4; Dagamac et al.,
2017b), or well discernible if novel traits can be found (Tubifera ferru-
ginosa s.l., >5; Leontyev et al., 2015). Although the number of records
included was very limited, two studies modeling the distribution of
biospecies showed different geographical ranges for those (Badhamia
melanospora, Aguilar et al., 2014; Hemitrichia serpula, Dagamac et al.,
2017b).

Within Ph. albescens as a morphospecies we can expect a similar
differentiation, and studies with multiple molecular markers indeed
point to the existence of more than ten reproductively isolated units
(putative biospecies, Shchepin et al., unpubl. results). Currently, we do
not have enough records to resolve the distribution of these putative
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biospecies (which seem to occupy smaller ranges than the species as a
whole). Therefore the model is valid only at the morphospecies level. At
this level, it seems to predict well the distribution of Ph. albescens:
mountain ranges with high incidence but no known records were indeed
not well surveyed. This pattern may change if taxonomic resolution is
increased, i.e. at the biospecies level: here only parts of the potential
range may be filled. A recent study on the nivicolous species Didymium
nivicola (Janik et al., 2020) mounted evidence for this: the genetically
most distinct group (which likely constitutes a separate biospecies) is
confined to the Southern Hemisphere and was not found in the Northern
Hemisphere. We thus hypothesize that gene flow via spores is sufficient
to conquer all suitable habitats over long periods of time. The emergence
of regionally distributed reproductively isolated units, putative bio-
species, may be a way to allow for local genetic adaptation.

4.3. Fruit bodies vs. amoebae

This model is solely based on the occurrence of fruit bodies for
Physarum albescens. Data on the occurrence of the active trophic stage,
the myxamoebae, are very limited, since myxamoebae cannot be
determined to species and are hard to distinguish from free-living
amoebae. Hence, such data must be generated via environmental PCR.
The very few metabarcoding studies for myxomycetes indicated that
amoebae of nivicolous myxomycetes seem to be wider distributed than
their fructifications: Fiore-Donno et al. (2016) found sequences corre-
sponding to nivicolous myxomycetes in three lowland areas of Germany;
Shchepin et al. (2019) in boreal lowlands of Russia; Gao et al. (2019) in
subtropical China. This pattern is confirmed by further, yet unpublished
surveys of the authors which all indicated the presence of nivicolous
myxomycetes in regions where fructifications have never been found.
The abundance of the respective sequence reads seems to exclude the
possibility that these results reflect simply spore fallout (Shchepin et al.,
2019). An extensive study from the German Alps (Borg Dahl et al., 2019)
found sequences corresponding to Ph. albescens as well at lower eleva-
tions, whereas fruit bodies occur only at higher elevations. In less suit-
able habitats, amoebae germinating from migrating spores might
survive and vegetatively reproduce by cell division, but do not fruit. A
similar case is known for the fern Trichomanes speciosum: sporophytes
show much more limited distribution than gametophytes, which, like
myxamoebae, in this species are capable of vegetative reproduction
(Rumsey et al., 1998; Schuler et al., 2016). As such, our model only
predicts the most suitable habitats for Ph. albescens (and likely for
nivicolous myxomycetes in general), where these species can complete
their life cycle and fruit.
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ABSTRACT

Measuring spore size is a standard method for the description of fungal taxa, but in
manual microscopic analyses the number of spores that can be measured and informa-
tion on their morphological traits are typically limited. To overcome this weakness
we present a method to analyze the size and shape of large numbers of spherical
bodies, such as spores or pollen, by using inexpensive equipment. A spore suspension
mounted on a slide is treated with a low-cost, high-vibration device to distribute spores
uniformly in a single layer without overlap. Subsequently, 10,000 to 50,000 objects
per slide are measured by automated image analysis. The workflow involves (1) slide
preparation, (2) automated image acquisition by light microscopy, (3) filtering to
separate high-density clusters, (4) image segmentation by applying a machine learning
software, Waikato Environment for Knowledge Analysis (WEKA), and (5) statistical
evaluation of the results. The technique produced consistent results and compared
favorably with manual measurements in terms of precision. Moreover, measuring spore
size distribution yields information not obtained by manual microscopic analyses, as
shown for the myxomycete Physarum albescens. The exact size distribution of spores
revealed irregularities in spore formation resulting from the influence of environmental
conditions on spore maturation. A comparison of the spore size distribution within and
between sporocarp colonies showed large environmental and likely genetic variation.
In addition, the comparison identified specimens with spores roughly twice the normal
size. The successful implementation of the presented method for analyzing myxomycete
spores also suggests potential for other applications.

Subjects Biogeography, Ecology, Mycology, Data Science, Population Biology

Keywords Particle analysis, Physarum albescens, Size distribution, Spore diameter, Computer
vision, Spore shape

INTRODUCTION

Spores and pollen have evolved to overcome the challenge of dispersal in terrestrial
environments, because only very small particles can float in the air. Such propagules
are often formed in huge amounts (L7, 2011), may be actively released into the air
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(Ingold, 1965), assume diverse shapes (Woo et al., 2018), and occur in many unrelated
groups of terrestrial organisms with limited mobility, both prokaryotes and eukaryotes
(Huang & Hull, 2017). Spores are usually formed on or within fructifications, including
in the prokaryotic Myxobacteria (Reichenbach, 1993) and most eukaryotes, such as
myxomycetes and myxomycete-like organisms (MMLO, a group comprising various
protists, but mainly Amoebozoa (Schnittler, Unterseher ¢ Tesmer, 2006), many fungi
(Wijayawardene et al., 2020), mosses, lycophytes, ferns, and seed plants forming pollen
grains. The pollen of seed plants shows similar dispersal behavior as spores, but cannot
germinate independently, only at the pistil of a receptor plant (Punt et al., 2007). The
average size of these propagules is an important trait for species differentiation, even in
taxa rich in morphological characters (Brown, 1960). However, only 20-50 propagules
are measured in most taxonomic monographs and species descriptions, although a much
greater sample size would be desirable for sound statistical analyses.

Spore size is conventionally determined by light microscopy. This is time-consuming
and error-prone, depending crucially on the accurate use of the measuring device. Many
microscope manufacturers now offer optional camera and software solutions that may be
purchased at an estimated minimum price of US$ 4,000. Some of these applications use
machine learning algorithms that can be trained to recognize objects and measure them
automatically. ZEN (blue edition) by Zeiss is an example. Furthermore, algorithms for
range thresholding, simple filters, and edge detection based on intensity change are now
widely used. However, these algorithms typically fall short of achieving a segmentation of
objects with a complex shape or touching each other. Additional problems are that only
a small fraction of the spores on a slide is in focus and that spore densities are too low to
measure large numbers. Packing spores more densely leads to high overlap and thus poses
problems for the software to separate individual spores optically.

A number of devices have been developed to overcome such limitations. These include
the Beckman Coulter particle counter (Brea, CA, USA), which is based on resistive pulse
sensing (approximately US$ 38,000); systems based on laser diffraction spectroscopy
developed by A. Paar GmbH (Graz, Austria); a system marketed by HORIBA (Kyoto,
Japan) based on dynamic light scattering (approximately US$ 45,000); and imaging flow
cytometry (IFC) like the FlowCam (Buskey ¢ Hyatt, 2006) as an automated flow-through
microscopic device (approximately US$ 65,000). All of these devices except for the FlowCam
need to be adjusted for a given application, since the visual inspection of single particles is
not possible. A major downside of all these instruments is that acquisition costs are high.

Affordable alternatives are the PlanktonScope (Pollina et al., 2020) and an IFC system
described by Gordcs et al. (2018). However, limitations associated with the lower costs
typically include the use of a rolling shutter system, which needs an extra algorithm to
compensate for the image tearing effect. Moreover, for deep flow cells in particular, the
use of entocentric lenses introduces measuring errors, distortion, astigmatism, as well as
chromatic and spherical aberrations.

Alternative image analysis tools like scripts, plug-ins, or stand-alone applications based
on brightfield microscopy of preserved samples have also been designed (Korsnes et al.,
2016; Wagner & Macher, 2012; Vidal-Diez de Ulzurrun et al., 2019; Benyon et al., 1999) to
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identify and count small particles as well as to determine their morphological features.
These approaches enable reliable analyses when contrast between object and background
within the field of depth is consistently high and objects are non-overlapping. However,
they become unreliable when these conditions are not met.

Here we present a procedure that allows for the reliable low-cost image analysis of
spores, pollen, or biological aerosols at high densities. Our procedure is independent
of special equipment and proprietary software. Spores are evenly spread on a slide to
measure up to 50,000 objects based on photographs taken with a conventional compound
microscope. The images are subsequently processed with the open-source software Fiji
Image] (version 1.52p; Schindelin et al., 2012), which facilitates incorporating plug-ins and
machine learning scripts. The workflow allows the visual inspection of every particle. This
is often important to ascertain the quality of measurements, since spores are usually mixed
with other particles, like pieces of cell wall (anthers, fern sporangia), hyphal fragments
(fungi), elaters (liverworts), or capillitia (myxomycetes). We illustrate possible applications
on the example of the myxomycete Physarum albescens Ellis ex T. Macbr., which releases
large numbers of airborne meiospores for long-distance dispersal (Kamono et al., 2009).
Specifically, we assessed variation in shape and spore size distribution within a colony
and depending on environmental conditions during sporocarp formation. Our goal was
to develop a workflow that (1) is based on standard slide preparations routinely used for
identification, (2) is independent of special equipment and proprietary software, and (3)
measures spore quantities large enough to construct a size distribution graph for robust
statistical evaluations.

MATERIALS AND METHODS

Physarum albescens is a typical member of the dark-spored clade of the Mycetozoa (Leontyev
et al., 2019), the slime molds. This group belongs to the Amoebozoa and comprises more
than 1,000 described species (Lado, 2005-2020). Ph. albescens was sampled throughout the
Northern Hemisphere to cover a maximum of intraspecific variation (Rocky Mountains,
German and French Alps, Khibine Mountains of the Kola Peninsula, Northern Caucasus,
Spanish Sierra Nevada, Kamchatka, see Supplement 1A and Supplement 1B). The life
cycle of Ph. albescens involves the formation of a colony of usually stalked sporocarps
(Schnittler et al., 2012; Stephenson ¢ Schnittler, 2017), each containing between 0.5 to 2.5
million spores (Schnittler ¢ Tesmer, 2008). For each colony, spores of five sporocarps were
analyzed.

Slide preparation

Figure 1 outlines the process of slide preparation. One mounted slide was prepared with
Hoyer’s medium for each sporocarp (Neubert, Nowotny ¢ Baumann, 1993). The sporocarp
was crushed and its spores suspended in 0.2 ml PCR tubes with 20 pl of 70% (v/v)
ethanol. Since the spores of myxomycetes (and many other organisms) have hydrophobic
ornamentations, ethanol was chosen to avoid spore aggregation. The spores were separated
by repeatedly and carefully dipping the sporotheca (stalked fruit body) into the ethanol
while holding the stalk with tweezers (Fig. 1A). Spore release was controlled by tilting the

Woyzichovski et al. (2021), PeerJ, DOI 10.7717/peerj.12471 3/24


https://peerj.com
http://dx.doi.org/10.7717/peerj.12471#supp-1
http://dx.doi.org/10.7717/peerj.12471#supp-1
http://dx.doi.org/10.7717/peerj.12471

Peer

Pellet

C Vibration device D Cover slip

N
° [ ]
/ Ms et |

Figure 1 Workflow for spore preparations from Physarum albescens sporocarps for quantitative mea-
surements. (A) Step 1: spores are suspended in 20 1 ethanol and centrifuged. (B) Step 2: The pellet con-
taining the spores is transferred to a slide using a pipette tip; the formation of a hanging drop facilitates
the evaporation of ethanol to further concentrate the spore suspension before placing it on the slide. (C)
Step 3: The spores are arranged in a single layer with an oscillating preparation needle connected to a vi-
bration device. (D) Alignment of spores under the influence of granular convection induced by the vibra-
tion device: 1 - untreated spores, 2 - spores under granular convection (white arrows), 3 - spores arranged
in a monolayer beneath the coverslip. Abbreviations: Hm, Hoyer’s medium; Ms, microscope slide; Pellet,
pellet containing spores; Pt, pipette tip; Vd, vibration device.

Full-size & DOI: 10.7717/peerj.12471/fig-1

tube and dipping the sporotheca into the ethanol at the edge of the liquid. This reduced
the risk of submerging and losing significant parts of the capillitium and peridium.

After brief centrifugation (1 min), the supernatant in the PCR tube was removed with a
20 .l pipette tip by capillary forces until the ethanol barely covered the pellet, which was
subsequently resuspended. The remaining volume of this concentrated spore suspension
must be sufficiently large to be able to transfer it to a microscope slide with a pipette. Slow
ejection from the pipette produces a hanging drop so that ethanol can evaporate, resulting
in further concentration of the suspension (Fig. 1B). This step is crucial since the ethanol
needs to evaporate to the point where no excess liquid is visible when transferring the
spores to the slide next to a drop of Hoyer’s medium. The spore mass should be moist,
similar in consistence to mud. A spore droplet containing too much liquid will cause the
suspension to spill out, rather than being mounted into the medium on the slide. Finally,
a coverslip was carefully placed on the deposited droplet, which resulted in a dense spore
cluster when the spore suspension and Hoyer’s medium mix.

Vibration was used to disperse the spores in a monolayer. We used a device consisting of a
preparation needle attached to a resonance speaker (impedance and power output: 4 2 by 25
W, no specific manufacturer) connected to a 25 W amplifier (LEPY LP-VS3, Supplement 2).
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The shaft of the preparation needle is fixed to the shock rod of the resonance speaker by hand
or small 3D-printed clamp (Supplement 3). The amplifier is connected to a laptop over the
headphone jack or auxiliary port. A frequency signal generator application on the laptop,
accessed via an internet browser (e.g., https:/www.wavtones.com/functiongenerator.php),

can be used to generate and control the vibration frequency of the resonance speaker. We
initially used 400-600 Hz (sinus wave type) for a pre-alignment of our spores and increased
the frequency to 800-1,000 Hz for fine adjustment. Ideally, this sorts the spores into a single
layer, thus arranging them at the same height in the z-plane. The pre-alignment and fine

adjustment steps each took 1-2 min. The volume regulation on the amplifier and laptop

can be used to increase the force of the vibrations. In our configuration, we used 60-80%
of the amplifier’s volume and 100% on the laptop.

By applying vibrations generated by this device on the coverslip via the needle (Fig. 1C
and Supplement 3), a granular convection is induced within the medium. As a result, the
spores start to move upwards and align beneath the coverslip (Fig. 1D). Two fingers should
hold the coverslip in place during the vibration treatment. Since the vibration only affects
a small area around the needle, the vibrating needle is moved over the entire area of the
coverslip in a tapping motion to align as many spores as possible (Fig. 1C, gray dashed
line). This determines the number of spores that can later be analyzed. The entire process
can be monitored under a dissecting microscope. In addition to frequency, vibrations can
be adjusted by the pitch angle, roll angle of the device, and the pressure applied to the
coverslip.

Image acquisition and ImageJ pipeline

Microscopic images (resolution 2,880 x 2,048 pixels) were acquired with a Nikon Eclipse
90i compound microscope in the brightfield mode under twentyfold magnification
(0.12 pm/pixel on the object plane). The camera system was a Nikon DS-Fi3 with a 1/1.8%
CMOS-color sensor and a pixel size of 2.4 wm. The pixel intensity of the background was
set to 90% of the maximum for all three color channels to provide consistent images for
the automated segmentation process. For the same reason, the deconvolution function
was switched off. The “large-images”-mode of the microscope software (NIS-Elements
AR, Version 5.02.03) was used to automatically acquire 144 (12 x 12) single unstitched
images. The overlap was set to the lowest possible value to prevent repeated measurements
of the same spores at the edges during the subsequent image analysis. The software was set
to automatically refocus after every fourth image.

We used Image] (version 1.52p) to automate most image processing and analysis steps.
Image] offers options to use various computer languages. We used mainly Python-based
commands on a desktop system with 12 GB RAM and a 3.6 GHz Intel Core i7-7700
processor without GPU processing.

Several subsequent scripts were written to organize, process and later analyze the
raw images (Table 1, https:/github.com/[anWoyzi/Sporesize- Measurement). Spores were
counted and sized in ImageJ using the built-in function “Analyze Particles” (Paana.py,
Table 1) or the plug-in “Ellipse Split” (Elli.py, Table 1, version 0.4.0, Wagner ¢» Eglinger,
2017). Both functions work by counting and measuring pixels on a binary image,
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Table 1 Scripts used for image analysis. Underlining indicates scripts crucial for the analysis. The col-
umn D/S indicates whether calculations are performed on a desktop computer (D) or server (S).

Script name D/S Script function

IScore.py v1.0 D Assesses background intensities (calculates a score for
background intensity by mixing RGB values into a
grayscale; figure must be comparable for all images)

BScore.py v2.0 D Calculates a score for spore density from the brightness of
the total area covered by spores

CreatingDir.py v2.0 S/D A script designed to build directories for scripts (for
instance, Elli.py) that cannot create them automatically

Structurefilter.py v3.0 S/D Detects edges of and sharp angles between objects to
separate them by a regional watershed line; the result is
an image with overlaid separation lines between spores;
necessary for handling images with high spore density

Weka.py v3.2.33 S/D Machine Learning algorithm, works with a pre-trained
model to recognize objects (as differently colored patches
of pixels); the result is a classification probability of each
pixel as spore or background (more than two classes can be
defined as well); this is presented as a stacked image (one
for each class)

Destacker.py v4.0 S/D Separates the WEKA segmentation stack (here two classes,
i.e., spores and background) and saves the respective results

Paana.py v6.0 S/D Particle Analyzer, analyzes spore shapes, describes features
like circularity, roundness, etc. (does not use a pre-defined
shape, therefore more sensitive but requires precise
segmentation)

Elli.py v2.0 D Ellipse Split plugin (alternative algorithm to Paana.py),
analyses the spore shapes according to a pre-defined
ellipsoid shape (less sensitive to a particular shape, since
measurements are based on approximated ellipses), more
robust in case of segmentation errors

RGBROI.py v2.0 S/D Extracts area-related object features (e.g., RGB values) by
comparison with the raw image

characterizing clusters of pixels to provide detailed information about spore shape and
size. In addition, Ellipse Split approximates for each pixel cluster the ellipse that fits best,
which was then used to characterize the objects.

We employed a plug-in called “Trainable WEKA segmentation” (version 3.2.33,
Arganda-Carreras et al., 2017) based on Waikato Environment for Knowledge Analysis
(WEKA) toolsets with various machine-learning algorithms to perform functions like
clustering, classification, regression, visualization, and segmentation. However, other open
software for segmentation and classification (e.g., Ilastik, described in Berg et al., 2019) can
be used as alternatives to WEKA. We chose WEKA because it could be easily implemented
in our script workflow with ImageJ without using too many different software applications.

To train the tool, the user takes an example image and visually marks about 10 target
objects (spores) and non-target objects (background) on an exemplary sample image.
Additional classes of objects (e.g., branches of the capillitium or remains of hyphae) can
be defined to delimit contaminations, but this approach will increase error rates when
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separating the target objects from the background. For most applications, it will be more
effective to exclude these objects at a later stage of the analysis. The best segmentation
results in terms of processing time per image were achieved with small and straightforward
models and fine-tuned filter sets. Not only can the number of segmentation classes and
filter sets be adjusted, but the complexity of the decision tree can also be freely modified.
Our model has only two segmentation classes and uses a minimum of filter sets (see Github
repository). After a few iteration steps, after which the user can correct the decisions made
by the algorithm, the result can be saved as a model to be applied to additional images in a
batch process.

Figure 2 shows the entire segmentation process for a few spores. A consequence of
high spore densities on the images (Fig. 2A shows a small section) is that segmentation
with the WEKA plug-in generated spore clusters. These clusters could not be resolved by
standard watershed methods (Soille ¢» Vincent, 1990), which would falsely identify two
adjacent spores as a single object. To prevent such false assignments, we created an overlay
of each image where lines one-pixel wide and in background color separate the individual
spores. The separating lines were computed by combining the plug-ins “Feature]” (version
3.0.0, Meijering, 2015) and “BioVoxxel” (version 12. Brocher, 2012). “Feature] structure”
calculates for each pixel the eigenvalue of its structure tensor. For two spores that touch each
other, the pixels in the two areas in the acute-angled corners have the highest eigenvalues.
The function “Watershed Irregular Features” was used to connect only the center points
of areas that are close enough to belong to adjacent spores, using a pre-defined maximum
radius as a criterion. The resulting connected lines (Fig. 2B) were overlaid on the raw
images, separating spores in high-density areas, and were successfully segmented by the
WEKA plug-in (Fig. 2C). Figure 2D shows the result of the subsequent analysis with the
Ellipse Split tool. The fitted shapes for each spore (green circles in Fig. 2D) are then subject
to further analysis. The script can run in batch mode to process a series of images for just
one or many specimens.

Initial tests and the segmentation problems encountered with images characterized by
high spore densities revealed the need for a robust approach to estimate spore densities
on the images. This approach was then used to exclude critical images where high spore
densities would lead to erroneous measurements or, conversely, very low densities would
lead to errors in some analysis functions in ImageJ. We established the proxy “BScore”
to measure the overall brightness of the entire image. Due to the dark spores and white
background under brightfield conditions, high spore densities lower the overall brightness.
By delimiting the two extreme conditions, no spores versus spores filling (nearly) the
entire field, the approximate boundaries can be set and used as filters both during the
segmentation step and later during the statistical analysis.

Figure 3 shows a slide with a high spore density in the center, illustrating subsequent
segmentation problems. To eliminate such cases, two scripts for image analysis were created
(Github repository). The first, called IScore, uses the background intensity of an image as
a proxy to ensure consistent image acquisition. The second, named BScore, generates a
proxy value for spore density based on which images with extremely high spore densities are
identified and discarded (Fig. 3). Critically low BScores result from massive spore clusters
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Figure 2 Workflow for image processing of Physarum albescens spores. (A) Raw image, (B) structure
filter applied, (C) segmented image, and (D) spore shapes selected with the procedure “Ellipse Split”; at
this stage an ID is given to every single spore (example: no. 66). These operations are carried out simulta-
neously on all spores of a given image. Bar = 6 pLm.

Full-size Gl DOI: 10.7717/peerj.12471/fig-2

or when spaces between densely packed spores are filled by fine amorphous particles. These
situations can be avoided by reapplying the vibration device to spread the spores more
evenly and thus limit the number of images to be excluded based on a low BScore (0-2
per slide). Figure 4 and Table 1 show the entire workflow and the respective scripts for
the image analysis. The final result is an array of shape features for each object such as
area, circularity, aspect ratio and maximum diameter (Table 2). In addition to determining
spore size and shape based on this information, specific regions of interest can be selected
for every single spore and be used with the raw images to measure RGB values as a proxy
for spore coloration.

Calibration

A range of parameters can be adjusted (e.g., overall spore density, contrast, and homogeneity
of background intensities) to distinguish spores from the background and from one another.
The arrays summarizing the features of each captured object must be filtered to exclude
non-target objects (capillitium, hyphal fragments, air bubbles and amorphous particles;
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Supplement 4). This can be checked at any stage, since each object can be retrieved with
Image]J by using its unique label or address given by the scripts.

These settings are species-specific and hence need to be adjusted for every new
application.

This critically requires measuring many spores with sufficient precision instead of
striving for the highest possible precision for just a few spores. Consequently, we used only
20x objectives (NA: 0.5, Nikon Plan Fluor), resulting in a resolution of 0.12 pm/pixel.
However, higher magnification may have to be used for smaller objects. The most critical
step in the process is the slide preparation since spores have to be densely distributed to
allow many spores to be photographed at once, but the vibration treatment should aim to
arrange all spores in a single plane.

The image acquisition and analysis can be automated, using the same settings for single
species or a group of related species. For Ph. albescens, we used a light intensity of 225 of
255 scale units, resulting in an exposure time of 15-16 ms, 20 x magnification, variation of
the IScore between images <10%, and a BScore >50. The removal of non-target particles
can be optimized in an iterative process, based on the compiled array of object features.
Useful criteria are particularly the minimum area to exclude small amorphous particles),
the aspect ratio to exclude remnants of the capillitium and air bubbles, and circularity or

roundness.
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Figure 4 Overview of the entire workflow from sample preparation to data acquisition. See Table 1 for

the respective scripts.
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For Ph. albescens, we expected spore sizes between 8 and 15 pm. Therefore, we removed
all particles exceeding 1,500 pixels (equivalent to a sphere diameter of 5.25 pm), or showing
an aspect ratio >2 or a circularity <0.7. These settings are likely to be species-specific.

Data analysis

The results of the image analysis (Table 1 and Fig. 4) are saved as csv-files for subsequent
analysis with statistical software such as R (R Core Team, 2017). Between 10,000 and
50,000 spores per slide (Supplement 1) were measured and a frequency density plot was
constructed. To compare specimens within a region, we calculated the mean absolute
deviation (MAD) between specimens as:

MAD = %Zyzl |x; — x|, where n is the number of data points, £ the mean of the
individual values x;. To analyze the resulting distribution plots, we calculated a function for
each sample with the built-in density function of R to automatically locate all local maxima
and minima in the data set. Setting frequencies thresholds allowed us to exclude rare
occurrences of non-target objects and classify different types of objects (e.g., amorphous
particles, normal-sized spores, oversized spores, large amorphous particles). These object
classes can also be fit to different distribution families, in our case the gamma distribution

(Supplement 1C).
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Table 2 Overview of all measured spore features included in the data set.

Column name Description
Indiv Sample name
Label Complete identification name
Area Area in pixel
Perim. Perimeter in pixel
Major Major axis in pixel
Minor Minor axis in pixel
Circ. Circularity = 47 *area/perimeter’
AR Aspect ratio between major and minor axis
Round Roundness = 4*area/ (7 *major_axis?)
Solidity Area of a particle divided by its convex hull area
Mean_r Mean intensity value
StdDev_r Standard deviation of the intensity value’
Mode_r Mode intensity value’
Min_r Minimum intensity value’
Max_r Maximum intensity value’
X Coordinate of the image on the x-axis
Y Coordinate of the image on the y-axis
Index Image number within a sample
BScore Brightness score
Type Object classification based on size
Notes.

*Recorded for all red, green and blue channels, but shown only for the red channel (r) to avoid repetition.

To compare the performance of our automated approach with that of standard manual
measurements, we measured the diameter of 100 randomly selected spores from an image
with 520 spores of Ph. albescens, specimen Sc29313. To test for the effect of sample size,
we compared results obtained for 25, 50, or all 100 spores. A second treatment group with
three levels was used to test for precision. These were (1) manual measurement at the
standard magnification of 20x, (2) manual measurement at an additional 8x digital zoom,
and (3) application of the automated measuring algorithm. For manual measurements,
the manually selected vertical distance between spore margins (without ornaments) was
measured as spore diameter. We repeated all measurements five times. Additionally,
automated measurements of all 520 manually measured spores were compared with those
of all 144 images acquired for this specimen (35,176 spores in total). However, the latter
two data sets were not included in the statistical test. A linear mixed model was used to
test for the main and interactive effects of digital magnification (zoom level), numbers
of analyzed spores and repeated measurements (Table 3). A pairwise least-square means
post hoc test (R package: Emmeans, version 1.6.2-1) with false discovery rate correction
(Benjamini & Hochberg, 1995) was applied to identify significant main and interaction
effects between pairs. The repeated measurements of spores were treated in the model as a

random variable.
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Table 3 Results of Type III Analysis of Variance with degrees of freedom calculated according to Sat-
terthwaite’s method. Effects of digital magnification (Zoom), spore numbers analyzed, and number of
replicate counts and their interactions on spore diameters.

Source of Sum of Mean NumDF DenDF F P-value
variation squares square

Zoom 6.10 3.05 2 2481.0 111.22 <0.001
Spore number 0.71 0.35 2 2494.2 12.92 <0.001
Replicate 0.11 0.03 4 2481.0 0.99 0.413
Zoom:Spore number 2.23 0.56 4 2481.0 20.38 <0.001
Zoom:Replicate 0.57 0.07 8 2481.0 2.59 0.008
Spore number:Replicate 0.82 0.10 8 2481.0 3.72 <0.001
Zoom:Spore number:Replicate 1.59 0.10 16 2481.0 3.67 <0.001

Furthermore, we analyzed the spatial distribution of different spore sizes with 25,000
Monte—Carlo simulations of spore position within the 12 by 12 image matrix of sample
Sc24902, and calculated Moran’s I to assess the spatial displacement effectiveness of the
vibration device on different spore sizes.

RESULTS

Spore size distribution

The large number of counted objects made it possible to define extremely narrow size
classes, resulting in quasi-continuous distributions for spore size (Fig. 5). The spore size
distributions can be approximated by a Gamma function (Figs. 5A-5D, Supplement 1A,
Supplement 1C). Altogether we processed 7.5 million spores, on average 31,000 per
sporocarp. Diameters ranged between 10.1 (5¢29307, Rocky Mts.) and 13.6 pm (Sc29276,
Rocky Mts.) with an overall mean of 11.9 pm. The average standard deviation within

a sample (sporocarp level) was 0.48 pm (range 0.33-0.90 pm). The skewness of the
approximated Gamma function is a measure of overall spore size uniformity. High
positive values indicate the frequent occurrence of oversized spores, as evident in specimen
S$c24902 (Caucasus Mts.) with a skewness >0.5 and a bimodal spore size distribution
(Type 1: normal-sized spores, Type 2: oversized spores). Colonies from the Kamchatka
Peninsula and the Caucasus showed highly uniform and narrow distributions (mean
absolute deviation between specimens of 0.35 and 0.32 pm, respectively; Supplement
1D). Colonies from the Rocky Mountains were less uniform (mean absolute deviation of
0.99 pm) and included both the smallest and largest spores of all analyzed strains.

The distribution of spore sizes was asymmetric in many specimens, especially in spores
that appeared not to be fully mature (Figs. 5B, 5D). Therefore, the best measure of average
spore size was the peak of the fitted Gamma-distribution, rather than the mean diameter
(Supplement 1C), which coincides with, or is close to, the modal value, i.e., the size class
containing the largest number of objects. Figure 5C shows a case of two co-occurring
individuals sampled in a mixed colony of sporocarps, where the spore size distribution of
two sporocarps differs from that of the other three.
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Figure 5 Spore size distributions (black line: density function) for five sporocarps from each of four
strains of Physarum albescens. (A) Sample Sc29313, well-matured sporocarps. (B) Sample Sc29276,
sporocarps nearly mature. (C) Sample Sc29299, a mixed colony with sporocarps belonging to two
genetically different individuals (sporocarps 1, 2, and 5 vs. 3 and 4). (D) Sample Sc24902, including a
noticeable fraction of oversized spores. Images show the appearance of the respective specimens, note the
densely crowded sporocarps with poor calcification in sample Sc24902. Bar = 1 mm (magnification =
20x).

Full-size Gl DOI: 10.7717/peerj.12471/fig-5

Spore size distributions of some sporocarps, for example, sporocarp 2—5 shown in
Fig. 5D could be fitted to two overlapping gamma functions (Fig. 6) with two peaks, one
for normal-sized and one for oversized spores. The total spore volumes corresponding to
the two peaks (1,013 and 1,959 wm?) were equivalent to a ratio of 1:1.93. A Monte Carlo
simulation of Moran’s I (25,000 simulations) showed the I-value to be significant (0.69,
p < 0.001) for normal-sized spores (12.9 £ 0.6 um diameter) in the total scanned area
(12 x 12 images covering 12.2 mm?), indicating clustering. For oversized spores (15.9
=+ 0.5 pm diameter), the I-value was not significant (—0.10, p = 0.99), indicating a random
distribution of spores for this size class.
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Figure 6 Analysis of the bimodal spore size distribution for Sporocarps 2—5 of Physarum albescens
specimen Sc24902. The histogram in grey (bin width ca. 0.10 um) and the density function (black line)
displays the spore size distribution. The red dotted horizontal line depicts the threshold at 0.000004 fre-
quency density units and works as a high-pass filter. The red vertical line is the position of the highest
frequency. The vertical blue line shows the minimal local frequency between the two peaks. The orange
dashed vertical lines indicate the left and right limits of the analyzed interval, which were set as intersects
between the thresholds for particle detection and the density function. The green and cyan dashed lines
are the density functions of the fitted spore size distribution of the normal-sized and oversized spores, re-
spectively.
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Accuracy of the method
Figure 7 shows the results of different manual and automatic measurements of spore size
from the same sample. For automated measurements including all images, 95% confidence
interval of the means were very small (10.62-10.63 pm, in Fig. 7, last bar), which was
consistent with the spore size measurements of various samples (Supplement 1B). This low
variation is a direct effect of the large number of objects measured, which also increases
the number of extreme outliers (Fig. 7, compare results from 520 spores with those from a
total of 35,176 spores sized on 144 images).

A linear mixed model (Table 3) revealed a significant three-way interaction among
zoom level, the number of analyzed spores, and repeated measurements (F(16, 2,481)
= 3.63, p < 0.0001) for spore diameter, indicating that all factors influenced each other,
including effects of human error in delineating spore margins. All two-factor interactions
were also statistically significant, indicating that the factors in all pairwise combinations
influenced each other as well. Differences among zoom levels (F(2, 2,481) = 111.2,
p <0.0001) and number of spores analyzed (F(2, 2,494.2) = 12.9, p < 0.0001) were highly
significant, but not among repeated measurements (F(4, 2,481) = 0.99, p=0.41). The post
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Figure 7 Ranges of spore size for manual and automated measurements. (A) Box plots of spore size
in Physarum albescens determined by manual and automated measurements (box: 25th to 75th empirical
quartiles, black whiskers: 1.5 times the interquartile range, black thick horizontal line: median, dots: single
outliers, white horizontal line: mean, white whiskers: 95% CI). Varying numbers of spores were measured
on single images (all up to 520 spores) and 144 images (last box, 35,176 spores). Different lower-case let-
ters in the legend indicate significant differences in spore size in pairwise post hoc tests between zoom lev-
els. Lower case letters on the upper facet level represent a grouping results of pairwise post hoc test accord-
ing to the numbers of spores measured. Letters on the lower facet level refer to post hoc grouping results
for zoom levels grouped by amount levels. (B-D) Examples of individual spores representing (B) upper
outliers (oversized spores), (C) average-sized, and (D) lower outliers (unusually small spores), with the ar-
rows pointing to the respective diameter in (A). Bars = 10 pum.
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hoc analysis showed that the measured spore diameter fell into two groups, depending
on the number of measured spores. Results for 25 and 50 measured spores were similar
and resulted in significantly (p < 0.001) smaller spore diameters than for 100 measured
spores. Differences among zoom levels were as well significant (p < 0.0001). Manual
measurements without magnifying the spores with a digital zoom resulted in the smallest
mean spore diameters, whereas additional digital magnification produced the largest spore
diameters. Automatic measurements resulted in intermediate values. The post hoc analysis
of significant interaction effects between zoom levels and number of analyzed spores
showed that manual measurement without the digital zoom and low spores numbers led to
significantly smaller average spore sizes (p < 0.001). Regardless of the number of measured
spores, all automated measurements grouped with 100 manually measured spores (without
zoom) and resulted in intermediate spore sizes (Fig. 7).

Woyzichovski et al. (2021), PeerJ, DOI 10.7717/peerj.12471 15/24


https://peerj.com
https://doi.org/10.7717/peerj.12471/fig-7
http://dx.doi.org/10.7717/peerj.12471

Peer

DISCUSSION

Spore size is an important taxonomic character in many organisms. Myxomycetes are no
exception. Their spores are mostly spherical, rarely ovoid, and ornamented. According to
the descriptions given in standard monographs, size varies little within species (<1 pm in
diameter, except for oversized spores) but greatly among species, with sizes ranging from
4-22 pm, although for >80% of all species the range is narrowed to 7-12 pm (Schnittler &
Tesmer, 2008). This small variation indicates that spore size is under strong evolutionary
constraints. The smaller a particle, the greater its dispersal potential (Norros et al., 2014),
since its terminal velocity is inversely related to the power of its radius according to Stoke’s
law. The workflow outlined here assigns a shape to each photographed spore, which allows
analyzing subtle differences not only in spore diameter, but also in spore characteristics
such as area, perimeter, circularity, and coloration (Table 2).

Accuracy of the method

Manual measurements of small particles such as spores are tedious, even when assisted
by an image analysis tool. Proprietary software marketed with expensive high-end
microscopes offer suitable working environments to analyze such particles, with many
possibilities offered to integrate different machine learning approaches (e.g., ZEN,

blue edition of Celldiscoverer 7 from Zeiss, https:/www.zeiss.de/mikroskopie/produkte/
mikroskopsoftware/zen.html; Apeer, also from Zeiss, https:/www.apeer.com/home; or Leica
imaging software, https:/www.leica-microsystems.com/products/microscope-software).
Nevertheless, it remains challenging with manual measurements to correctly determine the
major and minor axis of non-spherical spores, like those of most ascomycetes.

Here we present an alternative to manual measurements, aiming primarily to maximize
the number of objects measured rather than focusing on high-precision measurements of
spore dimensions. The reason for this choice is that variation induced by the biological
processes leading to spore formation, such as mitosis or meiosis that influence spore
cleavage, is always much greater than measurement errors. Therefore, we used only a
20-fold objective for magnification, although the method would work equally well for
higher magnifications. Greater magnification would slightly improve precision but cover
significantly fewer spores per image. Thus, the accuracy of our method exceeds that of
careful manual measurements and maximizes the number of analyzed spores.

The main qualitative difference of our method compared to manual measurements
is that the shape (and color) of each object can be determined separately. This may be
achieved by fitting the analyzed objects to a pre-determined shape like an ellipsoid (script
Elli.py, Table 1), or by a more flexible procedure (Paana.py) that approximates the real
shape of an object. Accuracy of the measurements is critically influenced by the watershed
process separating objects that touch each other. This requires spores to be arranged in a
monolayer on the slides because overlapping spores cannot be adequately separated. The
script BScore.py we used has been designed to ensure this condition is met. Overlapping
spores introduce systematic errors by underestimating mean particle size and inflating
variation (Fig. 3A, x-tiles 4-8). Consequently, a balance must be found between spore
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densities low enough to ensure high accuracy (at the expense of effectiveness) and high
enough to increase efficiency (but risking high spore overlap).

Spores of different sizes respond slightly differently to the vibration device we used. The
resulting sorting effect leads to a better random distribution of the oversized (Moran’s I =
—0.1, p =0.99) compared to the smaller spores. Larger spores appear to be more susceptible
to the applied vibration and move further than the smaller spores (compare Figs. 7B-7D).
The high and highly significant I-value (0.69, p < 0.001) for normal-sized spores can be
explained by the interaction between the highly concentrated spore suspension and Hoyer’s
medium when placing the cover slip on the suspension. It is thus recommended to analyze
numerous images (144 in our case) at different positions of the spore cloud (Fig. 3) to
avoid biased sampling. However, the sorting effect is certainly much smaller than the range
of biological variation, as also suggested by the similar number of outliers (i.e., extremely
small or extremely large objects) in all images analyzed in Fig. 3A.

A third challenge is the exclusion of non-target objects, like capillitium parts in
myxomycetes or hyphae in true fungi. This is achieved by defining thresholds for object
features such as shape, size, or volume. A big advantage of a microscope-based workflow,
such as ours, compared to the use of particle counters is that every single object can be
manually inspected. Therefore, the respective filtering procedures can be refined on stored
images in several iterative rounds of analysis to improved data reproducibility, independent
from any human biases.

Automatic recognition of objects by machine learning

Machine learning algorithms allow fast and reliable object recognition (i.e., separation from
a background) in different biological systems such as cell growth in plants (Galotto, Bibeau
¢ Vidali, 2019) or moth species identification (Feng, Bhanu ¢ Heraty, 2016; Feng et al.,
2016). The model we trained and integrated into a batch workflow in WEKA is exceptionally
fast and can be used with a few single images only. The only strict requirement is that the
image acquisition setup (i.e., exposure time, light intensity, etc.) is highly standardized.
However, complex tasks like identifying single spores in a tight cluster (touching or
overlaying each other) require more elaborate machine learning approaches and cannot
be done by WEKA segmentation. As a solution, we developed a vibration-based sample
preparation procedure to arrange the objects on a single plane and applied a separation
filter by combining the plug-ins “Feature]” and “BioVoxxel” in ImageJ (see Materials and
Methods). The generated segmented objects revealed a number of distinguishing features
such as area, circularity, aspect ratio and maximum diameter (see Table 2) for every object
and ensured large sample sizes and extremely small confidence intervals (see above). As a
result, the estimated median spore sizes in large samples approached the true mean of the
entire spore population (Fig. 7A).

Possible applications

Spore size is an important criterion in taxonomy. Therefore, exact measurements may help
to identify cryptic biological species (i.e., reproductively isolated sympatric populations), for
example in myxomycetes, as found in a number of molecular studies (Ferng ¢ Schnittler,
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2015; Feng, Bhanu ¢ Heraty, 2016; Feng et al., 2016; Shchepin, Novozhilov ¢ Schnittler,
20165 Dagamac et al., 2017; Janik, Lado ¢ Ronikier, 2020). Figure 5C shows such a case,
where colonies of two different phylogroups (i.e., putative biological species) growing
together differ in spore size distribution. Furthermore, where fructifications develop
rapidly, such as in myxomycetes (often within 1-5 days, Schnittler, 2001), weather
conditions may strongly influence spore size. For example, snowbank (nivicolous)
myxomycetes like Ph. albescens (Ronikier & Ronikier, 2009) develop fructifications under
the edges of melting snowbanks where temperatures notably increase within hours
(Schnittler et al., 2015). Figure 5B shows less regular size distributions of spores as a
possible consequences of such unsuitable environmental conditions, which could be due
to impacts on spore cleavage.

Quantitative methods like ours are also suitable to estimate the proportion of oversized
spores (“macrospores”). Samples with a significant fraction of oversized spores are fairly
common in nivicolous myxomycetes and are often described as forms on their own.
Poulain, Meyer & Bozonnet (2011) list macrosporous forms within the genera Lamproderma
(4 of 22 nivicolous species, plus the enigmatic L. acanthosporum with extremely large
spores) and Meriderma (4 of 8 species with macrosporous forms). Such a case is shown
in Figs. 5D and 6, where a population of spores with the roughly twofold volume of
normal spores can be distinguished. Quantitative investigations are needed to prove
if these macrosporous varieties represent indeed separate taxa. Even more interesting,
what is the genetic constitution of such spores? Are they multinucleated (as shown for
myxomycetes, Novozhilov et al., 2013), or do they represent restitutional diploid nuclei after
an aberrant meiosis? There is evidence that in myxomycetes, meiosis usually occurs after
spore cleavage inside the young spores (Clark ¢» Haskins, 2013). If the second hypothesis
can be proven, would such nuclei give rise to diploid amoebae and initiate an asexual life
cycle, resulting in homothallic clones (Collins, 1979; Collins, 1981)? Apparently, asexual
(non-heterothallic) strains (see discussion in Feng, Bhanu ¢» Heraty, 2016; Feng et al., 2016;
Walker & Stephenson, 2016) were found in many cultivable myxomycetes (Clark ¢ Haskins,
2010).

Our method can also be used to answer an old question: does genome size influence
spore size? For flowering plants, ploidy level (and thus DNA content) is often positively
correlated with pollen grain size in polyploid evolutionary lineages of related species (e.g.,
Katsiotis & Forsberg, 1995; Marinho et al., 2013; Mdller, 2018). Although we are not aware
of similar studies for myxomycetes, chromosome numbers appear to vary as well, at least
within larger groups (Hoppe ¢ Kutschera, 2014), suggesting that such a positive relationship
could also exist in myxomycetes.

Our first results on myxomycetes demonstrate that quantitative analyses of spore size
and shape may help to answer this and many similar biological questions. Large amounts
of spores are often easy to obtain, like crushed sporocarps of myxomycetes, spore prints in
mushrooms and ferns, spore bearings in plant parts infected by smuts and rusts, or anthers
in flowering plants, which facilitates such investigations.
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Limitations of the method

Myxomycetes have nearly spherical spores, unlike many asco- and basidiomycetes.
Structures protruding from spores or pollen grains, like bulged germination pores or a
hilus where basidiomycete spores were attached to the sterigma, may also cause difficulties.
Only for a small fraction of spores, these structures will be situated in the optical plane,
and the apparent spore size will hence vary. Fitting objects to a pre-defined structure, like
an ellipsoid, may help overcome such problems, because such structures will be ignored
when they are situated in the optical plane. A major challenge that remains, however, is to
estimate the shape of irregular objects from only one 2D projection.

The analysis of spores with conspicuous ornamentation such as spines (e.g., Meriderma
spinulisporum) or a reticulum of elevated ridges (e.g., M. cribrarioides, Poulain, Meyer ¢
Bozonnet, 2011) requires a more sophisticated machine learning algorithm. In our example,
the outer limit of a spore is simply defined as the steepest gradient in contrast. To measure
the size of spores with ornamentations being ignored, a mathematical correction for the
average extension of the ornaments could be applied. A lack of optical contrast may also
be a problem. However, very pale objects can be stained or analyzed by using phase or
differential interference contrast. Commonly applied dyes, such as Melzer’s reagent for
fungi, can solve the problem of poor contrast but may introduce other uncertainties, such
as inflated objects (e.g., McKnight, 1968) or altered shapes.

CONCLUSIONS

The quantitative method presented herein allows analyzing a large number of spores that
can usually be quantified and sized only by employing expensive equipment. The method is
based on the image analysis of monolayered spores in simple slide preparations. It proved
highly reliable compared to manual measurements, which enabled us to demonstrate
intraspecific variation in the average spore size of different individuals of Ph. albescens. A
cohort of spores having twice the volume of normal spores could be precisely quantified.
Various applications of the method are conceivable, particularly with other spore-bearing
organisms.
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12 Abstract

13 Plasmodial slime molds (Myxomycetes) belong to the spore-dispersed groups within protists, and
14  spore size is an important taxonomic character. By analyzing brightfield and fluorescent images of
15  DAPI-stained spores with machine learning-based algorithms, we recorded the size and the number
16  of nuclei for several thousand spores in multiple accessions of the nivicolous myxomycete
17  Physarum albescens. Several biological species from different mountain ranges of the Northern
18  Hemisphere were included. Spore size was constant within the sporocarps of one colony (mean
19  wvariation 0.4 pm, 1.5%), but highly variable between accessions (10.6—13.5 pum, 10%) even within
20  clonal groups of specimens (8%). ANOVA revealed most of this variation to be explained by the
21  locality (accession: 32.7%; region: 21.4%), less by biospecies (13.5%), whereas the contribution
22 ofintra-colony variation was negligible (<0.1%). Spore size shows high phenotypic plasticity, and
23 differences of 1 um in spore diameter, as claimed to be decisive in determination keys for
24  myxomycetes, appear to be of limited taxonomic value. Spore size distribution showed narrow
25  peaks, and spores were mostly uninucleate. Two rare aberrations occur: 1) multinucleate spores
26 and 2) oversized spores with a double or triple volume of normal spores. Both aberrations are not
27  related to each other or limited to certain biospecies.

28

29  Keywords DAPI staining; particle analysis; spore diameter; spore size distribution; wind dispersal
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Introduction

Besides the Arcellinida (Thecamoebae) with their intricately structured husks (Lahr 2021) the
plasmodial slime molds (Myxomycetes, Stephenson & Schnittler 2017) are one of the few protist
groups with a well-developed morphological species concept, used even in recent monographs
(Neubert et al. 1993, 1995, 2000; Poulain et al. 2011). More than 1000 species have been described
up to date (Lado et al. 2005-2022). As a result of ca. 200 years of research based on records of the
fructifications, which can be stored as herbarium specimens, a solid body of data on their
worldwide distribution at the level of morphological species is available (Stephenson et al. 2008).
The main vegetation zones on earth, different continents (Dagamac et al. 2017a), but even more
microhabitats (like litter, decaying wood, or tree bark) show clearly different species assemblages
(Schnittler et al. 2021).

Molecular investigations within the last decade revealed that most of these morphologically defined
species seem to be complexes of cryptic species, and now a number of case studies are available
(Badhamia melanospora, Aguilar et al. 2014; Trichia varia, Feng & Schnittler 2015; Meriderma
spp., Feng et al. 2016; Tubifera ferruginosa, Leontyev et al. 2015; Hemitrichia serpula, Dagamac
et al. 2017b). In each case, the respective species shows an unexpected diversity in ribosomal
18SrRNA sequences, used as the primary barcode marker in myxomycetes (Schnittler et al. 2017,
Borg Dahl et al. 2018). If a second marker was studied, recombination was restricted within groups
of specimens which can thus be called putative biological species. In some cases, they do not show
morphological differences (Trichia varia), in others they slightly (Hemitrichia serpula) or more
pronouncedly (Tubifera ferruginosa) differ in morphological features and are sometimes, but not
always (Aguilar et al. 2014, Janik et al. 2020, 2021), geographically separated. This has led to a
renewed interest in classical morphology-based taxonomy. In all monographs, spore size is
consistently given as one of the most important characters to distinguish species. Given the fact
that the terminal velocity of spores (Tesmer & Schnittler 2007) is heavily influenced by spore size
as to expect according to Stoke's Law, this should be a character under strong selective pressure.
In addition, the number of nuclei per spore might influence spore size, their terminal velocity and
thus colonization ability, as explained in a model (Schnittler & Tesmer 2008). This is governed by
the mating types of myxomycetes, which were detected already in classical experiments with the
few easily cultivable species, like Physarum polycephalum or Didymium iridis, in the 1970s

(Collins 1979, 1981). The rule in myxomycetes is heterothallism: only amoebae that are not
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descendants from the same clone will mate (Clark & Haskins 2010), which leads according to the
"textbook life cycle" (Stephenson & Schnittler 2017) to a diploid plasmodium. A second
precondition for successful mating seems to be a certain density of amoebae, making them sexually
competent (Clark & Haskins 2016). The diploid plasmodium gives rise to fruitbodies developing
wind- or animal-dispersed spores (Alexopoulos, 1963; Gray et al. 1968; Ing, 1994; Kamono et al.,
2009), and this process is connected with a meiosis. Older literature includes numerous studies
about meiosis based on light-microscopical observations, and these often report synaptonemal
complexes in young spores (Clark & Haskins 2013). After meiosis, all but one of the four nuclei
degenerate, as found for Physarum polycephalum (Laane & Haugli 1976), leading to haploid
uninuclear spores. Restitutional fusion may exceptionally restore diploid nuclei and enable
automictic lineages, which explains the existence of homothallic strains often found in culture
studies (reviewed in Clark & Haskins 2013). For heterothallic strains, spores in this "post-cleavage"
model initially include diploid nuclei, with both mating types. As to expect for the always
heterozygous loci carrying the mating types, one sporocarp should have spores of complementary
mating types in a 50:50 ratio if random survival of post meiotic nuclei is assumed. Spores that
accidentally include two haploid nuclei of different mating types should have a colonization
advantage, since a single spore entering a new habitat island could germinate with two amoebae
which later can mate (Schnittler & Tesmer 2008). The disadvantage of binucleate spores would be
that they are heavier and perhaps larger, if we assume a correlation between the number of nuclei
and the amount of cytoplasm included in a spore. This results in a higher terminal velocity and a
lower dispersal ability (Tesmer & Schnittler 2007). In addition, descendants from such a binucleate
spore should suffer from inbreeding, essentially rendering the mating types non-functional.
Although most studies based on electron-microscopy support the “post-cleavage model”, Clark &
Haskins (2013) review as well light-microscopic support for a "pre-cleavage" model. Here, meiosis
takes place in the plasmodium, and each of the resulting haploid nuclei forms a spore. This would
again result in a haploid uninuclear spore. However, here as well, two nuclei may accidentally be
included in a spore, with similar consequences as in the post-cleavage model.

Regardless of the meiosis model, first mitotic divisions may take part already before a spore
germinates. If spores become multinucleated this way, they would give rise to genetically identical
amoebae and would thus not enjoy a colonization advantage. In this case, however, multinucleate

spores with post-mitotic nuclei should not be larger than uninucleate ones.
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But how stable is spore size and the number of nuclei included in "wild" populations of
myxomycetes? To answer this question, we studied spores of different accessions of the nivicolous
myxomycete Physarum albescens Ellis ex T. Macbr. quantitatively. It is a typical member of the
dark-spored clade of the Mycetozoa (Leontyev et al. 2019) and occurs predominantly in humid
mountain ranges of the Northern Hemisphere (Dagamac et al. 2021). The guild of nivicolous
myxomycetes, discovered first by Meylan (1908), forms fruit bodies under the melting snow, which
often emerge with snowmelt. Members of the guild fruit most commonly but not exclusively in
mountains (Roniker & Ronikier 2009). Fructifications mature during the snow melt, and
environmental conditions change rapidly over a short time (Schnittler et al. 2015). Ph. albescens
is genetically diverse and includes numerous putative biological species that are probably
reproductively isolated (Shchepin et al. 2021). Perhaps due to spore dispersal, only some but not
all of these biospecies show a clear-cut geographical pattern, as found for non-sporulating testate
amoebae (Singer et al. 2019) and occur often sympatric. Genetic patterns, as resolved with Sanger
sequencing of three different markers and genotyping by sequencing, revealed a predominance of
sexual reproduction, although geographically isolated putative clones were as well found.

We used the accessions of Ph. albescens investigated in Shchepin et al. (2021) to answer three
questions: 1) How constant is the spore size (i) within a colony of sporocarps, (ii) within a group
of colonies constituting a clone and (iii) within a biological species? 2) Is there a relation between
the number of nuclei and the spore size? 3) How common are multinucleate spores, and does their

occurrence follow a recognizable pattern?
Results

Spore size and nucleus counts

Altogether, 103 sporocarps of Ph. albescens from 39 accessions (Supplementary Material Table
S1) were measured for spore size (Supplementary Material Table S2), with 27 accessions analyzed
for three or more sporocarps. The number of spores successfully counted reached from 892 to
43,353 per sporocarp (mean value 14,857). In addition, 21 sporocarps from 15 accessions could be
analyzed as well for the number of nuclei per spore (Fig. 1). If discernible spore populations exist,
recognizable by multimodal distribution patterns, only the one with the smallest (and always most

numerous) spores was considered for mean spore size.



123 Fig. 1 shows examples for the two corresponding images used for the measurement process,
124 visualizing spores of slightly different sizes and different numbers of nuclei occurring within one
125  specimen.

126

127

128
129 Figure 1. Example for sections of pairs of corresponding images for simultaneous assessment of

130  spore diameter and number of nuclei per spore in accession Sc30211: A, B bright field, C, D
131  fluorescent light (DAPI) and E, F digitally merged images indicating DAPI fluorescence in cyan.
132 In C and D, examples of diffuse (background) fluorescence can be seen, but as well sharply
133 delimited fluorescence, indicating the presence of a nucleus. Images A, C, E shows examples of
134  uninucleate spores, images B, D, F depict binucleate spores. Bar: 10 pm.

135

136  On average, 84,4% of all spores captured in an image were measured (spores that were not too

137  close to the margin). For selected specimens, this number was lower when spores were measured



138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

and counted for nuclei simultaneously (68.9%). The obtained figures (see Supplementary Material
Table S2) were used for all following analyses.

Performance of the machine-learning algorithm

Two different models trained for their specific tasks were applied: the one trained for the
recognition of spores (bright field, spore model) and the other for the recognition of nuclei
(fluorescent images, nucleus model). Both models performed rather stably over a wide range of
intersection over union (IoU) thresholds (Supplementary Material Figure S3). For the spore model,
an IoU threshold of 0.5 was used with a non-maximum suppression threshold of 0.3. The nucleus
model ran under 0.5 and 0.4 IoU, respectively. A stable and high performance could be reached for
the spore model over a range of 0.1 to 0.8 IoU, while for the nucleus model the performance began
to visibly decrease above an IoU of 0.5. With IoU = 0.5, the spore model reached a precision of
99%, a recall of 91%, and an F1-score of 0.94; the nucleus model performed best at [oU = 0.3 with
figures of 90%, 90%, and 0.91, respectively.

The spore model performed nearly instantly well and could separate a single spore in a densely
packed environment in most cases without a problem. The nucleus model had to be improved by
increasing the training dataset further and expanding the different training cases drastically, like
haziness, different low intensities, damaged and degraded nuclei, including cases with different
concentrations of mitochondrial (background) DNA in spores. Even though the StarDist algorithm
uses semantic segmentation, false segmentation of overlapping spores was almost completely

avoided due to the mounting procedure spreading the spores evenly under the cover slip.

Fluctuations in spore size

If we look only at the average spore size (based on all objects identified by the spore model as
spores), the range of average spore size reaches from 10.64 um (sporocarp 1, Sc26413, Ile Alatau,
Kazakhstan) to 13.54 um (sporocarp 1, Sc29276, Rocky Mountains, USA) in the morphospecies
Ph. albescens. Range of mean spore size within the three sporocarps measured for the same
specimen is between 0.07 and 1.42 pm, with a mean range of 0.40 um (27 accessions analyzed for
three or more sporocarps). If expressed as percent of the mean size, the intra-colony variation
ranges from +1 to £5% (average + 1.5%). Fig. 2 visualizes mean spore size for all measured

accessions.



168  The average width of the spore size distributions, expressed as multiples of , ranges between 0.22
169  um and 1.68 um, with an average of 0.42 um. A correlation test between the mean spore size of

170  each accession and their standard deviation showed a significant correlation (r = 0.45, p = 0.004).

-100°W 150°E

171

172 Figure 2. Map of the Northern Hemisphere showing the origin of all accessions analyzed for spore
173 size (grey circles) and the number of nuclei (colored pie diagrams). Vertical rows of circles / pie
174 diagrams show the accessions analyzed from one region, and horizontal rows show sporocarps for

175  a certain accession. The size of a pie diagram indicates spore size according to the scale given in

7
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the lower-left corner; colored pies indicate the proportion of spores with 0, 1, 2, or 3 nuclei.
Rectangles indicate the investigated regions. The letter symbols for each accession correspond to
the putative biospecies, according to Shchepin et al. (2021). An asterisk denotes samples with

multiple spore populations.

Although some patterns are recognizable, there is a considerable fluctuation within the members
of different biospecies. For example, biospecies A (Kazakhstan, Shchepin et al. 2021), as well the
most deviating in other morphological characters, has the smallest spores (mean 10.66 um, two
accessions); biospecies E (Rocky Mts.) has the largest (13.38 um, two accessions). Biospecies C,
also from the Rocky Mts., has again small spores than E (10.83 pum, three accessions). Table 1
shows mean figures and variation for the more commonly encountered biospecies: spore size varies

8—10% within a biospecies.

Table 1. Variation in spore size within a biospecies of Physarum albescens, shown are results for

four biospecies represented by three or more accessions.

Biospecies Hb He B D
Number of sporocarps
measured 46 9 30 9
Number of accessions
measured 14 3 10 3
Spore size
Min 10.92 11.30 10.73 10.74
Max 12.87 12.43 13.14 13.25
Mean 11.94 11.62 12.31 12.01
SD 0.58 0.34 0.65 0.90
% variation from mean 91-108 97-107 87-107 89-110

To explain variation in spore size of the first spore population, an ANOVA was performed with

the factors region, biospecies, accession, and sporocarp (Table 2).
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Table 2. Results of an ANOVA for variation in spore size over different mountain ranges,
biospecies, accessions and sporocarps. Shown are degrees of freedom (Df), sum of squares and

their proportion on total variation, mean squares, F and p-values.

Source of Mean
Df Sum of squares F  p-value

variation squares
Region 6 15,934.3 (21.40%) 2,655.71 11,375.66 <0.00001
Biospecies 5 10,048.7 (13.50%) 2,009.74  8,608.65 <0.00001
Accession 27 24,367.7 (32.73%) 902.51 3,865.85 <0.00001
Sporocarp 4 57.5 ( 0.08%) 14.38 61.60 <0.00001

Residuals 102,957 24,035.9 (32.29%) 0.23

The respective accession turned out to be the main source for spore size variation, explaining
32.73% of the total observable variation. Another 21.40% were attributed to region, 13.50% to
biospecies, and only 0.08% of the total variation was explained by the different sporocarps
measured for one accession. About one third (32.29%) of the variation in spore size could not be
explained by the four factors. All factors were significantly different (p<0.00001). A post hoc
analysis (not shown; computed as Tukey's honestly significant difference test) verifies that between
each factor, every level of combinations is significantly different, which is caused by the large
sample sizes (1000 randomly selected spores were considered). Only much smaller sample sizes
(below 50 spores sampled, data not shown) would produce p-values exceeding 0.05.

Spore size varies as well considerably between different accessions belonging to the same clone
(Fig. 3). A clone from Kamchatka (collected in 2017, six collections made within a distance of
25 m, biospecies Hb, identical in three genetic markers and GBS profiles, Shchepin et al. 2021)
showed a variation of nearly 2 um in mean spore size, well comparable to the variation in the entire,
worldwide data set. Except for accession Sc29851, different sporocarps from the same colony of
sporocarps are rather similar in spore size (mean SD 0.14 pm). A type III analysis of variance
reveals that the respective accession is the main source of variation in clonal accessions (Table 3),
similar to the results for the whole data set (Table 2). After that, additional spatial factors contribute
only marginally to explain further the variation in spore size. These spatial factors were assigned
to sporocarps regardless of possible order or affiliation to each other within the same

accession/colony and should provide additional information for size differentiation on a micro
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spatial level. The factor “twig” (the assignment of sporocarps to different twigs of one shrub,
regardless of possible order or affiliation to each other within the same accession) provides more
variation than the exact position (lower, middle, upper) of the sporocarps on the twig itself. An
effect size calculation for these two factors with interpretation rules from Cohen (1992) was
performed and showed that for the factor “twig” effect size is rather small (n> = 0.07, CI95: 0.06—
0.08), but for the factor “twig position” it is one order of magnitude smaller (n?> = 0.002, CI95:
0.002-0.002).

A
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Figure 3. A Spore sizes of six accessions from the same clone of biospecies Hb (Kamchatka, June
2017) collected from different twigs of shrubs within 25 m distance. Means of spore size (ranging
from 11.01 pm to 12.88 um) per sporocarp for the first (most abundant) spore population are
shown. For accession Sc29860, a second discernible population of spores is shown in
semitransparent mode. B Collecting scheme showing multiple twigs (red) with fruiting colonies
sampled from shrubs at the margin of a snowfield, used as variable "twig" in statistical analyses
(see text). C Position of sporocarps within a colony on twigs sampled in boxes (bottom, middle,

top) used as variable "twig position".

Table 3. Results of Type III Analysis of Variance with degrees of freedom calculated according to

Satterthwaite's method in spore size over a group of clones with additional microspatial information

10
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(twig = different twigs of shrubs where the colonies fruited; position = upper, mid, lower position

of the measured sporocarp on a twig). Abbreviations are as in Table 2.

Source of
Df  Sum of squares Mean squares F  p-value
Variation
Position 2 5.05 2.52 (0.79%) 15.38 <0.00001
Twig 2 220.19 110.09 (34.46%) 671.12 <0.00001
Random Standard
Variance
effects deviation
Accession 0.48 0.70
Residuals 0.16 0.41
Mantel tests

We used Mantel tests to test for a correlation of spore size with biospecies and with accession. For
the data set as a whole, spore size was neither significantly correlated with biospecies (r = 0.09, p
=0.09) nor with accession (r = 0.04, p = 0.12).

Within the clonal accessions, we had three clonal groups where at least one accession was found
significantly further away than the others. The first group came from the Spanish Sierra Nevada
(four accessions, Sc30353 and Sc30319 with 230 m distance, Sc30146 and Sc30053 over 2 km
apart); here we found a significant spatial correlation (r = 0.68, p = 0.001) between differences in
mean spore size and the distance between collections. The second group from the Khibine Mts. in
Russian (four accessions along a valley; LE296811 with 4 km distance to the closest LE296929,
ca. 1 km to LE297022, and 1 km to LE297045) showed as well a significant spatial correlation (r
=0.23, p =0.027). Similar results were found for the third group (Khibine Mts., three accessions,
LE297034 and LE297079 were 70 m apart, but LE305848 found 44.6 km further in a second valley
and two years later; r = 0.92, p = 0.001).

Occurrence of different spore populations

Spore size distributions in most specimens were uniform and rather narrow (Supplementary
Material Table S2), but three specimens had two (Sc24902, Caucasus; Sc30248, Sierra Nevada) or
even three (Sc29860, Kamchatka) discernible spore populations (Table 4). If the volumes of these
spore populations are derived from the mean diameter, roughly a relation of 1:2:3 appears. Fig. 4

shows examples of the spore size distribution curves.

11
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Fig. 4. Three examples of spore size distribution within one sporocarp, showing one, two, and three

discernible spore populations. A Specimen Sc30289 with a narrow size distribution (the normal

case). B Specimen Sc24902 with two populations, this accession shows a significant proportion of

binucleate spores. C Specimen Sc29860 with three discernible spore populations, their volumes

follow roughly a relation of 1:2:3 (see text).

Table 4. Specimens with more than one discernible spore population (compare Fig. 3). For each

sporocarp (coded with accession/sporocarp) the following figures are listed: numbers of spores

measured (n), spore diameters (mean X + standard deviation c), mean spore volume (V) derived

from it, and the respective ratios (r).

Spore Population 1

Spore Population 2

Spore Population 3

Spore Spore Spore
Spore size Spore  size Spore  size
volume volume volume
(nm) ; (nm) ; (nm) ;
(um?) (um?) (um?)
Acc n Xto V r|n Xto VvV r n Xto vV
Sc24902 15427 1220 951 1 1005 15.10 1802 1.90
/1 1+0.54 +0.52
Sc30248 4330 13.06 1167 1
/1 +1.68
Sc30248 13823 12.87 1116 1 5998 15.68 2019 1.81
/2 +0.65 +0.30

12
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5c30248 499 1215 940 1
/3 +0.43
5c29860 1360 11.09 714 1 1024 13.82 1383 1.94 182 16.00 2143 3.00

/1 +0.48 +0.61 +0.44
Sc29860 2385 11.00 697 1 1366 13.72 1353 1.94 486 15.85 2083 2.99
/2 +0.45 +0.59 +0.64

Sc29860 3016 1112 720 1 1674 13.65 1332 1.85 271 1587 2094 291
/3 +0.49 +0.59 +0.44

Nuclei per spore

For a total of 21 sporocarps from 15 accessions, the number of nuclei per spore was assessed
additionally to their size. For a small fraction of spores, usually below 1%, no nucleus was detected
(from the 21 analyzed sporocarps, five had between 2 and 5% of spores without a nucleus, but one
specimen had 27%, LE305858, Supplementary Material Table S2). Most spores (72-99%),
including spores without a nucleus, were uninucleated. The fraction of binucleate spores was very
small (usually below 1%).However, a single specimen (sc30211, Spanish Sierra Nevada) had 15—
25% binucleate spores in all three analyzed sporocarps, but the spore size distributions were
unimodal. Fig. 2 shows the proportions of the respective fractions of spores with 0, 1, and 2 nuclei
as pie diagrams.

Only one of the 21 sporocarps analyzed for the number of nuclei (sc24902, Caucasus) displayed a
well-separated second spore population (Fig. 3B, 6.5% of 16432 analyzed spores). The relation of
spores with 0, 1 and 2 nuclei were 0.01:0.98:0.01 for the first spore population, but 0.08:0.64:0.28
for the second. This second spore population had roughly two times the volume of the first one

(1.895).

Discussion

This study combined two quantitative, image-based methods to measure spore size and the number
of nuclei per spore simultaneously. It allows for the first time in myxomycetes to (i) derive very
reliable measurements for spore size without any human bias and (ii) to look at the number of
nuclei included in these spores. The respective procedures are time-consuming but rather accurate:

even subtle differences in spore size can be revealed. With sample sizes exceeding 10,000 spores
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per sporocarp the effect size necessary to produce a significant difference between two samples is
ca. 0.03 um. Thus, reaching significance in comparisons between accessions is not the goal but the
large number of spores measured provides more precise confidence intervals. Therefore, we focus
on how much variation in spore size can be explained by given covariates like clone assignment
(genetic identity), biospecies (genetic relationship), or spatial information (as a proxy for variation
in environmental conditions). With the rapid temperature differences typically occurring during
spore formation in nivicolous myxomycetes (Schnittler et al. 2015) and the rugged relief in
mountains, environmental conditions can be expected to vary strongly in distances of meters and
times of a few days. If we consider such factors as exposure to the sun, microenvironmental
conditions can vary even at the scale of centimeters, providing different conditions for the
development of sporocarps within one colony Looking at the importance of spores for dispersal
and colonization, our null hypothesis was nevertheless that this trait is under a strict genetic control.
Measurement errors

Measurements errors for spore size are within the ranges explained in Woyzichovski et al. (2021),
even with the slight method modifications described in material and method. For nuclei counts,
recognition of fluorescence from DAPI staining requires gentle bleaching of spore walls, and this
is the crucial step in this procedure. Exposing spores too long to the bleaching reagent may destroy
the spore wall and reveal the autofluorescent protoplast. The autofluorescence overpowers any
DAPI signal and thus renders nuclei non-recognizable. We tried to find an optimum for the
bleaching time, which worked: except for one specimen (LE305858), the proportion of spores
where no nucleus could be detected was always below 5%. Establishing a relationship between the
different images, bright-field and fluorescence, to assign the number of nuclei to a measured spore
is an automatic process and virtually free of errors.

More difficult is the accurate detection of the number of nuclei for a spore. First, mitochondria,
containing DNA as well, and other cell structures might cause background fluorescence. Second,
even if the spores in our mounts are precisely arranged in a plane (see Woyzichovski et al. 2021),
their nuclei may overlap each other. Due to the sheer mass of possible observations, we sample,
such overlaid nuclei constitute a minor fraction, but we should be aware that the number of
binucleated spores may be rather under- than overestimated. Here, we did not further investigate

this issue, but the use of a confocal microscope should allow it to acquire information along the z-
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axis in high resolution and identify DAPI signals on multiple layers. An additional step would be
needed to separate nuclei signals in the 3D space.

Our model for segmenting single spores on grayscale images worked with precision and recall
values of 99% and 91%, respectively. A visual inspection revealed that in most samples only a few
(typically 1-3 of 150-200) spores in every image were not registered or falsely segmented. In most
cases, this was related to dense spore clusters or fragments from destroyed spores. Most spores
were excluded due to the limits we set to avoid overlap between images: they were too close to the
margin.

For our nucleus model, the lower performance was caused by the underestimated variety of DAPI-
signal in spores of myxomycetes. We could not train the nucleus model to recognize all different
appearances of nuclei, which in part might be caused by deformation of nuclei in the 4-8 yrs old
samples kept as herbarium specimens. Therefore, damaged nuclei may occur and escape detection.
Furthermore, the melanin concentration differed slightly between accessions, but the same
bleaching protocol was always applied. A different intensity in the DAPI signal could be the
consequence, and here the nucleus model begins to underperform, resulting in wrong predictions.
We thus run this model with different IoU thresholds (not shown) and inspected the results visually.
At higher IoU thresholds, performance decreases considerably, since the model starts to detect false
nuclei in the noisy fluorescence background, which would overestimate the proportion of
multinucleated spores. Hence we decided to choose a lower IoU threshold and non-maximum
suppression value, which again might lead to an underestimation of the proportion of
multinucleated spores.

Intraspecific variation in spore size

First, our results are of interest for a basic question: how changeable is spore size in myxomycetes
at all? Virtually all of the monographs in the group present spore measurements, usually from 25—
50 spores and with a precision of 0.5 um, as inferred from the measures given (Rostafinski 1873;
Lister 1894, 1911, 1925; Martin & Alexopoulos 1969; Nannenga-Bremekamp 1973; Neubert et al.
1993, 1995, 2000; Poulain et al. 2011). For a spore of 10 um diameter, as typical for many species
(Schnittler & Tesmer 2008), this would translate into a variation of 5%. Since we are not aware of
any study looking at the natural variation in spore size, our results are the first large-scale

measurements for myxomycetes.
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Spore diameter seems to be fairly constant for different sporocarps of a colony, usually stemming
from the partition of one plasmodium into fruit bodies (+1.5% on average). This would mean that
spore size for a certain accession (a voucher specimen) can be more precisely measured than it is
given in many monographs. However, variations between specimens are much larger (Fig. 2).
Variations are in the range of +£10% within a biospecies (Table 1) and £8% even within the
members of a single clone (Fig. 3). Looking at the whole data set, about 1/3 of the variation in
spore size is explained by accession (Table 2), which can be seen as a proxy for small-scale
fluctuations in environmental conditions. Instead, biospecies affiliation explained only 1/8 of the
variation. This is confirmed by the fact that most of this variation is still explained by accession
when we exclude genetic variation and large-scale spatial variation (Fig. 3, Table 3). In this clonal
group of accessions, the median spore size varies by 1.73 um (between 11.07 and 12.80 um), but
the width of the average spore size distribution reaches 2.72 pm (£2 x SD). We, therefore, conclude
that spore size seems to be much more plastic than commonly assumed and likely to be shaped by
microenvironmental differences: there is a lot of variation between members of a clone, and even
between different twigs of a shrub sampled for one accession (Fig. 3). Exposition and weather
conditions during spore formation, which lasts 48-96 hrs, may play a decisive role. Therefore,
differences in mean spore size of 1 pm, as often applied in keys, may not be sufficient to delimit
species from each other.

The chosen model species Physarum albescens is probably at the upper end of variation in
myxomycetes. First, it is genetically very diverse: 85 multilocus genotypes of three independent
markers were found in 182 accessions over the Northern Hemisphere, combined into 18
reproductively isolated groups (Shchepin et al. 2021) half of which were investigated in this study.
Second, nivicolous myxomycetes experience extreme fluctuations in temperature when the snow
melts rapidly during fructification (Schnittler et al. 2015). Third, nivicolous myxomycetes tend to
have slightly larger spores than non-nivicolous forms (Stephenson & Stempen 1994; Poulain et al.
2011) and have a higher proportion of so-called "macrosporous" varieties (Poulain et al. 2011).
Spore diameter, volume, and number of nuclei

A minor fraction of all specimens (3 of 39 accessions, 8%) showed multiple peaks in the spore size
distribution (Fig. 4). These spores are not part of the normal variation: specimen 29860 of the clonal
group pictured in Fig. 3 displayed a second spore population with 13.65-13.85 um size which is

clearly out of the variation range of this clone (11.07—12.80 um). The appearance of a second spore

16



388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

population is not linked to the occurrence of two nuclei in a spore: from the 15 specimens with
nuclei counted, only one shows a second spore population (Sc24902), and the specimen with a
significant proportion of binucleated spores (Sc30211, 15-25% binucleate spores) possesses a
single spore population only.

The nuclei counts are laborious and thus too limited for detailed statistical analyses but allow for
several conclusions. First, uninucleate spores seem to be the normal case, at least in Ph. albescens:
all 15 investigated specimens had >70% uninucleate spores, and two specimens had even >90%
(Supplementary Material Table S2). Second, spore size is not correlated with the number of nuclei:
most of the rare non-nucleate or binucleate spores fall within the first (and mostly the only) spore
population and do not differ in diameter from uninucleate spores. But mean spore size is positively
correlated with the spore size standard deviation and therefore with the width of the distribution.
Leading to the conclusion that the formation of larger spores is performed under a less regular
mode. The accession Sc30211 (Spanish Sierra Nevada) has a higher proportion of binucleate spores
in all sporocarps of a colony. A small proportion of binucleate spores seems to occur in most or all
accessions, and a visual inspection of the respective images under fluorescence microscopy
confirmed this.

As such, uninucleate spores of a rather uniform size, like for specimen Sc30289 pictured in Fig.
3A, are the normal case. Two kinds of aberrations in spore formation were found: first, "macro"
spores of two- or three-fold volume may occur (Figs. 3 B, C). Unrelated is the second case: spores
with none or more than one nucleus (Fig. 2). These cases seem as well not to be linked to certain
biospecies.

Implications for spore ontogenesis and meiosis

The rare occurrence of spores with the double and triple volume of normal ones and the missing
correlation of spore size with the number of nuclei may be explained best by the post-cleavage
model of meiosis. Initially, one diploid nucleus with two different mating types from the fruiting
plasmodium is included in a spore. With regular meiosis progressing in young and initially
uninucleate spores, one haploid nucleus carrying one of the two mating types survives.

If the spore cleavage mechanism is occasionally disturbed by detrimental environmental
conditions, two or even more diploid nuclei may be included in a spore, and these end up with the
double or triple volume of normal spores. If meiosis takes place in parallel, only a single haploid

nucleus may survive. If accidentally more than one nucleus survives, regardless of the initial

17



419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

445

446
447
448
449

number of diploid nuclei, this results in a binucleate spore. Such a binucleate spore should have a
colonization advantage if it carries nuclei with opposite mating types, but its descendants would
potentially suffer from inbreeding depression. In addition, the additional nucleus might increase
the density of the spore cytoplasm.

If we assume a pre-cleavage model of meiosis and a spore volume correlated with the number of
nuclei enclosed, only macrospores (the second spore population) should include two post-meiotic
haploid nuclei. The smaller and less dense a particle is, the greater its dispersal potential (Norros
et al. 2014). For spores, terminal velocity is inversely related to the power of its radius according
to Stoke’s law, which was shown for myxomycetes (Tesmer & Schnittler 2007). Thus macrospores
should have a disadvantage, but counterselection against aberrant spores may not be as strong as
expected from Stoke's Law. But this assumption of correlation between spore volume and number
of nuclei seems not to be the case, as found for specimen Sc30211 which has 15-25% binucleate
spores but only a single spore population. If studies like this one can be combined with single-spore
sequencing for the mating-type locus, it would be possible to reveal the exact meiotic mechanism.
For now, the spore counts revealed two important results. First, a uninucleate spore seems to be the
normal state at least for Ph. albescens, but probably for all myxomycetes. Second, deviations occur,
at least in nivicolous myxomycetes, although there are reports of binucleate spores as well for
Physarum pseudonotabile, a species of Central Asian steppes and deserts (Novozhilov et al. 2013),
in several species of Arcyria and Badhamia affinis (Smith 1929, Gray & Alexopoulus 1968), for
Arcyria cinerea (Alexopolous 1966, Mims & Rogers 1975, Mims 1971) and for Didymium iridis
(Sherman & Mims 1985). In both environments, rapid temperature changes may occur during the
48-96 hrs. of fruit body development: in Ph. albescens caused by rapid snowmelt (Schnittler et al.
2015), in Ph. pseudonotabile by day/mnight differences under the continental climate. The
interesting question is about the consequences of such deviations: do they have consequences for

the reproductive mode or the colonization ability of a species?

Conclusions

Spore size in myxomycetes is somewhat more variable than assumed by the often narrow
differences declared to be decisive in keys for species determination: even in accessions from the
same clone, it may vary by eight percent. In spite of strong selection for an optimum size to be

expected from Stoke’s Law and the derived terminal velocities, the trait is rather plastic and seems
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to be heavily influenced by microenvironmental conditions. Nevertheless, the relative constancy
in spore size within the sporocarps of one colony calls for a strong genetic background of this trait.
Two aberrations, seemingly not linked, may occur in myxomycete spores: multinucleate spores
and “macrospores”, the latter often have the double or triple volume of normal-sized spores. These
deviations are likely to be caused by environmental factors; we did not find a regular pattern with

respect to the biospecies occurring in Ph. albescens.

Methods

Study material: Physarum albescens was sampled throughout the Northern Hemisphere to cover
a maximum of intraspecific variation (Rocky Mountains, CO, USA; German and French Alps;
Khibine Mountains, Northern Caucasus and mountains of the Kamchatka Peninsula, Russia;
Spanish Sierra Nevada, Kamchatka, see Supplementary Material Table S1). Sampling was done in
an opportunistic way, with a new colony found more than 0.5 m apart from the last one defined as
a new accession. Geographic coordinates were recorded with a hand-held GPS devise (accuracy
3—10 m). From each accession, we typically analyzed three sporocarps.

Preparation of spore mounts: Using the light-microscopic method described in Woyzichovski et
al. (2021), between 10,000 and 20,000 spores per sporocarp were analyzed. For 39 accessions from
6 mountain ranges, up to 5 sporocarps were analyzed (Supplementary Material Table S2). Spores
from an entire sporocarp were arranged in a single plane in a mounted slide (Woyzichovski et al.
2021), and from the resulting images, a number of parameters among this spore diameter can be
inferred. The result is a spore-size distribution, which precisely determines the median and average
spore size. Since the shape of spores in Ph. albescens approaches a sphere tightly, spore volume
can be easily inferred. The big advantage of overflow-cytometric methods to determine particle
size in a quantitative manner is its comprehensibility: at the images, the position of every spore is
known. This allows to count as well the number of nuclei per spore (see below).

In comparison to Woyzichovski et al. (2021), the slide preparation was slightly improved to speed
up the process. The spore mass was placed on the slide with a small removable
polydimethylsiloxane (PDMS) frame. It has a rectangular form with an outer dimension of
approximately 6 x 10 mm, a height of 1-2 mm, and a rectangular 2 x 6 mm sized hole. The spore-
ethanol mixture was transferred into the pocket and observed until the ethanol was nearly

evaporated as described in Woyzichovski et al. (2021). During this step, the embedding medium
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was placed adjacent to one of the longer sides of the frame. After evaporation of the ethanol, the
PDMS frame was removed, and after placing a coverslip, the medium and the spore mass were
mixed.

Spore staining and nuclei counts: In dark-spored myxomycetes as Ph. albescens, spore size can
be measured without further staining. To detect the nuclei, their DNA was stained with the
fluorescent dye DAPI (4',6-Diamidin-2-phenylindol) in a selection of 15 samples. Since spore
walls contain a high concentration of melanin (Rakoczy & Panz 1994), the effect of fluorescent
staining is not directly visible. Therefore, an initial step including hydrogen peroxide was used to
bleach the melanin. The duration of this step depends on the concentration of melanin in the spore
wall. Preliminary experiments showed that suitable bleaching of Ph. albescens spores was reached
with incubation in 30% hydrogen peroxide (H202) for 3 hours at room temperature. To preserve
the fragile nuclear membranes, spores were first fixated with Carnoy’s fixative (6 parts 96%
ethanol, 3 parts 96% chloroform, and 1 part 96% glacier acetic acid) for 40 min, then bleached with
30% H20> for three hours, and subsequently stained with 0.1pg DAPI in 1 ml EtOH. Additionally,
5 ul of each Tween20 and Triton X-100 were added to the staining solution. Between these three
steps, the spore samples were washed three times for 10 min each with 70% EtOH to break the
hydrophobicity of the spore wall (Hoppe, 2014). After fixation, bleaching, and staining, the slides
were prepared as mentioned above and simultaneously analyzed in fluorescent light (detection of
nuclei) and bright-field (recording of spore diameters).

Image acquisition: We used a Nikon Eclipse 901 compound microscope with a monochrome
digital camera from Nikon (DS-2MBWec, 2.11-megapixel, 1,600 x 1,200 pixel, 4.4 um pixel size)
to acquire images at 20x magnification (NA: 0.5, Plan Fluor DIC, Nikon, 0.31 um/pixel on the
object plane). For spore size measurement, images were taken in bright-field. For nuclei detection,
the same section of the slide was photographed under fluorescent light with a filter optimized for
DAPI (Fig. 1).

Bright-field images of slides with mounted spores were used to record the diameter and position
of all spores. In the second step, single spores were isolated from corresponding fluorescence
images using the spatial information from the previous step. The obtained DAPI signatures were
then used to identify the number of nuclei per spore.

Object recognition: For these procedures, we used the deep learning algorithm StarDist (Schmidt

etal.,2018; Weigert et al., 2020) for semantic segmentation on our image dataset with two different
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models trained for their specific tasks. The first model (called spore model) was trained on bright-
field images for finding and segmenting the spores on an image frame densely packed with spores.
Dirt particles of varying sizes and shapes, ranging from filamentous contaminants (capillitium) to
small air bubbles, were trained to be excluded. The second model (called nucleus model) was
trained on fluorescence images to recognize DAPI signals of certain intensity and arrangement —
we defined a nucleus as a dense cluster of DAPI signals with a distinct round shape; scattered single
signals, perhaps arising from mitochondrial DNA, were ignored.

The performance of the models was inspected via plotting a standard metric based on the
intersection over union (IoU) thresholds. The IoU represents the shared pixel amount of the ground
truth mask (GT, images annotated for training) and the prediction mask (outcome of the algorithm)
divided by the total pixel amount of both mentioned masks. For the GT mask, in 1300/1250 images
(spore model/nucleus model) all spores were manually marked. Four classes are consequently
generated. For the true-positive (TP) class, predicted pixels and target pixels from the GT mask are
matched for each group of pixels comprising an object. Their loU values exceed the set threshold
(typical at 0.5) for those objects. Hence a true-negative (TN) classification describes objects that
fail the IoU threshold. Usually, these are background pixels or pixels describing non-target objects.
False-positive (FP) class pixels are type I errors that falsely get the classification as a target. Finally,
the False-negative (FN) class defines the type II error when target pixels fail to exceed the IoU

threshold. With these classes, the following performance metrics can be formulated:

Precision:
TP+FP

TP
TP+FN
TP+TN
TP+TN+FP+FN

Recall:

Accuracy:

precision X recall

F1-score: 2 X —
precision+recall

The figure for precision gives the percentage of correct positive predictions and tells us how well
the model selects only the relevant target objects. The recall gives the percentage of how well the
model could find all target objects. The accuracy reflects the percentage of correctly classified
pixels from the model classes (in our case target objects, i.e., spores or nuclei, and background).
The F1-score is an alternative figure for describing the model's accuracy to select the target objects

correctly.
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To avoid analyzing spores cut by the margin of the images, we excluded all spores closer to the
margin than the size of an average spore (12 pm or 40 pixels).

Data analysis: This procedure resulted in a table with spore size and a table with numbers of nuclei
for sized spores, which was further analyzed with R (R Core Team, 2021). Before any statistical
test, the dataset was checked for errors created by the segmenting process or overlapping spores.
Outliers and background noise were excluded by cutting off the density function of the spore size
distribution at its intersection points with a horizontal line equivalent to the height of 1/40 of the
maximum of the spore size distribution. The height was chosen based on a good separation effect
from noise in the data. After visual inspection, these defined ranges were wider or equal to three
times the standard deviation point for the spore size distribution, including at least 99% of the data
points around the median. For multimodal spore size distributions, a parameter “spore population”
was introduced to assign spores to their respective distribution. These multimodal distributions
were visually detected. Defining the interval points on these distributions were done via finding
maxima and minima within the total distributions.

We applied multiple Mantel tests to analyze the relationship between spore size and spatial
distribution in different specimens found to represent a clone with Genotyping by Sequencing
(Shchepin et al. 2021). Distances between specimens of a clone ranged from 25 m up to 44 km.
The Mantel tests were performed with 10,000 permutations and the Pearson product-moment
correlation coefficient (R package: vegan, version 2.5-7). Differences in spore size between regions
or samples were further analyzed by ANOVA tests (R package: stats, version 4.1.1). For the
ANOVA, we randomly sampled size values for 1,000 spores from each measured sporocarp (which
includes resampling for the few samples including less than 1,000 spores).

To test for possible influences of small-scale fluctuations in environmental parameters on spore
features (which cannot be meaningfully measured during the collection procedure), we used the
position of colonies on the collected plant parts (grass culms, twigs of shrubs) as a proxy. A factor
"twig" was defined to denote colonies from different plant parts of one accession. The position of
investigated sporocarps on this twig (lower, mid, upper end) was described by a factor "twig

position". For these tests, the factor “accession” was set as a random blocking factor.
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Tables and Figures

Figure 1. Example for sections of corresponding images for simultaneous assessment of spore
diameter and number of nuclei per spore in accession Sc30211: A, B bright field, C, D fluorescent
light (DAPI) and E, F digitally merged images indicating DAPI fluorescence in cyan. In C and D,
examples of diffuse (background) fluorescence but as well sharply delimited fluorescence,
indicating the presence of a nucleus, can be seen. Images A, C, E shows examples of uninucleate

spores, images B, D, F depict binucleate spores. Bar: 10 pm.

Figure 2. Map of the northern hemisphere showing the origin of all accessions analyzed for spore
size (grey circles) and the number of nuclei (colored pie diagrams with a diameter corresponding
to mean spore size). Vertical rows of circles / pie diagrams show the accessions analyzed from one
region, and horizontal rows show sporocarps for a certain accession. The size of a pie diagram
indicates spore size according to the scale given in the lower-left corner; colored pies indicate the
proportion of spores with 0, 1, 2, or 3 nuclei. Rectangles indicate the investigated regions. The
letter symbols for each row of diagrams depict the putative biospecies, according to Shchepin et

al. (2021). An asterisk denotes samples with multiple spore populations.

Figure 3. A Spore sizes of six accessions from the same clone of biospecies Hb in (Kamchatka,
June 2017, colonies on different twigs of shrubs collected within 25 m distance). Means of spore
size (ranging from 11.01 pm to 12.88 um) per sporocarp for the first (and largest) spore population
are shown. For accession Sc29860 a second discernible population of spores is shown in
semitransparent mode. B Collecting scheme showing multiple twigs (red) with fruiting colonies

sampled from shrubs at the margin of a snowfield, used as variable "twig" in statistical analyses
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(see text). C Position of sporocarps within a colony on twigs sampled in boxes (bottom, middle,

top, used as variable "twig position".

Fig. 4. Three examples of spore size distributions of one sporocarp, showing one, two, and three
discernible spore populations. A Specimen Sc30289 with a narrow size distribution (the normal
case). B Specimen Sc24902 with two population, this accession shows a significant proportion of
binucleate spores. C Specimen Sc29860 with three discernible spore populations, their volumes

follow roughly a relation of 1:2:3 (see text).

Table 1. Variations in spore size within a biospecies of Physarum albescens, shown are results for

four biospecies represented by three or more accessions.

Table 2. Results of an ANOVA for variation in spore size over different mountain ranges,
biospecies, accessions and sporocarps. Shown are degrees of freedom (Df), sum of squares and

their proportion on total variation, mean squares, F and P values.

Table 3. Results of Type III Analysis of Variance with degrees of freedom calculated according to
Satterthwaite's method in spore size over a group of clones with additional microspatial information
(twig = different twigs of shrubs were the colonies fruited; position = upper, mid, lower position

of the measured sporocarp on the twig). Abbreviations are as in Table 2.

Table 4. Specimens with more than one discernible spore population (compare Fig. 3). For each
sporocarp (coded with Accession/sporocarp) are listed: numbers of spores measured (n), spore
diameters (mean X + standard deviation o), mean spore volume (V) derived from it, and the
respective ratios (r).

Supplementary Material

Table S.1. Locations and biospecies affiliation (see Shchepin et al. 2021) for all investigated

accessions of Physarum albescens. File in Microsoft Excel 2013.
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Table S.2. Average values for all measured sporocarps. Shown are total averages for spore size
and the proportions of spores where 0, 1, 3, >=4 nuclei were detected (columns indicated by
"Total"), and the respective values if discernible spore populations are detected. Shown are used
accessions, represented by 1 to 5 sporocarps (Spc), affiliation to phylogroup (Clade) measured
number of spores (Count) in dependency to spore population (s1 to s4) and nuclei count (n0 to n3),
median spore diameter (Median), the respective standard deviation (SD), lower and upper
confidence interval of the median (lower-CI-95/upper-CI-95), kurtosis value, and skewness for the
respective size distribution. First column shows the index of all accessions separated by used
measurement protocol (n = nucleus measurements, s = only spore size measurements). File in

Microsoft Excel 2013
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Figure S.3. Performance metrics (range 0—1) for both segmentation models. A Spore model
(Recognition of spores in brightfield images). B Nucleus model (recognition of Nuclei in
fluorescent light after staining with DAPI). In both models, an IoU threshold of 0.5 was used.
Precision is the percentage of correct positive prediction and tells us how well the model selects
only the relevant target objects. Recall is the percentage of target objects found. Accuracy reflects
the percentage of correctly classified pixels from the model classes (in our case target objects, i.e.,
spores or nuclei, and background). The F1-score is an alternative figure for describing the model's

accuracy to select the target objects correctly.
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4 Conclusion and perspective

4.1 Main findings

This work focused on genetic and morphological differences (spore traits) of the myxomycetes
Physarum albescens. Article 1 deals with the population genetics of the species. Three independent
genetic markers, a test for reproductive isolation and additionally Genotyping by Sequencing (GbS)
cryptic biospecies could be identified within the morphologically defined species Ph. albescens.
Usually, two or more of these biospecies co-occur in a given mountain range, often sharing the same
habitats (as defined by macroecological conditions), but some may be regional endemics. The
existence of groups of clonal specimens and an overall high genotypic diversity within the biospecies

indicate co-existence of sexual and asexual reproduction in natural populations. In detail:

- An investigation of 324 accessions collected over several mountain ranges of the northern
hemisphere resulted in at least 18 cryptic biospecies (phylogroups), reproductively isolated for three
independent genetic markers (SSU, EF1A, COl). This was confirmed by a phylogeny based on ca. 10,000

parsimony-informative SNP's generated via GBS.

- In a given mountain range several phylogroups can coexist, some may form regionally endemic

populations, but only more intense surveys can ultimately proof the degree of endemism.

- The discovery of clonal samples separated by spatial distances in the m to km range, but as well time
(repeated collections between years) indicates asexual reproduction not mediated by cellular fission
of amoebae. Possible mechanisms may include automixis, repeated mating of the same two amoebal

strains, or active movement/dispersal of plasmodium fragments.

Article 2 presents a species distribution model (SDM) based on updated world-wide occurrence data
and a specially designed snow cover prediction layer to reveal the potential fundamental niche of Ph.

albescens. In detail:

- As to expect, the range of the species is spatially fragmented by the mountain ranges investigated;
fruiting in lowlands is predicted with a much a lower incidence and only beyond ca. 45° northern

latitude.

- Snow cover and elevation are the decisive factors for the occurrence of fruitbodies, but especially
elevation alone does not predict reliably occurrence in northern lowland areas or absence in arid

mountain ranges, especially in Central Asia.
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However, metabarcoding studies undertaken in a parallel project (data not shown) indicate that the
SDM predicts the occurrence of fruit bodies only — areas surrounding mountain ranges may harbor

non-fruiting amoebal populations that consist of sink populations.

Article 3 describes a new method for quantifying spore size. It can be used as well to analyze spore
shape and color in any microscopically small spherical bodies (e.g., pollen grains). Two robust machine
learning models were created to analyze spore images, which are capable to segment and separate

spherical bodies consistently and measure as well fluorescence signals per identified object. In detail:

- Classical mounted slides can be analyzed, since a high-frequency vibration device build with low-cost

materials was invented to arrange them in a plane.

- This allows to analyze thousands of spores simultaneously and enables (in contrast to the cost-

intensive flow-cytometric methods) a visual inspection and verification of the results at any time.

- The method results in spore size distribution, which can be analyzed for with and skewness to reveal

irregularities in spore formation.

- Additional information can be recorded, like shape or color. The method can be combined with DAPI
fluorescent staining, thus simultaneously giving information on the number of nuclei included in a

spore.

These methods are used (article 4) to analyze spore traits and intraspecific variation in selected
biospecies of Ph. albescens. This is the first quantitative analysis of spore size in myxomycetes. It
revealed clear indications for a genetical control of spore size in the species (as expected) but at the
same time, an overwhelming influence of (micro)environmental factors, i.e., an unexpected degree of
phenotypic plasticity. If possible, three sporocarps per accession were separately investigated,

revealing the following details:

- Spore size is fairly constant (£ 1.5%) within the sporocarps of a colony (exposed to the same

microenvironmental conditions), indicating tight genetic control of this trait.

- Spore size varies considerably (+ 10%) within accessions, providing evidence that differences of 1

um, as sometimes claimed as decisive in species keys, are in the range of intraspecific variation.

- This variation was explained best by accession (i.e., origin) as a factor, but to a lesser extent by

Biospecies and to a negligible extent by intra-colony variation.
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- A very similar range of variation (x 8%) showed a clonal group of six accessions collected within 25
m distance, revealing that microenvironmental conditions, caused by the different position of the

respective colonies, account for virtually all of the variation in spore size.

- Spore size distributions are usually narrow and symmetric, but mean spore size and standard
deviation correlate significantly and positively (R=0.45, p = 0.004) — the larger the spores, the less

regular their mode of formation.

- Whereas most sporocarps show uninuclear spores, two kinds of aberrations appear that seem not
to be linked to each other: Some accessions displayed multimodal distributions with discernible
populations, and the larger ones had on average the twofold (in one case: the threefold) volume of
the basic spore population. Other accessions had a significant proportion of binucleate spores, mostly

of normal size.

Contrary to our expectations, spore size, although it seems to be under initial genetic control, seems
to be a highly plastic trait. The observed aberrations do not allow a decisive conclusion about the time
of meiosis (before or after spore cleavage) but provide a new tool to shed light on these processes in
combination with molecular methods. Through this investigation, multimodal distributions in spore
size were the first time recorded in detail, and the distribution of multinucleated spores was related

to their spore sizes.

Our study confirms the theoretical conclusion made through the detection of meiosis-related genes,
that all eukaryotes, including Amoebozoa, are capable of sexual reproduction (Lahr et al. 2011;
Brandeis 2021; Havird et al. 2015; Hofstatter and Lahr 2019; Horandl et al. 2020; Feng et al. 2016;
Speijer 2016) holds true as well for "wild" populations of myxomycetes. In accordance with (Kamono
et al. 2009), dispersal capability is high, and does not explain evolutive radiation into biospecies.
Evidence for this mode of evolution was found not only in Physarum albescens, but as well in recent
studies with Trichia varia (Feng and Schnittler 2015), Tubifera ferruginosa (Leontyev et al. 2015),
Meriderma spp. (Feng et al. 2016), Hemitrichia serpula (Dagamac et al. 2017) and Didymium
nivicola/pseudonivicola (Janik et al. 2020; 2021), all taxa not closely related to our study species. The
guestion is about the advantage of this evolutive radiation. We hypothesize that unlimited dispersal

is a disadvantage since it favors outbreeding depression — but the proof is difficult to obtain.

This may as well explain why spore size, although the decisive factor for dispersal abilities, is
undoubtedly genetically determined but not tightly controlled: there would be no need for it; the

species seems to live well with a considerable amount of phenotypic plasticity in this trait.
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The often sympatric occurrence of several biospecies in the same habitat, but as well in different
mountain ranges lets it appear likely that nivicolous myxomycetes are capable to adapt to changing
conditions (warming causes belts of stable snow cover to move upwards), a question to be
investigated in a follow-up project (SCHN 1080-6). As this relative of the protists demonstrates, the
evolutionary mechanisms to achieve this may be different in different groups of organisms, posing a
major challenge to unified and non-static species distribution models aiming to account for such

processes.

4.2 Outlook: Challenges and limitations

The major challenge in this study was the impossibility to cultivate Ph. albescens in the lab; respective
trials (Shchepin et al. 2014) led only to amoebal strains which did not form plasmodia. On addition,
growth in nivicolous myxomycetes is extremely slow — the formation of fruiting bodies may be
triggered by a kind of quorum-sensing effect: only a critical density of amoebae may lead to the
formation of plasmodia, and this process may take most of the winter. Experiments with data loggers
(Schnittler et al. 2015; Dahl et al. 2018) showed that >4 month contiguous snow cover is the minimum
for stable formation of fruit bodies. From these reasons, experiments to study the response
characteristics of spore formation dependent on changing environmental parameters were not
possible to perform on Ph. albescens. The challenge will be to find an easily cultivable species to
perform the respective manipulative experiments — strains of the model species Ph. polycephalum,

which is extremely rare in the wild, do not any more reliable form fruiting bodies.

For our species, multiple factors like age of spores, germination conditions, the medium's acidity,
contamination of harmful fungi, the right food supply in co-culture (which microorganisms) are still
unknown. A correlation study based on metabarcoding of alpine soil samples, analyzing
simultaneously myxomycetes (18SrDNA as a marker), bacteria (16SrDNA) and fungi (ITS2) failed to
reveal correlations due to the sheer diversity of operational taxonomic units (OTUs) obtained for these
groups of organisms (Borg Dahl et al. 2019). Relations in the soil food web, which is to a certain extent
controlled by myxomycetes (Urich et al. 2008) are simply too complex to be unraveled for all species

involved.

Although the comparison of spore size between clonal and non-clonal groups of accessions would
allow to calculate a broad sense heritability as demonstrated for the clonal duckweeds (Lemna spp.)
in Fischer et al. (2021), it would only show the overwhelming effect of (micro) environmental
conditions. Only a model species that is (1) cultivable and (2) common enough to investigate multiple
native accessions would allow to estimate narrow-sense heritability via an F1 generation raised strictly

under controlled conditions ("common garden"). However, a long-term study on a taxonomically
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related nivicolous myxomycete, Diderma meyerae, where accessions from multiple years from a
transect in the German Alps will be genotyped, may allow somewhat deeper conclusions, if multiple

generations can be tracked in nature.

A major challenge that we solved during this study was the quantitative analysis of spore traits. By
applying high-frequency vibration treatment, rearrangement of spores to a common two-dimensional
plane was achieved. This avoided overlaying spores arranged in different focus planes, which would
require additional steps like z-stacking and the selection against spores not in full focus. In contrast,
spores touching each other, but as well non-target objects like capillitial remnants do not could be
overcome by creating special filters and setting up / training machine learning models to accurately

and reliably identify and separate spores from each other.

Extracting additional environmental information from prediction maps, global environmental maps,
or via remote sensing techniques, like spectrum scans from satellites, a currently not be useful applied
due to the low spatial resolution of these sources. Correlations produced with such information may
lead to wrong conclusions due to missing spatial resolution. This may be overcome by installing data
loggers on places known for regular fruiting of nivicolous myxomycetes, an information now available
for the transect in the German Alps mentioned above. However, the outbreak of covid-19 sadly

restricted us from installing such devices — only in 2021 we could briefly visit the site.

The research presented herein enlarges the toolkit for the studying the ecology of protists like
myxomycetes by at least three instruments. These are (1) true genotyping, achieved with GbS or (now
under preparation, MIG-Seq (Suyama and Matsuki 2015); (2) quantitative analysis of spore size
distributions (and, if desirable color and shape); and finally (3) the analysis of nuclei numbers enclosed
in these propagules. We look forward to apply these approaches in a planned comparative study in
Polish and German lowlands (SCHN 1080/6-1), middle and high mountains to investigate the
consequences of climate change for microscopic eukaryotes like the myxomycetes targeted in this

study.
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