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Abstract

Filamentous cyanobacteria are important primary producers and N: fixers in many terrestrial environments. As
reduced nitrogen is often limiting, some thalloid liverworts (Marchantiophyta), hornworts (Anthocerophyta), the
water fern Azolla (Salviniales), cycads (Cycadophyta), and the angiosperm Gunnera (Gunnerales) have evolved
the ability to establish stable and structurally well-defined symbioses with N2-fixing cyanobacteria. Also a wide
diversity of lichen-forming fungi have cyanobacteria as photosynthetic symbionts or as N2-fixing symbionts.
Cyanolichen symbioses have evolved independently in different fungal lineages, and evolution has often resulted
in convergent morphologies in distantly related groups. DNA techniques have provided a wealth of new
information on the diversity of symbiotic cyanobacteria and their hosts. The fact that many plants and fungi
engage in many different symbioses simultaneously underlines the probable significance of diffuse evolutionary
relationships between different symbiotic systems, including cyanobacterial and mycorrhizal associations. This
review introduces the reader to recent research on symbiotic cyanobacteria in terrestrial ecosystems and shortly

describes the astonishing range of diversity in these ecologically important associations.

Introduction

Mutually beneficial symbiotic interactions are an inherent feature of most ecological communities. Nitrogen is
essential for growth of land plants, but the availability of reduced nitrogen in the soil is often limiting.
Diazotrophic bacteria are able to convert atmospheric dinitrogen (N2) to ammonia (NH3) that can be utilized by
plants, and consequently, numerous land plants form an association with N2-fixing bacteria. These interactions
include the morphologically and physiologically highly coevolved symbioses between legumes and rhizobia,
between actinorhizal plants and Frankia, and a plethora of more casual associations between plants and
prokaryotic diazotrophs (Bothe et al. 2010; Santi et al. 2013).

Filamentous cyanobacteria are important Nz fixers in aquatic ecosystems but also in many terrestrial
environments (Cornelissen et al. 2007; Menge and Hedin 2009; Elbert et al. 2012; Lindo et al. 2013; Rousk et al.
2013; Arroniz-Crespo et al. 2014). However, only a restricted and highly paraphyletic assemblage of land plants
establish welldefined symbioses with cyanobacteria. These include two genera of thalloid liverworts
(Marchantiophyta), all hornworts (Anthocerophyta), one genus of ferns (Azolla, Salviniales), all cycads
(Cycadophyta), and one isolated genus of angiosperms (Gunnera, Gunnerales). Within the symbiotic structures
produced by plants, the symbiotic cyanobacteria (cyanobionts) are sustained by sugars provided by the host
plant (Adams and Duggan 2008; Meeks 2009; Ekman et al. 2013). Most plant-cyanobacterium symbioses are
facultative in the sense that both partners can be cultured separately, but plants in the wild invariably associate
with cyanobacterial symbionts.

Nitrogen is also essential for fungal growth and not surprisingly also many fungi associate with N2-fixing
prokaryotes, including diazotrophic cyanobacteria (Schneider et al. 2016). In addition, a wide diversity of lichen-

forming fungi have cyanobacteria as photosynthetic symbionts (photobionts). Cyanolichen symbioses have



evolved independently in many fungal lineages, and convergent evolution has often resulted in similar thallus
morphologies in distantly related groups of lichen-forming fungi (Rikkinen 2002).

This review introduces the reader to recent research on terrestrial symbiotic cyanobacteria and shortly
describes the range of variation in their associations with land plants and fungi. Many if not most plants and
fungi engage in multiple symbioses simultaneously. This provides vast possibilities for indirect effects between
different symbionts, as well as the potential for each symbiont to modify the benefits and costs the other
symbionts impose on their hosts. Thus, special attention is given to possible diffuse connections between

cyanobacterial and other symbioses, including the diverse mycorrhizal associations of early land plants.

Symbiotic Cyanobacteria

While cyanobacteria are diverse and sometimes abundant in many terrestrial ecosystems, only a small minority
of them establish well-defined symbioses with eukaryote hosts. Nostoc is by far the most common genus of
cyanobacteria associated with land plants and fungi (Fig. 1). Also several other nostocalean and stigonematalean
genera (Howard-Azzeh et al. 2014), including Calothrix, Dichothrix, Stigonema, and the recently re-circumscribed
Rhizonema (Liicking et al. 2009, 2013a; Dal-Forno et al. 2013), include symbiotic taxa. Lichen-forming
ascomycetes of the predominately tropical order Lichenomycetes seem to mainly associate with Gloeocapsa,
Anacystis, and other non-nostocalean cyanobacteria (Tschermak-Woess 1988; Voytsekhovich et al. 2011a, b).
However, DNA studies on the biological diversity in these symbioses have only barely begun (Ortiz-Alvarez et al.
2015).

When in symbiosis, the phenotype of cyanobacteria is often modified, complicating direct comparisons
between symbiotic cyanobacteria and their aposymbiotic relatives (Bergman and Hallbom 1982; Schiifdler 2012;
Ran et al. 2010). However, DNA methods can now be used to accurately identify symbiotic cyanobacteria both
from fresh biological material (Rikkinen 2013) and dry herbarium specimens (Wright et al. 2001; Palinska et al.
2006). At the generic level, the standard DNA method used for identifying symbiotic cyanobacteria is 16S rRNA
gene sequencing. However, due to many unresolved problems in cyanobacterial taxonomy, the symbiotic taxa
cannot presently be identified to bacterial species (Oren and Garrity 2014; Pinevich 2015).

Symbiotic Nostoc can benefit their hosts either by providing fixed nitrogen, as in all plant symbioses and
some cyanolichens, or by serving as a source of both carbon and nitrogen, as in most cyanolichens. Several
studies have shown that lichen symbiontic Nostoc genotypes are closely related to plant symbiotic and free-living
forms of the same genus (Paulsrud 2002; Rikkinen 2004; Papaefthimiou et al. 2008a; Yamada et al. 2012). They
have also indicated that many fungal hosts are highly selective with respect to their cyanobionts. On the other
hand, some lichen-forming fungi are known to associate with many different cyanobiont genotypes and
frequently share them with other fungal species (Kaasalainen et al. 2012; O’'Brien et al. 2013; Magain and
Sérusiaux 2014; see Rikkinen 2013 for recent review). Bryophytes and cycads do not seem to be quite as
selective in their cyanobiont choice and can often associate with several different Nostoc genotypes (Rikkinen
and Virtanen 2008; Gehringer et al. 2010; Yamada et al. 2012).

As a whole, attempts to characterize the cyanobacterial symbiont have so far been made for a minute
fraction of all known terrestrial symbioses. However, the complete genomic sequence of the symbiotically
competent cyanobacterium Nostoc punctiforme (strain ATCC 29133 or PCC 73102), originally isolated from the

coralloid roots of the cycad Macrozamia, has been determined (Meeks et al. 2001). Also the genome of the
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cyanobiont of the water fern Azolla (“Nostoc azollae” 0708) has been sequenced (Vigil-Stenman et al. 2015), and
genomic sequences of several lichen-associated Nostoc genotypes are expected to become available soon (Grube
etal. 2014). Metagenome sequencing of cyanolichens is also providing new insights into the genetic diversity of

cyanobacterial symbioses (Kampa et al. 2013; Sigurbjornsdéttir et al. 2015).

Cyanobacterial Adaptations to Symbiosis

Species of Nostoc form multicellular filaments in which, especially under conditions of combined nitrogen
deprivation, some cells differentiate into heterocysts (Fig. 1), which have a thickened cell wall and provide a
micro-aerobic environment for the functioning of the highly oxygen-sensitive enzyme nitrogenase, which is
essential for the conversion of N2to NHs (Dodds et al. 1995; Flores and Herrero 2010). The vegetative cells and
heterocysts of Nostoc are mutually interdependent; the latter import photosynthates from vegetative cells and
provide nitrogen in return. Multicellularity evolved in cyanobacteria already 2.5 billion years ago (Tomitani et al.
2006; Schirrmeister et al. 2011, 2013, 2015) and has since been lost and regained several times in different
cyanobacterial lineages (Flores and Herrero 2010; Claessen et al. 2014).

The vegetative cells of Nostoc can also differentiate into thick-walled resting stages (akinetes) and/or
hormogonia which are short, small-celled filaments that move by gliding (Meeks et al. 2002). Hormogonia are
attracted to root extracts and to certain sugars, including glucose, and can penetrate into tissues and cells of
plant and fungal hosts (Meeks and Elhai 2002; Adams and Duggan 2008; Ekman et al. 2013). They differentiate
in response to a range of signals, including the still uncharacterized hormogonium-inducing factor (HIF) that is
released by plants under nitrogen starvation (Campbell and Meeks 1989; Nilsson et al. 2006). For more on the
role and mechanisms of cyanobacterial motility in plant infection, see Adams and Duggan (2008) and Adams et
al. (2013).

When inside the plant host, hormogonium production is repressed by hormogonium-repressing factors.
Liaimer et al. (2015) reported that the nonribosomal peptide nostopeptolide produced by symbiotic Nostoc can
function either as a hormogonium-repressing factor or as a chemoattractant, depending on its extracellular
concentration. Splitt and Risser (2016) found that plant-derived sucrose or sucrose analogs can both repress
hormogonia and induce the production of a polysaccharide sheath that seems to play a role in the establishment
and maintenance of the symbiotic state in Nostoc. The signaling between the plant and the cyanobiont may also
involve arabinogalactan proteins (Jackson et al. 2012; Adams et al. 2013).

Inside the host plant, the symbiotic cyanobacterium can undergo drastic morphological and physiological
changes. The vegetative cells may be enlarged and show irregularities of shape. The rate of COz2 fixation tends to
be reduced, whereas Nz fixation is stimulated and ammonium assimilation downregulated (Adams and Duggan
2008; Adams et al. 2013). In plant symbioses and some cyanolichens, the frequency of heterocysts increases,
often reaching 30-40 %, which is several times higher than that typically found in free-living Nostoc (Meeks and
Elhai 2002). The doubling time of symbiotic Nostoc may be slowed down to a fraction of that in free-living
cyanobacteria, which ensures that the cyanobiont does not outgrow its host. For details on genetic aspects of
plant-cyanobiont interactions, the reader is referred to Adams et al. (2013).

In exchange for fixed nitrogen, the plant-symbiotic cyanobacteria extract a carbon cost from their hosts.
The high rate of Nz fixation cannot be maintained by the limited photosynthetic capacity of the cyanobionts

themselves and must be supported by reduced carbon from the host. Symbiotic cyanobacteria are facultative
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heterotrophs and the sugars most frequently assimilated are fructose, glucose, and sucrose. From a carbon
budget perspective, the overall costs to the host for maintaining cyanobacterial N2 fixation and respiration have
not been determined, but they may be considerable. Especially in situations where soil nitrogen is easily
obtained, the cost of maintaining cyanobionts may outweigh the benefits and explain why cyanobacterial
symbioses are not more common among land plants (Ekman et al. 2013).

The cell surfaces of cyanobacteria are covered with complex carbohydrates which act as barriers against
different types of stress and can also act as specific recognition factors (Kehr and Dittmann 2015). Recognition of
compatible cyanobiont cells is believed to be performed by specific lectins produced and secreted by the plant or
fungal host. Lectins have been identified from the fungal hosts of several cyanolichen species (Manoharan et al.
2012; Miao et al. 2012), and a glycosylated arginase acting as a fungal lectin has been found to bind to Nostoc
from cyanolichens to function in the recruitment and adhesion of cyanobiont cells to the hyphal surface (Diaz et
al. 2009, 2011; Vivas et al. 2010).

Vertical transmission of cyanobionts from one host generation to the next has evolved independently in
many different lineages of cyanolichens (Rikkinen 2002), in thalloid liverworts (Rikkinen and Virtanen 2008),
and in the cyanobacterium- Azolla symbiosis (Adams et al. 2013). The production of specialized symbiotic
propagules helps to maintain pairwise symbiotic interactions over time and promotes the likelihood of
coevolution between specific partners. The cyanobiont of Azolla spends its entire life cycle within the host plant
and due to genomic erosion is now unable to grow aposymbiotically (Ran et al. 2010; Vigil-Stenman et al. 2015).
Also some lichen-symbiotic Nostoc genotypes are “unculturable” and may well have lost their ability to grow
outside lichen thalli (Rikkinen 2013).

Kaasalainen et al. (2012) related the high diversity of microcystin variants and corresponding genes in
lichen cyanobionts to the evolutionary effects of symbiotic dispersal. When packaged into propagules of
symbiotically dispersing lichens, the cyanobionts invariably experience extreme genetic bottlenecks. On the
other hand, the close association with one or more fungal hosts likely promotes the selection for traits different
from those typically experienced by nonsymbiotic cyanobacteria. As a whole, the recurrent bottlenecks and
other populations shaping effects may have been instrumental for the evolution of the present genetic and
chemical diversity in lichen cyanobionts.

Cyanobacteria produce a wide range of secondary metabolites, including many toxic compounds (Calteau
et al. 2014; Dittmann et al. 2015). The cyanobionts of some cyanolichens produce hepatotoxic microcystins and
nodularin in symbiosis (Oksanen et al. 2004; Kaasalainen et al. 2009, 2012, 2013), and nodularin was recently
also found from the roots of cycads (Gehringer et al. 2012). These nonribosomal peptides are familiar from
cyanobacterial blooms in aquatic ecosystems, where they have caused animal poisonings around the world and
also pose a threat to human health. It is also possible that some lichen-symbiotic cyanobacteria can contribute to
the defense against their hosts and/or parasitic fungi by producing hassalladins or other mycotoxic compounds

(Vestola et al. 2014; Shishido et al. 2015).

Cyanolichens
Lichens are traditionally defined as ecologically obligate symbioses between fungal hosts and symbiotic green
algae and/or cyanobacteria. The term “cyanolichen” is used of lichens with a cyanobacterial symbiont

(cyanobiont), either as the sole photosynthetic par



tner (photobiont) or as a Nz-fixing symbiont in addition to a primary eukaryotic photobiont. Lichen symbioses do
not have independent scientific names; all partners of the symbiosis have their own names and the name of the
intact “lichen species” refers to the fungal partner alone. Cyanolichen symbioses are ecologically obligate in the
sense that the mycobionts of most cyanolichens cannot be cultured without the appropriate cyanobionts, and
most of the cyanobionts do not appear to establish aposymbiotic populations outside lichen thalli.

Symbioses between different fungi and cyanobacteria have evolved independently on many occasions, and
in some lineages, the symbiosis seems to have been lost. Numerous cyanolichen species, possibly even the
majority, have not yet been found and described (Lumbsch et al. 2011; Liicking et al. 2014; Moncada et al. 2014).
A lichen-symbiotic lifestyle appears to have evolved at least ten times in the Ascomycota and five times in the
Basidiomycota, with a vast majority of the ca. 18,000 currently accepted species of lichen-forming fungi
belonging to the ascomycetes (Liicking et al. 2014). Only about 10 % of the currently known species of
mycobionts establish lichen symbioses with cyanobacteria, with the overwhelming majority associating with
green algae (Chlorophyta), especially certain groups of trebouxiophytes and Trentepohliales or rarely with other
types of eukaryotic algae (Rikkinen 2002, 2015).

Among the fungi, cyanobacteria establish symbiotic associations mainly with ascomycetes (Ascomycota).
Glomeromycetes (Glomeromycota) and basidiomycetes (Basidiomycota) are common partners in mycorrhizal
symbioses, but associations between them and cyanobacteria are rare. Prominent exceptions include
basidiomycetes of the Dictyonema clade (Dal-Forno et al. 2013; Liicking et al. 2014) and the enigmatic
glomeromycete Geosiphon (Schiifdler 2012), which does not well fit into the commonly used definition of a
“lichen-forming fungus.” The polyphyletic chytrids (Chytridiomycota) include many parasites of cyanobacteria

(Gerphagnon et al. 2013; Rohrlack et al. 2015), but no mutualistic forms have been described.

The Lichen Thallus

Within the lichen thallus, the cyanobiont provides sugar (as glucose) and/or fixed atmospheric dinitrogen (as
ammonium) to the mycobiont. The fungus, in turn, provides the cyanobionts water, carbon dioxide, and stable
environment that is relatively well buffered against environmental extremes and grazing invertebrates.

On the basis of their general habit, cyanolichens have traditionally been grouped into foliose, fruticose,
and crustose species (Fig. 2). This division is obviously artificial and convergent forms have repeatedly evolved
in different fungal lineages. The thalli of most cyanolichens are foliose, i.e., their dorsiventral thalli are flat and
lobate and mainly grow horizontally. Fruticose cyanolichens produce shrubby, often upright thalli with
cylindrical lobes that may be attached to the substrate only by a narrow base. Crustose cyanolichens produce
relatively undifferentiated thalli that often grow very tightly attached to or even partly immersed into the
substrate.

The thalli of most lichens are clearly stratified and have a protective upper cortex, a well-defined
photobiont layer immediately below, and a loose medulla that effectively facilitates gas exchange. The lower
surface may have rhizines which attach the lichen to substrate, help to maintain airspace below the thallus, and
contribute to water absorption. The effective exchange of metabolites obviously requires an intimate connection
between the mycobiont and photobionts. In most cyanolichens, thin-walled mycobiont hyphae penetrate the
gelatinous sheaths of cyanobionts but are not in direct contact with the cyanobacterial cell wall. For more details

of the anatomy of lichen thalli, the reader is referred to the recent review by Honegger (2012).
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The light-absorbing fungal pigments and refractive structures in the cortex influence the quantity and
quality of light that reaches the photobiont layer (Bjerke et al. 2005; Wu et al. 2014). The structural organization
of the thallus also influences water relations; while thick thalli need a relatively long time to fill their internal
water storage, the fully hydrated thalli can also continue photosynthesis for extended periods while drying
(Gauslaa 2014; Merinero et al. 2014). In most cyanolichens, the structural characteristics of the thallus can be
modified in response to the prevailing environment. The genetic regulation of lichen thallus formation and
metabolite exchange is still almost unknown, but it must involve extensive molecular crosstalk between the
partners (Chua et al. 2012; Kampa et al. 2013; Wang et al. 2014).

The cyanobionts of gelatinous cyanolichens or so-called jelly lichens (Oksanen et al. 2002; Otalora et al.
2013, 2014) are not organized into a distinct photobiont layer but occur more freely within the medulla (Fig. 2).
The extensive gelatinous sheaths of the cyanobionts can absorb large quantities of water, and consequently,
gelatinous cyanolichens typically exhibit major changes in thallus dimensions during wetting and drying and are
in this respect similar to the gelatinous colonies of free-living Nostoc (Fig. 1).

Based on symbiont composition, cyanolichens have traditionally been divided into two artificial groups:
bipartite cyanolichens and tripartite or cephalodiate lichens (Fig. 2). In bipartite cyanolichens, the cyanobionts
typically form a photobiont layer immediately below the upper cortex. In cephalodiate lichens, the fungus
produces a compound thallus with green algal and cyanobacterial symbionts (Fig. 3). In most cases, the green
algal symbionts form a photobiont layer, while the cyanobionts are restricted to cephalodia, i.e., specific
structures housing cyanobionts in an otherwise green algal lichen thallus (Cornejo and Scheidegger 2013).
Lichen cyanobionts can deliver both sugar and fixed nitrogen to their fungal partners, and the relative
importance of these two activities differs in bipartite and cephalodiate cyanolichens. In cephalodiate lichens, the
green algal photobionts typically produce most photosynthate and the cephalodial cyanobionts mainly fix
nitrogen (Green et al. 2008; Nash 2008). Concurrently, the cephalodial cyanobionts tend to show higher
heterocyst frequencies and higher rates of Nz fixation than those of bipartite cyanolichens. As a whole, cephalodia
occur in hundreds of lichen species, often hidden in the medulla or on the lower surface of the thallus, reflecting
the primary role of cephalodial cyanobionts in N2 fixation.

Cephalodiate cyanolichens can either have one cyanobacterial genotype in all cephalodia of a single lichen
thallus (Paulsrud et al. 1998, 2001) or house different cyanobacterial genotypes in different cephalodia
(Paulsrud et al. 2000; Kaasalainen et al. 2009), and some tripartite lichens have the two different photobionts in
what appears to be the same photobiont layer (Henskens et al. 2012). It is possible that some mycobionts can
respond to habitat variability and environmental change by selecting between different cyanobiont genotypes
with different environmental optima, in a similar way as has been described from some green algal lichens
(Casano et al. 2011). Some cyanolichen mycobionts can produce distinct thallus morphologies in symbiosis with
compatible green algae and cyanobacteria, respectively (Fig. 3). The disparate morphs can either combine to
form one chimeric thallus or grow separately. Chimeric lichens with green algae and cyanobacteria as
photobionts in different parts of one thallus are called photosymbiodemes, and the two types of free-living
morphs are called chloromorphs (chlorosymbiodemes) and cyanomorphs (cyanosymbiodemes), respectively.
Many previously unknown photosymbiodemes have recently been described from different cyanolichen lineages

(Aptroot and Schumm 2009; Magain et al. 2012; Magain and Sérusiaux 2014). They can potentially be used for



studying the influence of photobiont choice on thallus morphogenesis and metabolism under identical conditions
of growth and host association (Schelensog et al. 2000).

While lichens are usually perceived as pairwise interactions between one fungus and one or two
photobionts, they regularly also incorporate a plethora of associated microorganisms. Lichen thalli host diverse
and apparently specialized communities of non-phototrophic bacteria (Grube et al. 2009; Hodkinson and Lutzoni
2009; Hodkinson et al. 2012; Sigurbjornsdéttir et al. 2014; Aschenbrenner et al. 2016). Also the diversity of
associated microfungi is remarkable; nearly 2000 species of lichenicolous fungi have been described and
thousands of additional species are believed to await description (Arnold et al. 2009; U'Ren et al. 2012; Werth et
al. 2013). Many lichenicolous fungi grow only on cyanolichens (Fig. 5), either as host-specific parasites or as
broad-spectrum pathogens, saprotrophs, or commensals (Lawrey and Diederich 2016). In addition, some green
algal lichens regularly start their development on cyanolichen thalli (Dal-forno et al. 2013), while others
associate with colonies of “free-living” cyanobacteria, presumably in order to access fixed nitrogen (Rikkinen

2002).

Ascolichens and Basidiolichens

Among the Ascomycota, cyanobacteria form symbioses especially with Lecanoromycetes (Miadlikowska et al.
2014) and Lichinomycetes (Schultz et al. 2001). An overwhelming majority of cyanolichen mycobionts belong to
Lecanoromycetes (Fig. 4). Species that form bipartite symbioses with cyanobacteria are largely restricted to the
Peltigerales, while cephalodiate taxa occur more sporadically among different lecanoromycete orders
(Miadlikowska et al. 2014). Most fungi in the Peltigerales (e.g., Collemataceae, Nephromataceae, Pannariaceae,
and Peltigeraceae) associate with symbiotic Nostoc, while others (e.g., Coccocarpiaceae) associate with other
nostocalean and/or stigonematalean cyanobionts (Liicking et al. 2009, 2013b; Ekman et al. 2014; Spirbille et al.
2014; Zuniga et al. 2015, see Rikkinen 2013 for more detailed review).

All fungi in the predominately tropical ascomycete class Lichinomycetes are lichen symbiotic, and most of
them seem to establish bipartite symbioses with Gloeocapsa, Anacystis, and other non-nostocalean cyanobacteria
(Tschermak-Woess 1988; Schultz et al. 2001; Voytsekhovich et al. 2011a, b). However, Ortiz-Alvarez et al. (2015)
reported that the cyanobionts of two European species of Lichina (Lichinomycetes) were closely related to
marine and freshwater strains of Rivularia (Nostocales).

While lichenization is generally rare among basidiomycetes, it has clearly evolved several times in
unrelated groups. Seven currently accepted genera form structurally well-delimited symbioses with green algae
or cyanobacteria. In addition, several other groups of basidiomycetes include lichenicolous species, some of
which grow on cyanolichens (Diederich 1996; Lawrey and Diederich 2016). The major lineages of Basidiomycota
that contain lichen-forming species also exhibit saprotrophic, pathogenic, mycorrhizal, and lichenicolous taxa
(Lawrey et al. 2009). For example, some species of Athelia (Atheliales) associate with cyanobacteria, while others
are saprophytes or grow on coccomyxoid green algae or as lichen parasites (Oberwinkler 2012).

Recent studies have revealed that especially the Dictyonema clade (Fig. 4) in the Hygrophoraceae
(Agaricales) includes a large number of hitherto undescribed species (Liicking et al. 2013a, 2014). All species of
this clade are lichen-forming (Dal-Forno et al. 2013, 2016). The basal clade of Dictyonema s. lat. includes fungi

with appressed-filamentous thalli and a simple hyphal sheath around the cyanobacterial photobiont filaments



(Lawrey et al. 2009). Dictyonema s. str. is a paraphyletic grade of species that form appressed to shelflike
filamentous thalli with the cyanobiont filaments surrounded by jigsaw puzzle-shaped hyphal sheaths.
Acantholichen, Corella, and Cora are nested within Dictyonema s.lat and have coiled cyanobacterial filaments
forming clusters, wrapped within a dense hyphal sheath formed by jigsaw puzzle-shaped cells of the mycobiont,
appearing unicellular or pseudo-colonial. Acantholichen is sister to Corella, both in turn forming a sister clade to
Cora (Lawrey et al. 2009; Dal-Forno et al. 2013). The Neotropical genus Acantholichen includes microsquamulose
species with dark blue to gray thalli, with spiny apical cells on both thallus surfaces, giving them a coarsely
white-pruinose appearance (Jgrgensen 1998).

The cyanobionts of the Dictyonema and related basidiomycetes were previously identified as Scytonema
or Chroococcus, depending on whether their filaments were short coiled or not (Tschermak-Woess 1988).
Liicking et al. (2009) revealed that they form a lineage among nostocalean cyanobacteria clearly distinct from
Scytonema species and named them Rhizonema (Liicking et al. 2009). In Dictyonema, Cora, and Acantholichen, the
cyanobionts are enveloped by fungal hyphae and penetrated by haustoria. Thus, like in parasitic chytrids and
some cyanophilous ascomycetes, the basidiomycete hosts actually penetrate the cell walls of cyanobacteria in
search of nutrition (Oberwinkler 1984, 2012).

Lawrey et al. (2009) pointed out that the high concentration and diversity of lichen-forming taxa in the
Hygrophoraceae suggest a predisposition toward lichen symbiosis in this family, even though nutritional modes
in the lineage are not markedly different from many other families in the Agaricales, including mostly
saprotrophic and ectomycorrhizal fungi. However, the family included many bryophilous taxa which associate
either with the plants directly or with photosynthetic microbial communities containing complex mixtures of
eukaryotic algae, cyanobacteria, and moss protonemata on water-retaining peat or well-decayed wood. This may
indicate a tendency to switch from a saprotrophic to a lichen-symbiotic mode of nutrition in bryophilous species

of this family (Lawrey et al. 2009).

Cyanolichen Ecology

Cyanolichens are found in many types of terrestrial environments ranging from tropical rain forests and
semideserts to arctic tundra (Fig. 5). Their diversity and abundance are highest in relatively humid climates.
Epiphytic species do particularly well in the moist and cool conditions of higher elevations in tropical mountains
and in maritime regions of higher latitudes. They are often well represented in the epiphyte communities of old-
growth boreal and temperate forests where they intercept and help to retain atmospheric moisture, sequester
nutrients, and provide habitat and food for many invertebrates. Many epiphytic species thrive in microhabitats
that combine moderate light intensities and ample moisture with periodic drying events.

In closed canopy forests, epiphytic cyanolichens are often most abundant in the lower and mid canopy
sections, where the quantity and quality of light are moderated by the overlying canopy. Cyanolichens are
generally less diverse in arid climates, but can be important components of biological soil crusts in semideserts,
where they help to stabilize the soil and contribute to its fertility. The N2-fixing cyanobionts of cyanolichens
contribute significant amounts of nitrogen to the ecosystem (Gavazov et al. 2010; Elbert et al. 2012). Flexibility
between alternative nitrogen fixation pathways in Nostoc can be significant for cyanolichens that grow on

nutrient-poor substrates and get most of their mineral nutrition through aerial deposition (Darnajoux et al.



2014; Hodkinson et al. 2014). Epiphytic cyanolichens are highly susceptible to the adverse effects of air pollution
and can be used as indicators of clean air. In addition, many species have been hard hit by logging and are now
more or less restricted to old-growth forests and can be used as indicators of long habitat continuity. For more
information on the habitat ecology of cyanolichens, see Rikkinen (2015).

Many cyanolichen species facilitate the reproduction and simultaneous dispersal of their symbiotic
consortium by producing symbiotic propagules. However, the mycobionts of most cyanolichen species only
produce fungal spores and must thus reestablish their symbiotic association at each reproductive cycle. A
compatible partner can be obtained either from a population of free-living cyanobionts or from the thallus or
symbiotic diaspore of another cyanolichen. As appropriate cyanobionts are not likely to be ubiquitously
distributed, the local availability of cyanobionts can explain many patterns of cyanolichen species occurrence,
and shared symbiont specificity may lead to facilitative interactions between different fungal hosts. For example,
some spore-dispersed mycobionts appear to be facilitated by the prior establishment of other cyanolichen
species that produce symbiotic propagules (Rikkinen et al. 2002; Rikkinen 2003, 2013; Fedrowitz et al. 2011,
2012; Belinchén et al. 2014; Dal Grande et al. 2014) or by bryophytes that house appropriate cyanobacteria
(Cornejo and Scheidegger 2016).

Geosiphon pyriformis-Nostoc Symbiosis

Geosiphon pyriforme (Geosiphonaceae, Archaeosporales) is the only species of Glomeromycota that is known to
form a well-defined symbiosis with cyanobacteria (Schiifdler 2012). While this unique association has only been
found from a few sites in central Europe, there is full reason to believe that the symbiosis type is ancient and that
other similar associations still exist and await discovery. The Geosiphon pyriformis-Nostoc symbiosis seems to
represent a “living fossil” of multibiont associations that once connected the cyanobacterial and mycorrhizal
symbioses of early bryophytes and contributed to the evolution of early terrestrial ecosystems.

The Glomeromycota is a monophyletic group of fungi that was previously included as an order in the
former Zygomycetes. Details in the taxonomic history of the lineage were recently reviewed by Redecker and
Schufiler (2014). Glomeromycotan fungi establish arbuscular mycorrhizal (AM) symbioses with land plants
including most vascular plants and many hornworts and liverworts. The symbiotic fungi colonize plant roots but
also efficiently penetrate the soil and improve plant water and mineral nutrient uptake in return for plant-
assimilated carbon (van der Heijden et al. 2015).

Geosiphon pyriformis is unique among the presently known glomeromycetan fungi not only in associating
with symbiotic cyanobacteria but also because it has not yet been shown to form mycorrhizae with bryophytes
or vascular plants. The substrate ecology and establishment of the Geosiphon pyriformis-Nostoc symbiosis were
described by Mollenhauer and Mollenhauer (1988) who managed to maintain the symbiontic consortium in the
laboratory. The fungus grows among free-living cyanobacteria and bryophytes in the topsoil of humid, nutrient-
poor sites and regularly occurs in close association with moss protonemata. The Nostoc symbionts are housed
endosymbiotically within small multinucleate and vacuolated fungal bladders on the soil surface, and the fungal
hyphae can produce new vesicles when a specific primordial stage of Nostoc is present. The cyanobacteria are
incorporated by the fungus near the hyphal tip, which then swells and develops into a pear-shaped aboveground

bladder up to 2 mm long. Each bladder results from a single incorporation event and different bladders formed



by the mycelium can thus house different Nostoc genotypes. Within the terminal bladders, the cyanobionts
proliferate and provide photosynthate and fixed nitrogen to the host. At times the fungus forms large resting
spores similar to those of related glomeromycotan fungi.

Geosiphon bladders are essentially large, multikaryotic cells with a photosynthetically active region in the
exposed apex and a more restricted storage region at the base, partly embedded in the soil and attached to the
underground mycelium. All cyanobionts of each bladder are in one membrane-bound cellular compartment
(symbiosome). There is a rudimentary fungal cell wall between the symbiosome membrane (fungal plasma
membrane) and the enclosed Nostoc cells, basically similar to the thin cell walls of arbuscules of the AM fungi
within colonized plant cells. For more details on the anatomy and ultrastructure, see Schiifdler (2012), and for
genetic aspects, see Schiifdler et al. (2006, 2007) and Ellerbeck et al. (2013).

The endosymbiotic cyanobacterium isolated by Mollenhauer was originally identified as Nostoc
punctiforme. There is a level of specificity in the Geosiphon pyriformis-Nostoc association as some genotypes of
Nostoc are incorporated by the fungus, while in others the development of the cyanobacterium ceases at an early
stage or it is not incorporated at all (Schiifdler 2012). The cyanobiont can be readily isolated and cultivated
without the fungal partner. The vegetative cells of the cyanobiont within symbiotic bladders are larger than the
cells of typical free-living Nostoc, apparently because of the high osmotic pressure inside the bladder, but their
ultrastructure is not markedly modified. Also the heterocyst frequency of cyanobionts within the bladder is
similar to that of free-living Nostoc, indicating that the cyanobionts play a principal role in photosynthesis and
not in Nzfixation (Kluge et al. 1991, 1992). The cyanobionts within Geosiphon bladders get water, carbon dioxide,
and all inorganic nutrients except nitrogen from the fungal host. The fungus may also offer protection against
heavy metals and other abiotic stress factors (Scheloske et al. 2001; Wojtczak and Janik 2016).

While Geosiphon pyriforme is the only AM fungus known to have endosymbiotic cyanobacteria, many
other AM fungi host biotrophic endobacteria in their cytoplasm (Naumann et al. 2010; Torres-Cortésa et al.
2015) and also symbiotic bladders of Geosiphon house such endosymbionts. The Mollicutes (mycoplasma-related
endobacteria, MRE) are related to Mycoplasma and Phytoplasma species which are biotrophic parasites in
animals and plants. The coccoid bacteria appear to possess a Gram-positive cell wall and are not surrounded by
host membrane (Torres-Cortésa et al. 2015).

MRE are common in the mycelia and spores of AMF and are thus also indirectly associated with plants.
Recently they have also been identified from species of Endogone (Mucoromycotina), a fungal genus that also
includes plant mycorrhizal species, implying that the symbiosis between MRE and fungi would predate the
divergence between glomeromycetes and mucoromycetes. They are presumed to play some role in the AM
symbiosis, but the nature of their role is unknown and it thus remains unclear whether they actually are
mutualistic associates or parasites of their fungal hosts (Desiro et al. 2013b, 2015; Naito et al. 2015; Toomer et

al. 2015).

Bryophyte-Cyanobacterium Symbioses

Bryophytes (liverworts, mosses, and hornworts) are generally recognized as the oldest living land plants (Shaw
etal. 2011; Ligrone et al. 2012). While the exact relationships between the three lineages continue to remain

ambiguous (Wickett et al. 2014), the recently most widely accepted view has placed liverworts as sister to all
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other embryophytes (Qiu et al. 2006). Unfortunately the fossil record is extremely fragmentary for all
bryophytes and is of limited value for resolving the earliest divergences and radiations (Taylor et al. 2009).
Spore fossils predate plant megafossils by 40 million years and give some clues to the pioneering events in land
colonization some 470 Mya (Edwards et al. 2014; Brown et al. 2015).

Among the extant bryophytes, only the hornworts and some liverworts establish structurally well-defined
symbioses with cyanobacteria. The cyanobionts are usually Nostoc, although also other cyanobacterial genera
have been mentioned as symbionts of some bryophyte species (West and Adams 1997; Costa et al. 2001;

Rikkinen and Virtanen 2008).

Liverwort Symbioses

Liverworts include ca. 5000 extant species in three classes. Among these, the Haplomitriopsida, including
Treubiales with two genera and the monotypic Haplomitriales, is sister to all other taxa. The Blasiales with two
monotypic genera is sister to the remaining complex thalloid liverworts, the Marchantiopsida, with ca. 340
extant species (Wahrmund et al. 2008). All the remaining liverworts belong to the diverse Jungermanniopsida,
which includes both leafy and simple thalloid forms. Villarreal et al. (2016) estimated that the complex thalloid
liverworts diverged 295 Mya (250-365 Mya) and the Marchantiidae (excluding Blasiales) 262 Mya (226-327
Mya).

Blasia pusilla and Cavicularia densa (Blasiales) are the only extant liverworts that form morphologically
well-defined symbioses with cyanobacteria. The Nostoc cyanobionts of the thalloid liverworts occupy spherical
auricles that develop on the underside of the thallus. The auricle starts its development from a three-celled
mucilage hair, and Nostoc hormogonia enter the auricle when it is a small, dome-shaped structure. Concomitant
growth of cyanobiont and auricle expansion eventually results in a larger, more or less globular structure that is
easily visible even with the naked eye.

Auricles of Blasia pusilla have two slime papillae, with one (the inner slime papilla) partly filling the young
auricle cavity and the other (the outer slime papilla) arising from the thallus adjacent to the auricle (Fig. 6). The
cyanobacteria enter the auricles as hormogonia, lose their motility, and differentiate heterocysts. As a
cyanobiont colony grows, filamentous protrusions derived from the inner slime papilla grow into the cyanobiont
colony and increase the surface area of contact between the cyanobiont and the bryophyte, thus enhancing
nutrient exchange between the host and symbiont (Duckett et al. 1977; Renzaglia 1982; Renzaglia et al. 2000;
Kimura and Nakano 1990).

Blasia and Cavicularia reproduce asexually by producing gemmae which facilitate the simultaneous
dispersal of the host and Nostoc cyanobionts. Blasia produces ovoid gemmae in bottle-shaped receptacles and
stellate gemmae on the upper surface of the tips of thallus lobes (Fig. 6). Cavicularia produces both types of
gemmae in crescent-shaped receptacles forming close to the tips of mature thallus lobes (Fig. 7). The ovoid
gemmae of both liverwort species are nonsymbiotic and only associate with cyanobacteria when they have
dispersed and develop into thallus primordia. However, the stellate gemmae essentially represent miniature
thalli, equipped with two symbiotic auricles, which are regularly infected by symbiotic Nostoc, while the

propagules are attached to the parent gametophyte (Rikkinen and Virtanen 2008).
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During gametophyte growth, the symbiosis is continuously reestablished as young auricles are infected by
Nostoc hormogonia. Concurrently, several different Nostoc genotypes are often present in single thalli. However,
some Nostoc genotypes are dominant and widespread and typically shared by most bryophytes within a given
locality (West and Adams 1997; Costa et al. 2001; Rikkinen and Virtanen 2008). The primary cyanobionts of
Blasia and Cavicularia are closely related and the same Nostoc genotypes have also been found from terricolous
cyanolichens (Rikkinen 2004, 2009, 2013; Rikkinen and Virtanen 2008; Papaefthimiou et al. 2008b).

The stellate gemmae of Blasia and Cavicularia can promote the persistence of specific cyanobacterial
associations over the critical dispersal phase. During subsequent gametophyte development, new auricles are
continuously formed. At this stage, some of the infecting cyanobacteria can represent suboptimal cyanobacteria
from the soil (West and Adams 1997). This is not a serious problem, as only a few auricles infected by
appropriate Nostoc genotypes are needed to support thallus growth. Hence, the cyanobacterial diversity of
bryophyte thalli may more reflect difficulties in avoiding accidental infections, than the lack of symbiont
preference (Rikkinen and Virtanen 2008).

Some leafy liverworts (Jungermanniopsida) including Frullania and Porella species regularly have
cyanobacteria in the watersacs of their leaves (Dalton and Chatfield 1987). Cornejo and Scheidegger (2016)
reported that Frullania asagrayana and the rare and endangered epiphytic cyanolichen Erioderma pedicellatum
share identical Rhizonema cyanobionts. The liverwort is the principal substrate of Erioderma during its juvenile
stage, and Rhizonema within the watersacs of liverwort leaves seems to facilitate the establishment and growth
of the rare cyanolichen. Since Rhizonema has not been found “free-living,” the availability and distribution of
cyanobionts likely represent a critical limit to the establishment and recruitment of ascospore-dispersed
cyanolichen species (Cornejo and Scheidegger 2016). The watersacs on some liverworts are also involved in
other ecological interactions, including zoophagy of protozoa (Barthlott et al. 2000).

The basidiomycete Blasiphalia pseudogrisella (Hymenochaetales) forms appressoria on the rhizoids of
Blasia (Fig. 6). The germinating spores of the fungus have also been observed to infect slime papillae in the
meristematic region of liverwort gemmae. The fungus belongs to the Rickenella clade with other species that
associate with bryophytes or green algae or are predacious on nematodes. Blasiphalia seems to only associate
with Blasia and may be dispersed via infected gemmae of the liverwort host (Redhead 1981; Larsson et al. 2006).

In Blasia and Cavicularia, the slime papillae of symbiotic auricles play a crucial role in symbiosis by
attracting hormogonia and developing into transfer cells that mediate metabolite exchange between the
cyanobiont and the plant host. Also the slime papillae of other liverworts may be involved in symbiotic
interactions with soil microbes (Fig. 8). Such associations have not been described in any detail, but casual
observations reveal that the mucilage produced by slime papillae commonly supports a diversity of bacteria and
filamentous fungi and some of them also infect the papillae. [t seems likely that some of the associated bacteria
are diazotrophic or in other ways beneficial to the plant.

In this context, one must emphasize that the production of slime papillae is an apomorphic feature that
characterizes all extant liverworts. Slime papillae are ephemeral structures and typically produced in specific
localities in growing liverworts where there is an obvious need for fixed nitrogen and/or other growth
promoters, such as at the tips of growing thalli or leaves, in gemmiferous regions, around gametangia, etc. They
are also typically produced in locations where moisture conditions are favorable for prolonged microbial

activity, like in between rhizoids on the lower surfaces of liverwort thalli, around water reservoirs of lobed
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leaves and watersacs, etc. Without roots and a vascular system, liverworts cannot effectively transport nutrients
like vascular plants. Fixing nitrogen where and when it is needed and then shedding the slime papillae may be a
very widespread strategy among this ancient lineage of minute land plants.

Among thalloid liverworts, associations with glomeromycete fungi are widespread in both the complex
(Marchantiopsida) and simple (Jungermanniopsida, Metzgeriidae) lineages. However, these fungi appear to be
absent from Blasia and Cavicularia as well as several derived lineages. The intracellular endophytes typically
infect thalloid liverworts through the rhizoids and colonize particular taxon-specific regions of the thalli where
they form trunk hyphae with numerous short-lived, regularly dichotomizing arbuscular side branches (Pressel et
al. 2010). The swollen rhizoids in many families of leafy liverworts (e.g., Cephaloziaceae, Calypogeiaceae) can be
packed with hyphae of the ascomycete Rhizoscyphus ericae (Leotiomycetes), which also forms ericoid
mycorrhizas with vascular plants. Pressel et al. (2008) pointed out that the origins of the ascomycete
associations in liverworts may date back to more than 250 Mya. Thus, they long predate the ericoid mycorrhizas

which arose only 106-114 Mya.

Hornwort Symbioses

Hornworts (Anthocerophyta) include about 220 currently accepted species in 12 genera (Villarreal et al. 2015).
Several recent phylogenies have placed hornworts as the closest extant relatives of the tracheophytes (Groth-
Malonek et al. 2005; Qiu et al. 2006; Chang and Graham 2011), but lately this has again been challenged (Cox et
al. 2014; Wickett et al. 2014). The monospecific Leiosporoceros is sister to all other hornworts and is currently
placed in a separate class Leiosporocerotopsida (Villarreal et al. 2015). Among many other unique features,
many hornworts have a chloroplast with a central pyrenoid and a carbon concentration mechanism unknown
from other land plants (Li et al. 2009; Xue et al. 2010; Villarreal et al. 2013). They are widely distributed in moist
temperate and tropical habitats, mainly as pioneer colonizers of nutrient-poor substrates (Fig. 9). The tropics
have the highest diversity of species per area, particularly tropical Asia and the Neotropics (Villarreal et al. 2010;
Villarreal and Renner 2014).

Cyanobacterial symbiosis with Nostoc is an universal feature in hornwort gametophytes. The association
is established via apically derived clefts on the lower surface of the thallus. The cavities are connected to the
thallus surface via stomatalike pores. When the Nostoc cyanobiont enters a young cleft, the middle lamella
between hornwort cells separates to form a schizogenous space. As the cavity forms, it is filled with mucilage
produced by surrounding plant cells (Rodgers and Stewart 1977; Renzaglia 1978; Adams 2002). Most hornworts
produce mucilage clefts continuously during thallus growth and each of them becomes individually infected by
Nostoc hormogonia. The presence of the cyanobiont stimulates enlargement of the symbiotic clefts and
noninfected cavities do not develop further (Rodgers and Stewarts 1977). The mature cyanobiont colonies are
usually small and more or less globular. However, in mature Leiosporoceros thalli, the Nostoc cyanobionts form
long and branching strands that run parallel to the main axis of the thallus (Villarreal and Renzaglia 2006). Also
young thalli of Leiosporoceros have mucilage clefts at the thallus apex and Nostoc invasion seems to take place
through them. Later no more clefts are produced and the established cyanobacterial strands start to elongate in

synchrony with thallus growth and branching (Villarreal and Renzaglia 2006).
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As most hornworts continuously produce new ventral mucilage clefts near the thallus apex throughout
their life span, it is likely that multiple cyanobacterial genotypes will invade different clefts of a single hornwort
thallus. The presence of multiple cyanobacterial genotypes within a single hornwort thallus have indeed been
confirmed using molecular markers (West and Adams 1997; Costa et al. 2001). Even young Leiosporoceros thalli
typically have many lobes, each with several mucilage clefts, and this can lead to cyanobiont variability within
single mature thalli (Villarreal and Renzaglia 2006). The development of integrated cyanobiont network in
Leiosporoceros eliminates the need for multiple cyanobacterial invasions during thallus growth. The canals also
allow extensive surface contact for exchange between the partners along the length of the strand. A single
invasion of the hornwort thallus can be adaptive as it eliminates the need to constantly attract new, appropriate
symbionts. On the other hand, multiple invasions could more effectively ensure successful colonization and allow
for more flexibility in cyanobiont choice (Villarreal and Renzaglia 2006).

Hornworts establish mycorrhizal symbioses with both Glomeromycota and Mucoromycotina fungi, often
simultaneously (Ligrone 1988; Schiiffler 2000; Desird et al. 2013a; Bidartondo et al. 2011). Interestingly, the
principal mode of fungal entry in the hornworts is via mucilage clefts and not through rhizoids as in most
liverworts. Desiro et al. (2013a) noted that the fungal hyphae occur in close association with symbiotic Nostoc
within the mucilage, possibly indicating a relationship resembling that of Geosiphon. They also found that the
more abundant the cyanobacteria, the less likely the hornworts were to harbor mycorrhizal fungi. For example,

the thalli of Leiosporoceros were found to be fungus-free (Desiro et al. 2013a).

Moss Symbioses

The mosses (Bryophyta) are the largest group of bryophytes consisting of some 10,000 species in three or four
distinct clades usually recognized as classes. Although the order of diversification is still controversial, it is clear
that the peat mosses (Sphagnopsida) with four genera and the monogeneric Takakiopsida are sister to all other
mosses, followed by the Andreaeopsida with two genera and then the remainder of more advanced orders (Cox
etal. 2010).

Many mosses regularly house epiphytic cyanobacterial colonies on their surfaces, especially in sheltered
spots between leaves and rhizoids (Fig. 10). While most of these associations are undoubtedly facultative, they
definitely play an important role in Nz fixation, especially in boreal and arctic and in some temperate ecosystems
(Solheim et al. 1996; Zackrisson et al. 2004; Gavazov et al. 2010; Lindo and Whiteley 2011; Turetsky et al. 2012;
Rousk et al. 2013; Arréniz-Crespo et al. 2014). Feather mosses in boreal forests commonly house heterocystous
cyanobacteria (e.g., Nostoc, Calothrix, Stigonema) in addition to other N2-fixing bacteria (Houle et al. 2006;
Cornelissen et al. 2007; Ininbergs et al. 2011). In peat bogs, cyanobacteria are often present in the dead and
water-filled hyaline cells in the leaves and stems of Sphagnum. With an elevated pH, the hyaline cells may
represent a favorable microhabitat for cyanobacteria in acidic peatlands (Berg et al. 2013; Kostka et al. 2016).
Lindo et al. (2013) concluded that bryophyte-cyanobacterium associations carry out several important functions
in nitrogen-limited boreal and arctic ecosystems through their production of recalcitrant litter, thermal
protection of soils, and role as the primary source of nitrogen through N:fixation. The composition of nitrogen-

fixing mossassociated cyanobacterial communities differs between moss species, sites, and seasons, but the exact
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patterns remain largely unexplored (Ininbergs et al. 2011; Bay et al. 2013; Leppanen et al. 2013; Warshan et al.
2016).

While many specialized fungi grow on mosses (Débbeler 1997; Davey and Currah 2006; Kauserud et al.
2008) and many of them appear to be species-specific (Higgins et al. 2007; Stenroos et al. 2010), mutualistic
symbioses between mosses and fungi have not been found (Pressel et al. 2010). Thus, all fungal associates of
mosses seem to be either parasites or saprotrophs, and mosses represent the only division of land plants that
does not seem to establish mycorrhizal symbioses with Glomeromycota. This is quite peculiar considering the

early divergence and wide extant diversity of mosses (Liu et al. 2011; Taylor et al. 2015a).

Azolla Symbiosis

The genus Azolla (Salviniales, Pteridophyta) contains seven extant species of small aquatic ferns (Evrard and Van
Hove 2004; Metzgar et al. 2007; Pereira et al. 2011). Several species are widely distributed in tropical and warm
temperate regions (Fig. 11). The genus has an extensive fossil history starting from the Cretaceous based
principally on isolated megaspores (Hall 1974; Collison 1980; Taylor et al. 2009).

Azolla has branching rhizomes with adventitious roots and alternate bilobed leaves (Fig. 11). The
transparent ventral lobe of the lead helps the plant to float, whereas the dorsal lobe is photosynthetic and
contains a cavity with symbiotic cyanobacteria. In mature Azolla plants, the cyanobionts are located in the
periphery of the leaf cavity in mucilage between internal and external envelopes (Adams et al. 2013). The adaxial
epidermis of the leaf cavity contains a pore with an opening that is larger in younger leaves. The growth of the
cyanobionts is coordinated with the growth of the host plant. The apical meristem of each branch contains a
colony of undifferentiated cyanobionts. Cyanobacteria from the colony are introduced into the leaf primordium
before the development of the leaf cavity is complete. During aging, the cyanobionts show decreases in cell
division, increases in the size of vegetative cells, and an increase in heterocyst frequency up to 20-30 % in
mature leaves (Adams et al. 2013). Simple hair cells are involved in the transport of sugars (sucrose) from the
photosynthetic mesophyll cells of Azolla to the leaf cavity. Also, primary branched hair cells with transfer cell
morphology may be involved in nutrient transfer. Ekman et al. (2008) studied the proteomics of the Azolla
cyanobiont and found that processes related to energy production, nitrogen and carbon metabolism, and stress-
related functions were upregulated compared with free-living cyanobacteria, whereas photosynthesis and
metabolic turnover rates were downregulated. In addition to the primary cyanobiont, the leaf cavities of Azolla
regularly house diverse communities of other bacteria which may also play a role in the symbiosis (Nierzwicki-
Bauer and Aulfinger 1991; Lechno-Yossef and Nierzwicki-Bauer 2002; Zheng et al. 2008).

The Azolla cyanobionts retain their association with the fern throughout its life cycle. The vertical transfer
of the cyanobiont to new generations is facilitated by the female reproductive structure (megasporocarp) of the
heterosporous fern. During colonization of the megasporocarp, cyanobiont hormogonia enter through pores at
the top of the indusium and then differentiate into akinetes in a synchronized manner. The details of this process
are described in Zheng et al. (2009). Papaefthimiou et al. (2008b) and Sood et al. (2008) studied cyanobacterial
diversity in Azolla and found different cyanobacterial genotypes from different species and also diversity within
a single Azolla species. The cyanobacteria differed most markedly between members of the two sections of the

genus Azolla.
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Ran et al. (2010) provided evidence that there has been selective streamlining of the primary cyanobiont
genome which has resulted in an organism devoted to nitrogen fixation and devoid of autonomous growth. This
has led to marked loss of function within gene categories for basic metabolic processes such as glycolysis,
replication, and nutrient uptake. Phylogenetic analysis grouped the Azolla cyanobiont (Nostoc azollae 0708) with
Raphidiopsis and Cylindrospermopsis, which have the smallest known genomes among multicellular
cyanobacteria (Stucken et al. 2010). Other molecular characteristics indicate a close phylogenetic relationship to
Nostoc and Anabaena strains (Baker et al. 2003; Papaefthimiou et al. 2008b; Ran et al. 2010). For more
information on the identity of the Azolla-associated cyanobacteria, the reader is referred to recent reviews by
Adams et al. (2013) and Pereira and Vasconcelos (2014).

The Azolla symbiosis is of considerable economic importance (Brouwer et al. 2014). The symbiotic plants
are used as a nitrogen-rich biofertilizer especially in rice paddies and/or fertilization of fields. Owing to its high
protein content, the plants can also be used as a fodder for pigs, ducks, and other domestic animals. Finally, due
to its rapid growth and floating lifestyle, Azolla can also be used to remove nitrates, phosphorous, and heavy
metals from polluted water. On the other hand, the mat-forming and easily spreading plants have also become

noxious weeds in many tropical and temperate regions (Fig. 11).

Cycad Symbioses

Cycads (Cycadales) are an ancient lineage of evergreen, palmlike ggmnosperms that can be traced back to the
Paleozoic (Fig. 12). The oldest cycad fossils are from the Pennsylvanian and the general morphology of the group
has remained relatively unchanged since then (Taylor et al. 2009). Cycads and Ginkgo diverged in the late
Carboniferous or early Permian, and the most recent common ancestor of the living cycads lived in the late
Permian. They diversified and became more abundant in the Triassic when primitive seed-plant floras were
replaced by conifers and cycads after the Permian-Triassic mass extinction. Cycads reached a diversity peak
during the Jurassic and remained relatively stable in terms of diversity during the Cretaceous when the extant
lineages were established. Although all extant cycad lineages are ancient, the modern species do not seem to be
much older than 12 million years (Nagalingum et al. 2011; Salas-Leiva et al. 2013; Xi et al. 2013; Condamine et al.
2015; Silvestro et al. 2015).

Cycads are insect pollinated and their early diversification may have been linked to the cycad insect
pollinator of the order Thysanoptera originating and diversifying in the late Permian. While some cycad-insect
interactions may be ancient, this does not seem to be the case for all associations between cycads and beetles
(Schneider et al. 2002; Terry et al. 2007; Downie et al. 2008; Pefialver et al. 2012). Dinosaurs have been
proposed as key dispersers of cycad seeds during the Mesozoic, and temporal variation in cycad diversity and
abundance has been linked to faunal changes. However, when assessing the fossil evidence, Butler et al. (2009)
could not find unequivocal support for coevolutionary interactions between cycads and herbivorous dinosaurs.

Extant cycads include ca. 300 species that are classified in 12 genera in three families, widely but patchily
distributed in tropical and subtropical regions of the Americas, Africa, Southeast Asia, and Australia (Wang and
Ran 2014). Most cycads have a stout trunk with a large crown of tough leaves and can vary in height from 20 cm
to almost 20 m at maturity and a thick taproot that can extend many meters into the soil. They also produce

lateral roots, some of which develop into specialized coralloid roots that house the cyanobacterial symbionts
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(Fig. 12). The coralloid roots grow sideways or upward toward the soil surface. The cycad-cyanobacterium
symbiosis is still the only known example of a naturally occurring plant root-cyanobacterium symbiosis in
plants, and the ability of many cycads to thrive in nutrient-poor soils is generally attributed to the cyanobacterial
symbiont (Lindblad 1990, 2009; Costa et al. 1999; Adams et al. 2013).

Symbiotic cyanobacteria are not present in precoralloid roots of cycad seedlings, but their presence is
required for further development into coralloid roots (Lindblad 2009; Adams et al. 2013). Precoralloid roots
likely release chemicals that induce hormogonium formation in and act as chemoattractants for symbiotic
cyanobacteria (Ow et al. 1999). The invasion of plant tissue is thought to occur through apical lenticels and/or
injured epidermal cells, and also other soil microbes may be involved in the process (Nathanielsz and Staff 1975;
Lobakova et al. 2003; Lindblad 2009). Once inside the root, the cyanobacteria migrate inward through the outer
cortex and eventually establish a well-defined zone between the inner and outer cortices of the coralloid root.
Specialized plant cells within the cyanobacterial zone facilitate the transfer of nutrients between the symbiotic
partners (Nathanielsz and Staff 1975; Ahern and Staff 1994; Lindblad 2009; Adams et al. 2013).

As the coralloid roots of most cycad species are deep beneath the soil surface, the cyanobionts live in
complete darkness. However, they retain a full photosynthetic apparatus, associated pigments, and carbon-fixing
potential (Lindblad et al. 1985). Nitrogenase activity is several folds higher in cycad-symbiotic Nostoc than in
free-living forms and increases with increasing heterocyst frequency, until reaching a maximum at heterocyst
frequencies of around 25-35 % (Lindblad et al. 1991). There is a developmental gradient from comparatively
low heterocyst frequency in the growing tips of the coralloid roots to very high (up to 46 %) in the older parts of
the roots. Many heterocysts in the older parts are inactive and this explains the decrease in nitrogenase activity
of aging coralloid roots (see Lindblad 2009 and Adams et al. 2013 for further details).

The cyanobionts of cycads are usually Nostoc, but also Calothrix has sometimes been found. Cycads can
house multiple Nostoc genotypes in single plants as well as in single roots, and there seems to be little specificity
between cycad species and their cyanobionts (Lindblad et al. 1989; Grobbelaar et al. 1987; Costa et al. 1999,
2004; Zheng et al. 2002; Gehringer et al. 2010; Thajuddi et al. 2010; Yamada et al. 2012). Most symbiotic Nostoc
genotypes reported from cycads are not identical to those typically found in thalloid bryophytes and/or lichen-
forming fungi and are more closely related to some free-living Nostoc genotypes (Rikkinen 2004; Rikkinen and
Virtanen 2008; Gehringer et al. 2010). However, the cyanobionts within cycad roots may differ markedly from

those found in the surrounding soil (Cuddy et al. 2012).

Associations Between Angiosperms and Cyanobacteria

As pointed out by Osborne and Bergman (2009), structurally well-defined symbioses between angiosperms and
nitrogen-fixing bacteria are relatively uncommon in nature. The Gunnera-Nostoc symbiosis remains the only
known symbiosis between angiosperms and cyanobacteria. It differs markedly from other plant-cyanobacterium

associations in being a true endosymbiosis with Nostoc cyanobionts housed within the cells of the host plant.

Gunnera Symbiosis
All species of Gunnera establish endosymbiotic associations with Nostoc (Bergman 2002; Osborne and Sprent

2002; Khamar et al. 2010; Fernandez-Martinez et al. 2013). The genus includes ca. 60 species of small, medium,
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or sometimes huge herbs with spiral leaves that have wide blades with prominent palmate venation and toothed
margins (Fig. 13). They also have stipule-like “scale leaves” and relatively large and branched inflorescences
bearing numerous small and inconspicuous, almost exclusively wind-pollinated flowers. Most species are
perennial and some can reach a considerable age; the only annual species is sister to the rest of the genus
(Wanntorp et al. 2001, 2003; Wanntorp and Ronse De Craene 2005; Rutishauser et al. 2004).

The order Gunnerales occupies an isolated position among the core eudicots and the divergence from the
stem lineage occurred already ca. 115 Mya (Soltis et al. 2003; Magall6n and Castillo 2009; Vekemans et al. 2014).
In addition to the genus Gunnera (Gunneraceae), the lineage only includes the genus Myrothamnus
(Myrothamnaceae) with two species of small xerophytic shrubs in southern Africa and Madagascar (Apg 2016).
The natural range of extant Gunnera species includes South America, Africa, and the Australasian region, with
some species reaching Hawaii and southern Mexico in the north (Wanntorp and Wanntorp 2003). This range
indicates that the plants were widely distributed in Gondwana before its final breakup (Wanntorp and Wanntorp
2003).

Gunnera also has a long fossil history based on its characteristic pollen going back to the Early Cretaceous.
Fossil pollen has been identified from all continents of the Southern Hemisphere but also from India and North
America, as well as sediments in the Indian and South Atlantic Oceans (Wanntorp et al. 20044, b). Several species
are cultivated as garden ornamentals, and especially Gunnera tinctoria, originally a native of Chile, has
naturalized and become invasive in several regions with humid temperate climates, including Ireland, the UK,
the Azores, the USA, and New Zealand (Osborne and Sprent 2002; Gioria and Osborne 2009, 2013; Fennell et al.
2013,2014).

The Nostoc cyanobionts of Gunnera are maintained in the stem cortex of the rhizome of larger species and
the stolon of smaller species (Bergman 2002; Osborne and Sprent 2002; Khamar et al. 2010). Special glands are
formed on the stem immediately below the leaves. The gland is formed by up to nine papillae surrounding one
central papilla. The papillae secrete thick mucilage which induces hormogonium differentiation in Nostoc.
Between the papillae, and leading into the stem tissue, are deep channels through which the mucilage is released.
The mucilage attracts hormogonia between the papillae and further into the interior of the gland where
appropriate Nostoc genotypes are taken into plant cells (Soderback and Bergman 1993; Johansson and Bergman
1994; Rasmussen et al. 1994, 1996; Uheda and Silvester 2001).

Within Gunnera cells, the Nostoc hormogonia develop into filaments with heterocysts. The cyanobiont
proliferates and the infected plant cells divide repeatedly to form internal colonies within the stem cortex. The
glands are the only known entry point for Nostoc hormogonia into the cortical tissue of Gunnera. Along the
rhizomes, the cyanobionts occur as well-defined colonies and show different stages of development, indicating
that they were each formed through successive and separate infection processes involving different glands.
Within the plant cells, the cyanobionts are surrounded by the host cell plasmalemma and the membrane acts as
the interface through which the exchange of metabolites takes place. Although only young glands can
incorporate Nostoc hormogonia, new glands continue to develop at the base of each new leaf when the stem
grows. Gland development in Gunnera also takes place in the absence of symbiotic cyanobacteria, but nitrogen
limitation seems to be a prerequisite for their development (Bergman 2002; Wang et al. 2004; Chiu et al. 2005;
Osborne and Bergman 2009; Khamar et al. 2010; Adams et al. 2013).
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Molecular studies have confirmed that the cyanobionts of Gunnera belong to Nostoc and are closely
related to some symbiotic and free-living genotypes of the genus (Rasmussen and Svenning 2001; Svenning et al.
2005; Papaefthimiou et al. 2008a). There is considerable phenotypic and genotypic variation among the
cyanobionts (Bergman et al. 1992). Several different Nostoc genotypes may sometimes be present in a single
Gunnera plant (Nilsson et al. 2000), but in most cases, each plant has housed only one Nostoc genotype (Guevara
et al. 2002). Fernandez-Martinez et al. (2013) found no genetic variability among Nostoc cyanobionts within
single Gunnera plants, while the cyanobionts of neighboring plants could be markedly different. The Nostoc
genotypes were closely related to those found in terricolous cyanolichens and bryophytes. Nostoc isolates from
cycads and bryophytes also readily invade Gunnera cells and vice versa (Adams et al. 2013).

The evolutionary origin of the Gunnera glands is a mystery. The bright red glands form at right angles to
successive petioles and are clearly visible at the developing cotyledon (for images, see Osborne and Bergman
2009 and Adams et al. 2013). The gland originates internally from the lateral meristem and eventually ruptures
the epidermis, exposing the surface of epidermal cells. Osborne and Bergman (2009) pointed out that at later
stages of development, the glands are often closely associated with adventitious root formation. The glands in
young seedlings are initiated prior to shoot emergence and are evident as a dome-shaped structure with red
(anthocyanin) pigmentation. A similar pigmentation is also present in the tips of developing adventitious roots,
suggesting that the glands might evolve as highly modified adventitious roots. In any case, the specialized
morphology and sugar accumulation in the glands of Gunnera seedlings are crucial for early stages in the
establishment of the Nostoc endosymbiosis.

Khamar et al. (2010) investigated changes in the carbohydrate metabolism during Gunnera gland
development and discovered that plant cells within the mature glands accumulated high levels of soluble sugars
(including high concentration of glucose and fructose and lower concentration of sucrose) prior to the arrival of
cyanobacteria and that the various sugars affected the Nostoc cyanobionts’ ability to form motile hormogonia.
They concluded that in a nitrogen-limiting environment, Gunnera glands secrete mucilage with minute of soluble
sugars, which attract Nostoc to the gland surface but does not interfere with hormogonium formation. The
hormogonia penetrate into the gland and enter cells at the base of the gland presumably because they are
attracted by the high levels of glucose and fructose inside the cells, while within the plant cells, further
hormogonia are not formed because of the high levels of soluble sugars (Khamar et al. 2010).

The accumulation of soluble sugars in the cells of mature but still noninfected Gunnera gland indicates
that the nonsugar-secreting structure could have originally evolved from a sugar-secreting gland functionally
similar but not necessarily homologous to extrafloral (EF) nectaries of other eudicots (Marazzi et al. 2013). Also
the conspicuous red pigmentation of the glands in Gunnera seedlings might play a role in attracting flying insects
capable of vectoring symbiotically compatible Nostoc genotypes from the decomposing old rhizomes of well-
established Gunnera colonies to the germinating seedlings. While the mucilage secreted by the glands largely
consists of nondigestible carbohydrates (Rasmussen et al. 1994), with barely detectible levels of soluble sugars
(Khamar et al. 2010), the gland tissue itself is rich in soluble sugars that may well attract insects. The possible
role of insect vectors in the dispersal ecology of the Nostoc-Gunnera symbiosis should be elucidated in field
studies within the natural range of Gunnera species.

It is possible that the original function of Gunnera glands could have been comparable to those of EF

nectaries that are produced on the leaves, stems, and virtually any other parts of thousands of plant species.

19



These structures have been described for nearly 4000 vascular plant species representing nearly 750 genera in
over 100 families (Weber and Keeler 2013). Their primary function is to attract aggressive and often mutualistic
insects, particularly ants which, while foraging for nectar, protect the host plant from herbivorous animals (Heil
etal. 2004; Villamil et al. 2013; Weber and Agrawal 2014). Besides ants, the EF nectaries of different plants
attract a wide variety of other arthropods including many Diptera. Some of them also provide visual cues for
foraging arthropods and also the emission of odors can attract mutualistic insects (Koptur 1992).

Weber and Keeler (2013) estimated that extrafloral nectaries have evolved independently at least 457
times in vascular plants. Even among the ferns, extrasoral nectaries have arisen independently several times, and
they first evolved long before floral nectar and long before ants appeared in the fossil record (Marazzi et al.
2012; Koptur et al. 2013). Therefore, their original function could not have involved ants or other social
hymenopterans. Whatever the primary role, the sugar secreted has impacted the diversification of several
groups on arthropods and fungi. For example, several lineages of sooty molds have specialized to use plant
exudates and insect honey dew for nutrition (Rikkinen et al. 2003; Schmidt et al. 2014).

According to the EF nectary hypothesis, the secretions of ancestral Gunnera glands would have been
involved in an indirect anti-herbivore defense by attracting and hence increasing the presence of putative plant
defenders on the plant stem. Thus, the mutualism between the ancestral Gunnera species and the putative
(facultative) insect associates would represent the original state, whereas the association between the plant and
Nostoc would have derived later and then evolved into an ecologically obligate cyanobacterial symbiosis.
Interestingly, Campbell et al. (2013) reported that some epiphytic cyanolichens on conifers may utilize glucose
excreted by the EF nectaries of neighboring angiosperms. They proposed that the exogenous source of carbon
could help to sustain the lichen mycobionts during drought-induced periods of inactivity of their cyanobacterial

symbionts.

Other Angiosperms

Many angiosperms regularly house epiphytic cyanobacteria on their stems, leaves, or root surfaces. While most
of these associations are probably accidental and of no particular significance to the plants, in some cases, N2
fixation of associated cyanobacteria might be significant. For example, cyanobacteria including Nostoc and
Calothrix are commonly seen on the exposed roots of tropical epiphytic orchids (Fig. 14), and sometimes
cyanobacteria and associated fungi can form sheaths around aerial roots (Tsavkelova et al. 2003). As the
cyanobacteria are capable of Nz fixation, they may benefit the plant and/or the endomycorrhizal fungi that live
within the specialized velamen of the aerial roots (Teixeira da Silva et al. 2015).

Establishment of artificial associations between nitrogen-fixing microorganisms and agricultural crop
plants could potentially reduce the demand for chemically produced nitrogen fertilizers (Gusev et al. 2002;
Prasanna et al. 2009). Nostoc hormogonia are known to be attracted to root extracts of many nitrogen-deprived
vascular plants (Fig. 14), including rice and wheat (Gantar et al. 1995; Nilsson et al. 2002, 2005). Floating
cyanobacterial communities on the soil-water surface are widely used in agriculture as nitrogen-supplementing
biofertilizers in rice paddy fields, especially in Southeast Asia, and nitrogen accretions of 25-30 kg N/ha have

been attributed to their Nz fixation (Prasanna et al. 2009).
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Early Evolution of Terrestrial Symbiotic Systems

Through endosymbiosis, certain cyanobacteria evolved into the plastids of photoautotrophic eukaryotes some
900 million years ago (Deusch et al. 2008; Dagan et al. 2013; Shih and Matzke 2013; Ochoa de Alda et al. 2014;
Ruhfel et al. 2014; Ku et al. 2015). Already much earlier cyanobacteria evolved oxygenic photosynthesis and
changed the Earth’s atmosphere from anoxic to oxic. As nitrogenase is highly sensitive to oxygen, most N2z-fixing
prokaryotes became confined to anoxic environmental niches. Cyanobacteria themselves evolved several
strategies to protect nitrogenase from oxygen, including a temporal separation of oxygenic photosynthesis and
N: fixation in unicellular forms and the differentiation of a specialized cell, the heterocyst, in some filamentous
forms. The sensitivity of nitrogenase to oxygen may also have enhanced the early evolution of cyanobacterial
symbioses, as many symbiotic structures represent micro-aerobic environments that help to protect
cyanobacterial cells from atmospheric oxygen (Rikkinen 2002).

It is possible that the evolution of some cyanobacterial symbioses correlated temporally with geological
periods of increased oxygen in the atmosphere. High atmospheric oxygen levels (over 30 %) were experienced
during the Carboniferous, and this may have seriously interfered with nitrogen fixation and given adaptive value
to any structures and mechanisms that helped to isolate N2-fixing cells from the atmosphere. Hence the early
evolution of some symbiotic structures, like the coralloid roots of cycads, could parallel the development of
arthropod and amphibian gigantism, which was directly facilitated by the hyperoxic atmosphere (Payne et al.
2009, 2011, 2012). Unfortunately, no fossilized roots of early cycads have yet been identified (Taylor et al. 2009).

The mycelia of mycorrhizal fungi associate with soil bacteria, many of which are capable of Nz fixation
(Scheublin et al. 2010; Valverde et al. 2016). Such associations probably experienced a triumph in the late
Permian, when soil bacteria, following the atmospheric transition to hypoxia, became more efficient in nitrogen
fixation. While giant amphibians and arthropods disappeared, the cyanobacterial symbioses did not and the
reduction in atmospheric Oz1evels did not directly threaten them. However, the competitive edge and ecological
significance of cyanobacterial Nz fixation may have started to dwindle when diffuse rhizosphere associations
with soil bacteria became a more viable option for nitrogen-starved plants (Rikkinen 2002). Rhizosphere
associations between fungi and bacteria must have promoted the evolution of mycorrhizal symbioses and the
subsequent diversification of seed plants. The radiation of modern ferns, bryophytes, fungal endophytes, and
lichens was in turn facilitated by the diversification of seed plants (Schneider et al. 2004; Schuettpelz and Pryer
2009; Feldberg et al. 2014; Li et al. 2014; Loriga et al. 2014; Sundue et al. 2016).

Thalloid liverworts, hornworts, and cycads together represent a rather conspicuous proportion of all
extant plant lineages that can be reliably traced back to pre-Permian times. Also Azolla and Gunnera can be
traced back to the Cretaceous (Taylor et al. 2009). Also some lineages of extant cyanobacterial lichens are
probably ancient. The oldest fossil of a stratified cyanolichen is from the Lower Devonian (Honegger et al. 2012).
While very few Paleozoic or Mesozoic lichen fossils have so far been found, many amber fossils demonstrate that
many extant genera of lichen-forming fungi had already evolved by the Tertiary (Rikkinen and Poinar 2002,
2008; Kaasalainen et al. 2015; Lumbsch and Rikkinen 2016). The initial diversification of the Pezizomycotina
(Ascomycota) occurred already in the Ordovician, followed by repeated splits of lineages throughout the

Phanerozoic (Beimforde et al. 2014).
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The earliest fungal symbioses may have in many respects resembled some extant crustose cyanolichens,
especially salt-tolerant forms that live on rocky ocean shores. Littoral habitats along ancient shorelines brought
cyanobacteria, green algae, and fungi into close contact under conditions where there were both a need and
opportunity for establishing new symbiotic interactions (Rikkinen 2002; Edwards and Kenrick 2015). The
earliest lichen-like symbioses probably evolved long before the initial evolution of mycorrhizal symbioses, the
subsequent rise of vascular plants, and the later diversification of parasitic and saprophytic fungi. Accordingly,
some modern cyanolichens may preserve biological features that closely mirror those that evolved in similar
cyanobacterial symbioses at early stages of terrestrial evolution.

The fact that most vascular plants, liverworts, and hornworts include species that form symbioses with
AM fungi indicates that also these symbioses evolved during very early stages in the evolution of land plants. The
AM fungi have a definite fossil record extending to the early Devonian ca. 400 Mya, which is before early vascular
plants had acquired roots (Kenrick and Strullu-Derrien 2014; Strullu-Derrien et al. 2014), and the oldest fossil
spores of possible AM fungi date back to the Ordovician ca. 460 Mya (Taylor et al. 2015b). Molecular data
indicate that glomeromycetes have always been symbiotic and suggest that the first mycorrhizae may have
involved mucoromycetes, the sister lineage glomeromycetes (Bidartondo et al. 2011; Strullu-Derrien et al. 2014).
The mycobiont of an early lichen-like symbiosis from the Early Devonian with nonseptate hyphae may have
belonged to one of these groups (Taylor et al. 1997, 2015b), and already the common ancestor of
Glomeromycota and Mucoromycota was probably capable of establishing symbioses with cyanobacteria and/or
early photosynthetic eukaryotes (Delaux et al. 2013, 2015; Field et al. 20154, b; Tang et al. 2016).

The Geosiphon pyriformis-Nostoc endosymbiosis may represent one living example of early symbioses
between glomeromycetes, cyanobacteria, and bryophytes (Schiiffler and Walker 2011; Schiifdler 2012). Such
symbioses could be seen as “evolutionary precursors” to more modern types of AM symbioses (Schiifdler and
Walker 2011; Selosse et al. 2015; Wojtczak and Janik 2016). It is noteworthy that a symbiotic cyanobacterium
has been identified from the cortex of Aglaophyton major, one of the earliest early land plants in the Devonian
(Taylor and Krings 2005). Somewhat resembling the situation seen in modern hornworts, the filamentous
cyanobacterium seems to have entered its host via stomatal pores, colonized the substomatal chambers, and

then spread throughout the outer cortical tissue, where it has been preserved in fossil specimens.

Concluding Remarks

Symbiotic interactions between cyanobacteria, plants, and fungi have evolved repeatedly during the course of
evolution. A trend toward versatile and diffuse associations with non-photosynthetic bacteria may have reduced
the relative importance of cyanobacterial symbioses during fungal and vascular plant evolution. However,
cyanolichens are still an important component of biodiversity in many terrestrial ecosystems and have provided
unique opportunities for the diversification of both symbiotic cyanobacteria and fungi. During their evolution,
many lichen-forming fungi may have established associations with plant-symbiotic Nostoc genotypes and/or vice
versa, leading to repeated cyanobiont switches between terricolous lichens, thalloid bryophytes, cycads, and/or
Gunnera. Likely these cyanobacterial symbioses have also had many diffuse effects on mycorrhizal and plant-
insect mutualisms. Clearly we are only beginning to unravel the complex network of biological interactions and

evolutionary processes in which symbiotic cyanobacteria have evolved. DNA techniques offer accurate methods
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for studying the genetic diversity of symbiotic cyanobacteria in situ and for making comparisons between lichen
cyanobionts and their nonsymbiotic relatives. In the future, we can expect many interesting new findings from
previously ignored cyanobiont lineages and unexplored ecological settings. They can add significantly to what

we already know about symbiotic cyanobacteria and their diverse hosts.
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FIGURES

Fig. 1 Lichen-symbiotic and free-living terrestrial cyanobacteria. A Foliose bipartite cyanolichen (Leptogium sp., Peltigerales) with
cyanobionts (Nostoc) inside thin gelatinous thallus. The brown disks are apothecia of the fungal symbiont. B-D Morphological
variation of Nostoc cyanobionts in three specimens of epiphytic Leptogium photographed through the thin upper cortex of
hydrated thalli. Note the large heterocysts in B and C. The small translucent bodies between cyanobacterial trichomes are fungal
hyphae in optical cross section. E-F Morphological variation in free-living colony-forming Nostoc. G Foliose bipartite cyanolichen
(Coccocarpia sp., Peltigerales) with Rhizonema cyanobionts in the photobiont layer. Scale bars A, E-G 5 mm; B-D 5 pm
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Fig. 2 Cyanolichen growth forms. A Foliose bipartite cyanolichen (Peltigera praetextata, Peltigerales) with cyanobionts (Nostoc) in a
layer below the upper cortex of the stratified thallus. B Foliose cephalodiate lichen (Peltigera leucophlebia, Peltigerales) with
cyanobionts (Nostoc) in cephalodia on the upper surface of the green algal thallus. C Fruticose cephalodiate lichen (Stereocaulon sp.,
Lecanorales) with cyanobionts in large saccate cephalodia. D Crustose bipartite cyanolichen (Collema sp., Peltigerales). E Gelatinous
bipartite cyanolichen (Leptogium saturninum, Peltigerales). Scale bars 5 mm
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Fig. 3 Cephalodia and photosymbiodemes. A Cephalodia with Nostoc cyanobionts on upper surface of Peltigera aphthosa
(Peltigerales). B The cephalodia are delimited by a continuous fungal cortex. C Poorly delimited cephalodia with Nostoc
cyanobionts on the stems of Stereocaulon sp. (Lecanorales). D Large cephalodia with Nostoc cyanobionts on the upper surface
of Placopsis sp. (Trapeliales). E Photosymbiodeme of Pseudocyphellaria sp. (Peltigerales). Green algal lobes with Nostoc
cyanobionts in internal cephalodia developing from bipartite thallus of the same lichen. F Independent Dendriscocaulon
cyanomorph of Sticta sp. (Peltigerales). G Photosymbiodeme of Nephroma arcticum (Peltigerales). Green algal lobes with
Nostoc cyanobionts in internal cephalodia developing from bipartite thallus of the same lichen. Scale bars 5 mm
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Fig. 4 Ascolichens and basidiolichens. A Fertile specimen of bipartite ascolichen Fuscopannaria sp. (Peltigerales) with apothecia on
the upper surface of the thallus. B Bipartite ascolichen Peltigera sp. (Peltigerales) with apothecia on upper surface of upright thallus
lobes. C Bipartite ascolichen Peltigera sp. (Peltigerales) producing symbiotic propagules (soredia) in well-delimited structures
(soralia) on upper surface of the thallus. D Bipartite basidiolichen Dictyonema s.lat. (Agaricales) with Rhizonema cyanobionts in
corticoid basidiomata. Scale bars 5 mm
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Fig. 5 Ecology of cyanolichens. A Lichens are important winter feed for reindeer which graze heavily on terricolous green algal
species. However, the ruminants avoid eating cyanolichens, possibly due to toxic compounds produced by lichen cyanobionts. B
Mollusk grazing limits the distribution of some cyanolichens in boreal rain forests and other humid habitats. C Selective feeding by
unidentified beetle of Nostoc cyanobionts from cephalodia of Nephroma arcticum (Peltigerales). D Unidentified lichenicolous fungus
parasitizing the photobiont layer of Peltigera sp. (Peltigerales). E Secondary substances produced by many lichen-symbiotic fungi
produce can play a role in defense against herbivores. This Pseudocyphellaria species produces yellow vulpinic acid and other
pulvinic acid derivatives in the medulla, and the toxic compound also accumulates in the symbiotic propagules (soredia) of the
lichen. Scale bars 2 mm
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Fig. 6 Cyanobacterial symbiosis of the liverwort Blasia pusilla (Blasiales). A Young gametophyte with stellate gemmae on upper
surfaces of thallus lobes. Some cyanobacterial auricles on the lower surface of the liverwort can be seen as dark spots through the
thin marginal sections of thallus lobes. B Blasia pusilla is a pioneer colonizer of clayey soils. C The stellate gemmae are essentially
miniature thalli and tend to be infected by symbiotic Nostoc while being still attached to the parent gametophyte. D Mature auricle
with symbiotic Nostoc on the lower surface of the gametophyte. E-H Series of optical cross sections through a young uninfected
auricle in the meristematic region of stellate gemma; n = Nostoc hormogonia and trichomes outside the auricle, a auricle, o outer
slime papilla, x inner slime papilla. I Nostoc trichome with terminal heterocyst in contact with outer slime papilla. J Optical cross
section through young uninfected auricle showing the outer slime papilla (o) and inner slime papilla (x). The Nostoc hormogonia
infect the auricle through the minute opening seen just left of the inner slime papilla. K Optical cross section (from above) of a
recently infected young auricle with Nostoc propagating between the inner slime papilla (x) and the auricle wall (cells with
chloroplasts). L Branched transfer cells (t) and detached Nostoc cells revealed by squashing a developing auricle. M Young basidioma
of Blasiphalia pseudogrisella (Hymenochaetales) attached to rhizoids of Blasia pusilla. Several bottle- shaped receptacles (r) releasing
ovoid, non-symbiotic gemmae have formed on the upper surface of the liverwort. Scale bars A-D, M 2 mm; E-J 10 um; E-J 20 um
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Fig. 7 Cyanobacterial symbiosis of the liverwort Cavicularia densa (Blasiales). A Tip of thallus lobe with cyanobacterial auricles on
the lower surface visible as dark spots on the upper surface. B Mature receptacle (re) producing ovoid and stellate gemmae closely
associated with Nostoc colonies of mature auricles. C Close-up of two mature auricles as seen through the upper surface of the
thallus. Scale bars 2 mm

Fig. 8 Interactions between slime papillae of leafy liverwort (Odontoschisma elongatum, Cephaloziaceae) with bacteria and fungi. A
Young uninfected slime papillae at margins and surface of reduced underleaves near the growing tip of the plant; the fragile slime
papillae are rarely preserved in dry herbarium material. B Bacteria (b) and fungal hyphae attached to the surface of young slime
papilla; eventually the fungus infects the papilla with haustoria (h). C At later stages the slime papillae become heavily infected by
fungal hyphae and are eventually shed away. Scale bars 10 um
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Fig. 9 Cyanobacterial symbiosis of hornworts (Anthocerophyta). A Anthoceros agrestis (Anthocerotales) is a pioneer colonizer of
clayey soils. The horn-shaped sporophytes grow from archegonia embedded in the upper surface of the gametophyte. B Mature
hornwort sporophytes split into two halves lengthwise, releasing the spores. C Nostoc colonies housed in mucilage clefts can be seen
as dark spots on the lower surface of thallus. Scale bars 2 mm

Fig. 10 Cyanobacterial symbioses of mosses (Bryophyta). A Sphagnum riparium (Sphagnales) and other peat mosses can house
cyanobacteria in the water-filled hyaline cells of their leaves and stems. B Moss-associated cyanobacteria play an important role in
biological Nz fixation in arctic and boreal regions but also in montane rain forests. C Hylocomium splendens (Hypnales) and other
feather mosses commonly have heterocystous cyanobacteria and other N2-fixing prokaryotes in sheltered spots between their
leaves. Scale bars 2 mm
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Fig. 11 Cyanobacterial symbiosis of the water fern Azolla (Salviniales). A Azolla filiculoides is native to warm temperate and tropical
parts of the Americas and Australasia and has become invasive in several regions including western Europe and Africa. Scale bar 5
mm. B Azolla rubra is widespread throughout the Pacific and in southern Asia. In New Zealand, it is common in shallow water bodies
such as ponds, lake margins, and slow-flowing streams and also grows in swamps on muddy ground. C The introduced Azolla
filiculoides (Azolla section Azolla) and the larger native Azolla nilotica (Azolla section Rhizosperma) growing together on the muddy
shore of Lake Naivasha, Kenya

Fig. 12 Cyanobacterial symbiosis of cycads (Cycadales). A Over 100 species of Cycas (Cycadaceae) are widely distributed in southern
Asia and Australasia. B Nostoc cyanobionts of all cycads are housed within the cortex of specialized coralloid roots
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Fig. 13 Cyanobacterial symbiosis of Gunnera (Gunnerales). A Gunnera manicata is originally native to Brazil and Columbia but now
widely grown as a garden ornamental in temperate and tropical regions. B The growing tips of the rhizomes of mature Gunnera
plants are well protected by scale leaves

Fig. 14 Cyanobacterial associations of tracheophytes. A Heterocystous cyanobacteria and other N2-fixing prokaryotes often grow on
and within the aerial roots of tropical orchids, with presumed benefits to the plants or their mycorrhizal fungi. B Nostoc hormogonia
are attracted to nitrogen-deprived vascular plants. Here lichen-symbiotic Nostoc isolated from a Peltigera species and cultured on
nitrogen-deficient medium (Z8) form an artificial association with a somatic embryo plant of Scots pine (Pinus sylvestris)

42



