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Útdráttur 

Bakterían Pseudomonas syringae, sem almennt er þekkt sem plöntusýkill, hefur 

víðtækara vistfræðilegt hlutverk í öðru umhverfi en ræktarlandi. Bakterían hefur 

verið einangruð úr ýmsum vistgerðum og er hlutverk hennar í umhverfinu oft 

tengt eiginleikum hennar til að mynda ískirnunga. 

Eitt meginmarkmið verkefnisins var að einangra P. syringae úr fléttum. Í grein I er 

gert grein fyrir einangrunarferlinu frá ættkvíslinni Peltigera, eftir að hafa skimað 

10 mismunandi fléttuættkvíslir. Sýnum var safnað á nokkum stöðum og í hvert 

sinn tekið sýni af Peltigera fléttu, mosa og öðrum lággróðri. Fjölmargir stofnar 

reyndust tilheyra P. syringae og í kjölfarið var vaxtarhæfni þeirra og meinvirkni 

könnuð í mismunandi plöntutegundum, þ.á.m. þekktum nytjaplöntum. Greint er 

frá niðurstöðum þeirra rannsókna í grein II, en þær benda til þess að íslensku 

stofnarnir búi yfir svipaðri sýkingarhæfni og þekktir faraldsstofnar. 

Í síðasta hluta verkefnisins voru efnaskiptamengi Peltigera og annarra fléttna 

greind, og áhrif fléttuumhverfisins á P. syringae könnuð. Fjallað er um þær 

niðurstöður í grein III, en þær benda til þess að Peltigera membranacea, og aðrar 

fléttutegundir innan sömu ættkvíslar, hýsi P. syringae í meira mæli en aðrar 

fléttutegundir. Greining á vexti P. syringae stofnanna í æti, gerðu úr fléttuextrakti, 

bendir til lítilsháttar vaxtarörvunar P. syringae þegar fléttuextraktið er til staðar. 

Efnaskiptamengjagreiningin gefur til kynna að fléttur af Peltigera ættkvísl 

framleiði fá annars stigs efnaskiptaefni, en í fremur háum styrk. Meðal algengra 

örveruhemjandi fléttusýra, sem ekki fundust í Peltigera fléttunum, má nefna 

úbikvínón, sem hafa þekkta virkni gegn P. syringae og eru gjarnan hluti af vörnum 

plantna.  

Jafnhliða ofangreindu voru erfðamörk P. syringae stofna, einangraðir á Íslandi, 

borin saman við stofna úr alþjóðlegum stofnasöfnum (Grein IV). Niðurstöður 

benda til þess að íslenskir P. syringae stofnar beri merki um langtíma einangrun 

frá þeim ferlum sem hafa ráðið dreifingu stofna sem safnað hefur verið erlendis 

og eru að mestu úr ræktarlandi. 
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Abstract 

Pseudomonas syringae, traditionally recognized as a plant pathogen, has a 

broader ecological role beyond agriculture. In diverse non-agricultural 

environments, researchers have isolated the bacterium revealing non-pathogenic 

behavior and significant roles, often associated with its ice nucleation property. 

The primary objective of this project was to achieve the first isolation of P. 

syringae from lichens. In Paper I, we detail the isolation process from a specific 

lichen genus, Peltigera, after screening 10 different lichen genera. The analysis 

extends to studying the P. syringae population within the same sampling points 

alongside Peltigera, moss, and tracheophytes when feasible. Following the 

isolation of this potential plant pathogen, the logical progression led to Paper II, 

where we explored the fitness and pathology of selected P. syringae strains, 

predominantly from more aggressive phylogroups, across ten different plant 

species, primarily crops. The results showed similar pathogenicity in some lichen 

strains compared with epidemic ones and a similar fitness in 8 out of 10 plant 

species tested. 

The final project phase aimed to understand the exclusive isolation of P. syringae 

from a single genus. Paper III, adopting a metabolomics approach, analyzed 

differences in the profiles of Peltigera and non-Peltigera lichen genera that may 

influence P. syringae presence. Peltigera's overall profile shows a higher chemical 

investment, focusing on the production of certain compounds. Kinetics and 

inhibition analyses suggest a slightly increased growth of P. syringae in Peltigera 

media, though not considered decisive. The study also outlines specific 

compounds present or absent in Peltigera, including the absence of ubiquinones, 

recognized for their resistance role against P. syringae in various plant species. 

Furthermore, experiments with P. syringae isolated in Iceland gain significance 

through collaboration with INRAE (Paper IV). Comparisons with a global database 

reveal that this Icelandic P. syringae population appears to have been isolated for 

at least 10,000 years. 

Keywords: plant pathogenicity, Iceland, untargeted metabolomics, bacterial 

phytopathogen, non-agricultural habitat. 
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1 Introduction 

1.1 Pseudomonas syringae description 

 

Pseudomonas syringae, a well-known species complex within the 

Gammaproteobacteria, is primarily recognized for its capacity to induce a wide 

array of diseases in various agriculturally significant crop species. Presently, the 

P. syringae species complex is categorized into thirteen evolutionarily distinct 

phylogenetic groups, referred to as phylogroups (PGs), a classification based on 

both multilocus sequence analysis and whole-genome sequencing (Berge et al., 

2014; Dillon et al., 2019). Of these, seven PGs are designated as primary PGs, 

sharing a more recent common ancestor, and encompassing most recognized 

type and pathotype strains, as well as the majority of strains responsible for 

infecting agriculturally significant crops. In contrast, secondary PGs exhibit 

considerably greater divergence, are more frequently encountered in 

environmental samples, and may lack some of the essential virulence factors that 

are conserved in primary PG pathogens (Dillon et al., 2019). 

 

Many ecological investigations concerning plant-pathogenic bacteria have 

primarily concentrated on agricultural settings which might have biased the P. 

syringae population and overrepresented the epidemic strains in certain 

situations over the typical not aggressive nature of P. syringae. There is a growing 

body of research focused on isolates obtained from wild plant species and non-

agricultural settings, including aquatic environments, rain, ice, and soil (Karasov 

et al., 2018; Kritzman and Zutra, 1983; Lamichhane et al., 2015; Mansfield et al., 

2012; Monteil et al., 2013; Morris et al., 2013, 2008, 2007). Furthermore, it has 

become evident that characteristics related to adaptation to both biotic and 

abiotic stress in non-agricultural environments can also serve as virulence factors 

in plants, as demonstrated by Morris et al. (2008). This adaptation to non-host 

environments has been proposed to have played a significant role in the 

evolution of P. syringae's ability to infect plants and has had an impact on its 
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epidemic potential, as indicated by Bartoli et al. (2015, 2014). Over recent 

decades, the continuous exploration of habitats hosting P. syringae has revealed 

its presence in environments previously considered unsuitable for its survival.  

 

Nevertheless, the extent of spread and exchange between diverse environments 

of P. syringae remains largely unknown. Studies like that of Upper et al. (2003) 

have field-tested the dispersion of P. syringae among different crop plants, 

demonstrating how environmental factors influence spread, while distance 

barriers play a less determinant role. Although various studies have identified 

different sources of P. syringae dispersal, such as rain or irrigation splash, aerosols 

from dry leaves, insects, and human dispersion, particularly through farming 

equipment (Pattemore et al., 2014; Roberts, 1997), these spread studies often 

focus on plants and neglect other environments like lichens, mosses, or debris 

that could potentially aid in P. syringae dispersal or serve as hosts. 

 

Interestingly, we have a more comprehensive understanding of P. syringae 

dispersion on a global scale than in minor distances. A study comparing P. 

syringae isolates from rivers in North America, Europe, and New Zealand revealed 

that the genetic structure was unaffected by geographical location. In the 

research conducted by Monteil et al. (2016), they conclude that P. syringae 

population isolated from crops during a disease outbreak was the same than the 

strains from various water sources isolated in the same period. A similar 

conclusion was drawn in Morris et al., (2008) when comparing P. syringae 

populations in the water cycle and wild plants. The results showed minimal 

genomic differences between these strains, and a significant portion of virulence 

genes was found to be present in both types of strains, finding the same 

population in the water cycle as in crops during epidemic cases. These findings 

indicate a mixing of the populations from both substrates.  

 

1.2 Bacillus velezensis as competitor example  

 

Lichens microbiota is distributed in a biofilm (Grimm et al., 2021). The highly 

dynamic nature of biofilms renders them extremely robust to environmental 

fluctuation and often very efficient in the production or degradation of a variety 
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of compounds. It is known that a shift in the nutrient source can influence the 

relative growth rate and thus the relative abundance of the species. This 

congregation of different bacteria in different amounts creates a high number of 

complex interactions. Interactions can be positive, increasing the fitness of all 

partners, a phenomenon known as synergism. Alternatively, interactions can be 

negative for at least one of the bacteria, such as in antagonism. Antagonism 

involves competitive interactions where one bacterium inhibits the growth or 

survival of another through the production of inhibitory substances like 

antibiotics, metabolites that prevent adhesion of the competitor, pH changes 

that affect the other bacteria, or even predation, where one organism feeds on 

another (Moons et al., 2009). 

 

In this study, Bacillus velezensis serves as an example for P. syringae antagonist. 

We examine its ability to adapt to various lichens, aiming to determine whether 

it could potentially contribute to the reduction of P. syringae populations in 

certain lichens. B. velezensis has been used in agriculture due to the antifungal 

activity against plant pathogenic fungi (Zhang et al., 2022), the plant promoting 

capacity of some of the strains (Torres et al., 2020) and the ability to inhibit 

different bacteria, including P. syringae, making it a valuable antibacterial agent 

in agriculture (Wang et al., 2023) due to the production of antimicrobial 

compounds of bacterial cyclic lipopeptides and different surfactins (Grady et al., 

2019). However, in a study conducted by Grady et al. (2019) , it was observed 

that B. velezensis did not inhibit P. syringae DC3000. Instead, there was a 

significant reduction in root colonization success, suggesting that B. velezensis 

can also employ alternative methods beyond antimicrobial activity.  

 

B. velezensis was isolated for the first time in 2005 in Spain from brackish water 

from a river that gives the name to the bacterium (Ruiz-Garcia et al., 2005). 

Afterwards, it has been commonly isolated from soil (Grady et al., 2019). 

However, it's important to note that even if B. velezensis has been isolated from 

some lichens (Zou et al., 2023) many lichen species have been observed to inhibit 

the growth of Bacillus sp. (Kosanić and Ranković, 2019; Mitrović et al., 2011). This 

mechanism likely aims to prevent potential harm from Bacillus sp. to the lichen 

mycobiont, given the well-documented antifungal activity of this bacterium, 
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which extends to the Ascomycete division (Grady et al., 2019) which constitutes 

approximately 98% of lichen mycobionts (Lutzoni et al., 2001). 

 

1.3 Lichen description 

Lichen thalli, the principal structure of lichens, consists of a complex network of 

fungal hyphae and photosynthetic cells. Lichens are formed by a fungal partner 

which in the 98% of known lichens is Ascomycota (Lutzoni et al., 2001). Lichens 

are also classified based on the symbiont. The most common symbiont is 

unicellular green algae (85% of the lichens) mainly from Chlorophyta division such 

as Trebouxia, Chlorococcoid or Coccomyxa, occurring in about 40% of all lichens., 

while those associated with cyanobacteria are around 10% mostly Nostoc. Only a 

3% of the lichens are associated with both and are called tripartite (Honegger, 

2001; Rikkinen, 1997).  

 

Notably, lichens also host internal bacterial communities (Cardinale et al., 2006; 

Leiva et al., 2021), in addition to other fungi -sometimes parasitic- (Bates et al., 

2012; Spribille et al., 2016), archaea (Bjelland et al., 2011; Garg et al., 2016), 

microinvertebrates (Satkauskiene, 2012) and viruses (Eymann et al., 2017). All 

these organisms produce various secondary metabolites, especially the 

mycobiont, which are crucial for the survival of the lichen (Kalra et al., 

2023)(Figure 1). Despite their heavy reliance on atmospheric moisture for water 

absorption, making them poikilohydric, lichens exhibit remarkable resilience in 

harsh environments. They are highly responsive to fluctuations in water 

availability, temperature, and sunlight exposure, which can lead to significant 

changes in their internal environment (Kranner et al., 2008; Øvstedal and Smith, 

2001; Selbmann et al., 2010). In response to these conditions, lichens may enter 

a dormant state, enhancing their resistance to oxidative stress (Grube et al., 

2015; Kranner et al., 2008). Some of these metabolites are responsible for 

antagonistic interactions which are thought to help these long-living organisms 

to survive against pathogens that attack their microflora (Cernava et al., 2015). 

 

https://en.wikipedia.org/wiki/Trebouxia
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Lichens display a wide range of morphological forms, including crustose (crust-

like), foliose (leaf-like), or fruticose (branching), with the fungal partner primarily 

influencing these variations. The photobiont contributes photosynthetically 

derived sugars to the fungus (Hill and Smith, 1972). In lichens involving both an 

alga (the phycobiont) and a cyanobacterium, the cyanobacterium (or cyanobiont) 

plays a significant role in nitrogen fixation (Klarenberg, 2021; Klarenberg et al., 

2020) and supplies the fungal partner with ammonia (Rowell et al., 1985). 

 

Lichens demonstrate the capacity to endure the challenges presented by deserts, 

polar regions, and chemically rich environments. This resilience involves a 

combination of morphological and physiological adaptations, as well as 

alterations in ecological behavior, allowing species to acclimate to relatively 

sheltered niches within extreme environments (Armstrong, 2017).The ability of 

lichen thalli to withstand extreme conditions has even prompted investigations 

into their survival under outer space radiation (Sancho et al., 2007) and Mars-like 

conditions (de la Torre Noetzel et al., 2018). 

Figure 1. Scheme illustrating the components of the lichen thallus that constitute the organism. 
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While numerous species are present in tropical regions, they only emerge as a 

substantial component of the vegetation in more severe environments 

(Armstrong, 2017). The extent to which the lichen-associated microbiome 

contributes to their survival remains a subject of ongoing research (Leiva et al., 

2021; Pisani et al., 2011).  

 

1.4 Description of Peltigera, Cladonia and 
Stereocaulon genera 

 

The lichen genus Peltigera (L.) Willd., introduced by Willdenow (1787), is one of 

the earliest established names in lichenology. Peltigera species are typically 

foliose, characterized by broad lobes. This genus is usually considered terricolous 

and muscicolous (Burgaz et al., 2003) but it can also be found in tree bark and 

rocks (Jüriado et al., 2017). Peltigera includes around 66 lichen species, some of 

which, like P. leucophlebia and P. aphthosa, are tripartite, while others, like P. 

membranacea, exclusively harbor cyanobacteria (Martínez et al., 2003). The 

difference between P. membranacea with the other two species can be easily 

seen with metagenomic and metabolomic studies, which, for example, a much 

lower terpenoid production in P. membranacea compared with the tripartite 

ones (Miadlikowska and Lutzoni, 2000).  

 

Stereocaulon species typically display a dimorphic thallus configuration consisting 

of a crustose primary thallus and a fruticose secondary thallus (Högnabba, 2006). 

The cosmopolitan lichen genus Stereocaulon comprises approximately 125 

fruticose lichen species (Coppins and Smith, 2009). It is usually attached to soil or 

rock (Smith and Øvstedal, 1991). S. alpinum and S. vesuvianum, for example, 

exhibit a tripartite structure, participating in a three-part symbiotic relationship 

(Torres et al., 2023). 

 

Among Cladonia species, the primary thallus is often crustose or squamulose, 

followed by a secondary fruticose thallus, constituting approximately 475 species 

(Santiago et al., 2010). However, the identification of the species is usually a 
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challenge even when using a genetic approach (Pino‐Bodas et al., 2013) The 

preferred substrates are soil and rocks (Martin et al., 2011; Tolpysheva and 

Timofeeva, 2008). The species used in this thesis, C. arbuscula and C. 

chlorophaea, follow a bipartite arrangement and engage an algal partner (Pisani 

et al., 2011).  

 

1.5 Bacteria in lichen thalli 

 

The mycobiont forms the structural framework of the lichen thallus, while the 

photobiont exists as colonies or layers sheltered beneath the fungal outer layers. 

In numerous lichen species, one or both partners produce secondary metabolites 

endowed with antibacterial properties, creating a somewhat selective 

environment conducive to the flourishing of intricate bacterial communities. 

Some of these communities are found on the lichen's surface, forming biofilm-

like communities (Grube et al., 2015), while others reside endothallically, below 

the surface within extracellular polysaccharides (Cardinale et al., 2008; Grube and 

Berg, 2009). Consequently, lichens serve as hosts for substantial bacterial 

populations, and recent years have witnessed the gradual unveiling of the 

identity and roles of these bacteria in the lichen symbiotic association (Hodkinson 

and Lutzoni, 2010; Sigurbjörnsdóttir et al., 2015).  

 

The predominant functions attributed to bacteria associated with lichens include 

nitrogen fixation (Cardinale et al., 2006; Liba et al., 2006), antifungal or 

antibacterial activity (González et al., 2005), and nutrient transfer from the rock 

surface (Banfield et al., 1999) or attachment to the thallus in saxicolous lichen (de 

los Ríos et al., 2002). The bacterial microbiome exhibits adaptability to the diverse 

environmental requirements of the lichen (Sigurbjörnsdóttir et al., 2014). While 

there is notable variability between lichen species and studies, it is evident that 

most lichens harbor extensive, intricate microbiota predominantly consisting of 

Alphaproteobacteria. Other lineages may also be detected at considerable 

relative abundances, including Betaproteobacteria, Acidobacteria, 

Actinobacteria, and Eubacteria among others (Figure 2). Notably, taxa more 

commonly associated with phytopathogens, such as members of the 

Xanthomonadaceae, Pseudomonadaceae, and Enterobacteriaceae, are also 
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present, albeit in smaller numbers. In between the bacteria detected in lichens, 

recent studies isolated plant pathogens such as Burkholderia glathei (Cardinale 

et al., 2006) or Xanthomonas sp. and its close relative Xylella sp. in the 

membranous dog lichen (P. membranacea) microbiome (Sigurbjörnsdóttir et al., 

2015). While many of the bacteria residing in lichen thalli remain uncultured, 

members of a substantial portion of the dominant lichen-associated taxa have 

been successfully isolated and cultivated in pure culture (Vilhelmsson et al., 

2016).  

 

 
Figure 2. Cross-sectional analysis of the lichen thallus from Lobaria pulmonaria. The 
reconstruction of Fluorescence In Situ Hybridization (FISH) image reveals the wide distribution 
of Eubacteria (in red) and Alphaproteobacteria (in yellow), Betaproteobacteria (in pink), fungal 
hyphae (in blue), and algae in green (adapted from Grube et al., 2015). 

Nitrogen fixation is usually a limiting factor in lichens that lacks a cyanobacterial 

symbiont, that is why these lichen species usually host bacteria that are nitrogen 

fixators. Bacteria found on internal and external surfaces of lichens may also help 

lichen symbionts to fulfill other nutritional requirements, including the 

acquisition of phosphorus and amino acids (Grube et al., 2009; Liba et al., 2006).  
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1.6 Iceland as a study site 

 

The extent of land designated for crop cultivation is now surpassing that of other 

vegetated land types worldwide (Ellis et al., 2010). Iceland stands out significantly 

from agricultural regions due to its limited cropland, presenting a unique 

opportunity to investigate P. syringae adaptation without the strong influence of 

local agriculture. Situated as an isolated and pristine island in the North Atlantic 

Ocean, Iceland boasts abundant vegetation, a small proportion of land allocated 

to agriculture, and favorable climate conditions for P. syringae (Figure 3). Its 

distinct geographical features help minimize the risk of microbial spill-overs 

resulting from agricultural practices like grafting or the transportation of plant 

materials, which can contribute to localized and long-distance dissemination. 

Additionally, in Iceland, arable land accounts for a mere 1% of the total land area 

of 105 km2, while vegetation covers approximately 25% (Denk et al., 2011). The 

Icelandic climate is categorized as subpolar oceanic, featuring average 

temperatures ranging from 2 to 14°C throughout the year, significant variations 

in day length, and intense solar UV radiation exposure, as reported by Ogilvie and 

Jónsson (2001). As anticipated in an extreme environment, one of the prevailing 

vegetation types comprises lichens, constituting approximately 3.64% of the 

surface cover, solely composed of terricolous lichens (Ramírez et al., 2023). In a 

prior study, we documented the widespread presence of P. syringae in Iceland 

on wild vascular plants, including tracheophytes and moss (Morris et al., 2022). 

This discovery prompted us to inquire whether P. syringae's ubiquity extended 

across all vegetation types in Iceland, with a particular focus on lichens. 
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1.7 Metabolites in lichens 

In the field of lichen biology, metabolites can be broadly categorized into primary 

and secondary groups. Primary metabolites, such as proteins, lipids, and 

carbohydrates, are essential for lichen metabolism and structure (Huneck and 

Yoshimura, 1996). In contrast, secondary metabolites, often referred to as 'lichen 

acids', are complex yet non-essential small molecules. While several of these 

compounds are already found in plants or other fungi, approximately 80% exhibit 

the highest diversity in lichens (Huneck and Yoshimura, 1996). The 

straightforward and logical explanation for this phenomenon is that they result 

from the symbiotic relationship (Lawrey, 1986). 

 

Over 1050 recognized lichen metabolites are cataloged in the Lichen DataBase 

(LDB). Lichen compounds are predominantly characterized by their acidic nature, 

leading to the commonly employed term "lichen acids." (Vartia, 1973). These 

secondary metabolites serve various functions within the lichen symbiosis and 

their ecological niche. They can make up to 30% as is the case of Pentagenella 

fragillima Darb. which produce massive amounts of the depsidone psoromic acid 

(Huneck, 1973) but in most lichens the amount varies from 5 to 10% of the lichen 

thallus' dry weight (Molnár and Farkas, 2010). The prevalent types include 

mononuclear aromatic compounds, depsides, depsidones, diphenyl ethers, and 

dibenzofurans (Yousuf et al., 2014) (Figure 4). Depsides and depsidones are 

known by their antioxidant and antibiotic properties (Calcott et al., 2018; Shukla 

et al., 2010). Diphenyl ethers have been identified with a role of antiherbicide 

(Scalla et al., 1990), antibacterial (Ji et al., 2020) and antifungal (Zhu et al., 2021). 

The most common lichen compound belonging to Dibenzofurans is usnic acid and 

it is cytotoxic and antibacterial activities (Millot et al., 2016). The majority of 

bioactive compounds are primarily produced by the mycobiont partner. 

However, in certain instances, the photobiont, has been observed to participate 

in the production of specific key secondary metabolites (Crittenden and Porter, 

Figure 3. Vegetation map of Iceland from 2008 made by the CORINE project named CLC2006 
(source: https://www.lmi.is/static/files/corine/corineskyrsla-enska.pdf). 
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1991; Kalra et al., 2023). Some function as allelopathic agents, influencing the 

growth and survival of neighboring organisms, providing lichens with a 

competitive advantage (Paukov et al., 2019). Others impact lichen palatability, 

acting as a form of defense against herbivores. Additionally, specific secondary 

metabolites enhance the permeability of the cell membranes of phycobionts, the 

algal partners within lichens, potentially aiding in nutrient exchange and survival 

in challenging conditions. Moreover, some of these metabolites can act as shields 

against excessive ultraviolet (UV)-B radiation, protecting the photosynthetic 

components of lichens from harmful UV rays (Paukov et al., 2019). 

 

 
Figure 4. Molecular structure of some of the most common compounds isolated from lichens. 

Several prior studies have highlighted metabolic variations among species within 

the Peltigera genus. For instance, Rowell et al. (1985) examined the distinctions 

in nitrogen metabolism between P. canina and P. aphthosa. Additionally, Laufer 

et al. (2009) investigated how different Peltigera species exhibit varying laccase 

profiles. Laccases are enzymes that, according to current knowledge, play a role 

in the decomposition of organic compounds, particularly lignin, and potentially 

contribute to pathogen defense (Beckett et al. 2005). Nevertheless, the 

significant diversity observed in extracellular lichen laccases suggests that they 

may have more than one role in lichen biology (Laufer et al., 2009). 

 

It's noteworthy that a substantial portion of studied lichen species synthesizes 

substances with varying degrees of antimicrobial activity (Romagni and Dayan, 

2002), which could have implications for their interactions with other 

microorganisms in their environment. Intriguingly, closely related secondary 

metabolites often exhibit diverse biological effects, adding complexity to their 

analysis and suggesting their adaptability to different ecological contexts (Hager 
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et al., 2008; Molnár and Farkas, 2010). Some studies of lichen secondary 

metabolites showed antibiotic effects against different Pseudomonas species 

such as P. aeruginosa from different bacterial antagonist (Çobanoğlu et al., 2010) 

as well as inhibition of P. syringae from some lichen species from the genus 

Cladonia (Aydin et al., 2017). 

 

Overall, these protective compounds collectively contribute to the unique and 

enduring conditions for lichen existence, resulting in remarkable longevity, with 

certain lichens living for several millennia (Denton and Karlén, 1973) and the 

spectacular adaptability of lichens to extreme environments including alpine and 

polar regions where usually dominate the landscape (Boustie et al., 2011).  

 

1.8 Metabolomics for the study of host-bacteria 
interaction 

 

Metabolomics is the systematic exploration of cellular reaction-derived 

metabolite compositions. In the past decade, significant progress has been made 

in both instrumental technology and the necessary software tools for conducting 

multivariate analysis. This methodology involves the quantitative assessment of 

low molecular weight compounds using techniques like liquid and gas 

chromatography, often coupled with mass spectrometry or NMR spectroscopy 

(Baker, 2011). 

 

A significant portion of these bioactive metabolites probably remains 

undiscovered, primarily because of the slow growth rate of lichens. The slow 

growth of lichens hinders the comprehensive study of their metabolites and 

poses challenges in extracting these compounds in substantial quantities. 

Consequently, recent advancements in metabolomics have increased interest in 

conducting metabolic analyses on lichens (Kalra et al., 2023). 
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1.9 Hypotheses regarding the exclusive isolation of 
P. syringae from Peltigera 

 

After exclusively isolating P. syringae from lichens of the Peltigera genus, we 

embarked on investigating the potential differences between Peltigera and other 

lichen genera. This study was prompted by the intriguing observation that 

suborder Peltigerineae lichens seemed to prioritize the production of high levels 

of superoxide for defense, rather than diversifying their defenses with multiple 

secondary metabolites, as is typical in most lichens (Beckett et al., 2003). 

Conveniently, P. syringae is not susceptible to superoxide (Minardi and 

Mazzucchi, 1988). This might be the case of other metabolites that conveniently 

are or are not present in Peltigera influencing P. syringae presence. Additionally, 

we considered that the absence of P. syringae in other lichen species, as detected 

in our study, might be due to the higher water content in Peltigera compared 

with other lichens. Finally, we speculated that the differences in bacterial 

populations, particularly the higher culturable bacteria levels in Peltigera 

compared to other lichen genera, could be another explanatory factor (Ramírez 

et al., 2023).  

 

In the metabolomics approach, our primary hypothesis proposes the presence of 

a unique metabolite within Peltigera lichen, possibly enhancing P. syringae's 

survival. An alternative hypothesis suggests that non-Peltigera lichen genera may 

contain metabolites inhibiting P. syringae growth. A third theory speculates on 

indirect interactions, suggesting that lichens might influence the population of B. 

velezensis, which shares an ecological niche with P. syringae and is known to 

negatively affect P. syringae abundance. Specifically, the Peltigera lichen might 

inhibit B. velezensis, creating an environment conducive to P. syringae, or 

conversely, non-Peltigera lichen genera might enhance the population of B. 

velezensis on their thallus, thereby inhibiting P. syringae growth.  

 

In this research, we pursued a multifaceted investigation into the presence of P. 

syringae in lichens, the characterization of the strains isolated, the analyses of the 

pathogenicity capacity and the interactions of P. syringae with lichens, employing 

diverse methodologies and objectives. 
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Our initial objective centered on the isolation of P. syringae from lichens, a 

pioneering effort that aimed to expand our knowledge of potential plant 

pathogens within these symbiotic structures, with P. syringae as a case of study. 

Subsequently, we conducted a comprehensive characterization of the isolated P. 

syringae strains. This involved a detailed exploration of their bacterial lineage, 

PGs, and distribution patterns. This foundational work laid the groundwork for 

understanding the diversity and presence of P. syringae within the lichen 

microbiome. 

 

In a subsequent phase, our focus shifted to assessing the fitness of four P. 

syringae strains from Peltigera lichens belonging to PG1 and PG2 across a range 

of ten plant species. This objective sought to elucidate the adaptability and 

interaction dynamics of these strains with various host plants. Additionally, we 

conducted pathogenicity tests on 17 P. syringae strains from Peltigera (PG1 and 

PG2) in three selected plant species. Epidemic strains from other parts of the 

world were used in both experiments as positive controls. This dual approach 

allowed us to examine not only the fitness of the strains but also their potential 

impact on plant health, providing a more comprehensive understanding of their 

pathogenic potential. 

 

In an integrative approach, we employed LC/MS untargeted metabolomics to 

gain deeper insights into the isolation of P. syringae from the lichen genus 

Peltigera. This involved analyzing the exo-metabolites of P. syringae cultured in 

lichen-enriched broth, as well as extending our investigation to the metabolic 

profile of three different lichen genera. By utilizing metabolomics, we aimed to 

decipher the intricate chemical interplay between P. syringae and its lichen hosts. 

This holistic approach provided valuable information on the ecological and 

functional implications of the interactions between bacteria and lichens. 

 

1.10 Project objectives 

 

In summary, our research journey encompassed the isolation, characterization, 

fitness assessment, and pathogenicity testing of P. syringae strains from lichens, 

coupled with a metabolomics-driven exploration to understand the nature of P. 
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syringae-lichen interactions. This comprehensive approach aimed to unravel the 

complex relationships between P. syringae and its diverse hosts, contributing to 

a deeper understanding of microbial ecology and host-pathogen interactions. In 

summary, this thesis endeavors to achieve the following objectives: 

 

Paper I 

1.1. Screen P. syringae presence among different lichen species sample in Iceland. 

1.2. Comprehensive characterization of the isolated P. syringae strains to gain 

insights into their bacterial lineage, PGs, and distribution. 

1.3. Examine the genetic and quantitative variations in the P. syringae population 

between angiosperm, moss, and lichen within the same sampling point to 

decipher potential exchange of this bacterium among these different organisms. 

 

Paper II 

2.1. Assess the fitness of the P. syringae strains isolated from Peltigera lichen 

from PG1 and PG2 in ten plant species. 

2.2. Pathogenicity test of seventeen P. syringae strains from Peltigera belonging 

to PG1 and PG2 in three plant species. 

2.3. Comparison of fitness and pathogenicity results with epidemic strains from 

other parts of the globe. 

 

Paper III 

3.1. Examine the untargeted metabolomics profiles of three distinct genera—

Peltigera, Cladonia, and Stereocaulon—to elucidate overall variations in 

metabolite abundance and predominant types of metabolites. 

3.2. Identify metabolites that are solely absent/ present in Peltigera or which 

difference in abundance is very high and decipher if those might enhance P. 

syringae population. 

3.3. Identify metabolites that are solely absent/ present in non-Peltigera lichens 

or which difference in abundance is very high and decipher if those might inihibit 

P. syringae population. 
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Paper IV 

4.1. Isolate P. syringae from Icelandic plants. 

4.2. Assess P. syringae abundance, affinity for different plant types and 

distribution across habitats. 

4.3. Compare P. syringae population from Icelandic plants with the strains known 

worldwide. 
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2 Methodology 

The methodologies employed in this project encompassed the initial isolation of 

P. syringae from lichens, moss, and tracheophytes using KBC media. Bacteria 

exhibiting the expected P. syringae phenotype were subsequently verified 

through two different PCR methods, and those positive in both were subjected 

to Sanger sequencing (further details in Paper I). Following this, seventeen P. 

syringae strains from Peltigera thallus were vacuum infiltrated into three distinct 

plant species for a pathogenicity test. Symptom observation and measurement 

were conducted over a 14-day period post-infiltration. Additionally, fitness 

analyses of P. syringae isolated from Peltigera lichen involved inoculating four 

different strains into 10 plant species, measuring bacterial growth after 1- and 8-

days post-inoculation. Known pathogenic strains were included in both 

experiments for comparative purposes (additional information in Paper II). The 

project concluded with an untargeted metabolomics approach, examining the 

metabolic profiles of seven species from three lichen genera isolated in Iceland. 

This analysis aimed to understand variations in specific compounds and explore 

whether such differences could account for or contribute to the exclusive 

isolation of P. syringae from Peltigera lichen (additional specifics Paper III). 

 

This section will address various methods that have not been covered in the 

articles or were not extensively explained, including unsuccessful approaches. 

 

2.1 Sampling criteria and screening of P. syringae 
in lichens 

 

A total of 68 samples were collected from 34 sites across Iceland, chosen based 

on habitat types and geographical distribution (See methodology scheme Figure 

5). These samples, including 38 lichens representing 16 species, covered 17 sub-

habitats within 6 habitat types. The sampling locations ranged from 64.3º N to 
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65.7º N latitude and 14.3º W to 22.2º W longitude. Proximity between plants and 

lichens at each site, within 15 cm, allowed for assessing strain spill-over between 

different vegetation types. Voucher specimens for all samples were deposited in 

the herbarium of the Icelandic Institute of Natural History. Further details can be 

found in Paper I. 

 

The initial rationale for field site selection and sampling methods included 

collecting diverse lichen specimens from various accessible areas in Iceland. The 

primary objectives were to obtain a general understanding of the lichen species 

exhibiting P. syringae presence and to determine if there was any preference by 

the bacterium for specific areas or habitat types. 

 

Following preliminary sampling and culturing of P. syringae-like isolates on KBC 

plates, we adapted our sampling strategy to control the potential issue of cross-

contamination of P. syringae to lichens from surrounding flora. This was deemed 

necessary because of the high abundance of P. syringae in angiosperms and moss 

surrounding the lichen. To address this concern, we modified our sampling 

approach, collecting samples of lichens, tracheophytes, and moss from the same 

location whenever those organisms were present. 

 

Subsequent sampling revealed, however, that cross-contamination was likely not 

a major issue, as we observed that non-Peltigera lichens at the same sampling 

sites did not exhibit detectable levels of P. syringae. Nevertheless, the revised 

sampling procedure was maintained. The goal was to characterize P. syringae 

populations across lichen, tracheophytes and moss within and between sampling 

points, aiming to unravel the dynamics of lichen P. syringae populations. 

 

In the process of identifying P. syringae strains, we utilized the citrate synthase 

(cts) housekeeping gene (409 bp), as probed by Berge et al. (2014), to predict the 

phylogenetic affiliation for over 97% of the tested strains within the P. syringae 

complex. This was achieved using a distance threshold of 4.0% for PG 

determination and 1.8% for clade affiliations. 
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Figure 5. Outline of the methodology used in sample processing. 

 

2.2 Surface sterilization of Peltigera lichen proved 
unfeasible  

 

In order to enable differentiation of endo- and ectothallic bacteria, surface 

sterilization of the lichen thalli was attempted. Peltigera lichen samples were 

divided in two halves, having one half treated conventionally, while another set 

underwent treatment adapted from that of Biosca (2016). Each flask containing 

lichen samples was supplemented with 30 ml of Ringer solution mixed with T20. 

The flasks were agitated at a speed of 250 revolutions per minute (rpm) for a 

duration of one and a half hours. Subsequently, a 6 ml aliquot of the resulting 

extract was collected, and an equivalent amount of 42.5% glycerol solution was 

added to preserve it before storing in a freezer. The remaining liquid was 

discarded. Concurrently, the lichen thalli were treated with 10 mL of TP1 solution 

for plating onto KBC and TSA media. The subsequent steps mirrored the 

procedure used for non-sterilized samples.  

 

An alternative sterilization approach involved immersing the thalli in 17% 

hydrogen peroxide (H2O2) for a duration of 60 seconds. Afterward, the thalli were 

rinsed twice with distilled water, following a modified protocol inspired by Kinkel 

et al. (1989). 
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The results obtained by both sterilization methods were inconsistent, giving in 

some cases a higher number of bacteria in the sterilize thallus than the non-sterile 

(Figure 6). There are several potential explanations for the inconsistent results. 

For example, the intricate architecture of the lichen thallus, with fungal hyphae 

interconnecting with cyanobacteria, and sometimes algae, presented significant 

challenges. The complexity of this symbiotic combination made it difficult, firstly, 

to distinguish the boundaries between the inner and outer regions of the lichen, 

and secondly, to adequately access and treat all the intricate crevices within the 

thallus. Additionally, the first sterilization method was originally designed for use 

in different lichen genera, and the second method was originally described for 

plant leaves, which could potentially impact the success of the sterilization 

process. 

 

2.3 Selection of plant species, P. syringae strains, 
and incubation conditions for fitness and pathogenicity 
testing 

 

In the process of selecting plant species, various criteria were considered. For the 

pathogenicity test, three plant species were chosen based on their potential 

Figure 6. Bacterial count of isolates identified as P. syringae-like. a) Comparison of P. syringae-like count in normal 
treated thalli of Peltigera with those in sterilized thalli, as described in the method outlined in (Kinkel et al., 1989); b) 
Comparison of P. syringae-like count in normal treated thalli of Peltigera with those in both sterilized thalli and the 
extract from the thallus that underwent sterilization. This followed a modified method as per (Kinkel et al., 1989). 
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utility for Icelandic agriculture, being currently cultivated either indoors or 

outdoors: kale (Brassica oleracea), cucumber (Cucumis sativus) and barley 

(Hordeum vulgare). The 10 plant species selected for fitness analyses included 

model plants like tobacco (Nicotiana tabacum), tomato (Solanum lycopersicum), 

and thale cress (Arabidopsis thaliana), along with plants of evolutionary research 

interest, such as rice (Oryza sativa), which has never been cultivated in Iceland. 

The remaining plants provide a diverse range such as spinach (Spinacia oleracea) 

or garlic chives (Allium tuberosum), encompassing wild plants like annual 

mugwort (Artemisia annua) and those used in the pathogenicity tests for 

consistency. 

 

For the bacterial selection, we focused this study on phylogroup PG1 and PG2 

strains isolated from Peltigera lichens. Even though these are among the least 

abundant PGs found in Peltigera where the most common was PG10 followed by 

PG13. We consider that PG1 and PG2 were the most appropriate for these 

experiments as they are the most common PGs of epidemic strains (Berge et al., 

2014). Following the construction of a phylogenetic tree using the PG1 and PG2 

strains isolated from Peltigera lichen, the selection process involved choosing two 

distinct strains from each PG for fitness analyses and 17 strains for the 

pathogenicity test aiming to represent the varied strains from these PGs isolated 

from Peltigera. 

 

The incubation conditions and the inoculation/infiltration volumes were selected 

with the aim of creating a favorable situation for the bacteria to grow and develop 

symptoms on the plants (Grimstad and Frimanslund, 1993). However, this is not 

easy to reach for all strains because P. syringae exhibits a broad temperature 

range, and various strains are tailored to different temperature conditions. For 

instance, P. syringae pv. actinidiae shows heightened invasiveness at relatively 

low temperatures (10-20°C; optimum 15±3°C). Nonetheless, symptoms have 

been observed at temperatures exceeding 25°C in regions like France, Italy, and 

Portugal (Loreti, 2019). Hence, we consider this variability in our interpretation 

of the results. 
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2.4 Approaches to solve the plate contamination 
problems with A. thaliana 

 

For the P. syringae fitness test in A. thaliana, the experiment had to be repeated 

up to four times due to plate contamination issues. A. thaliana leaves, situated 

close to the soil, encounter numerous microbes. The higher bacterial population 

and/or diversity compared to other plant species tested posed challenges in 

identifying and quantifying P. syringae on KB media, which is not species-specific. 

Additionally, the short life cycle of A. thaliana led to a rapid leaf deterioration 

within 7 days post-inoculation. To minimize non-P. syringae microbes, we 

modified our approach by watering plants without splashing onto the leaves and 

selecting the top leaves for inoculation. Several attempts were made to sterilize 

with an alcohol-dipped swab, but they were unsuccessful. Furthermore, to 

enhance reliability, the number of replicates per strain was increased from 5 to 6 

and the inoculation was done in younger plants to avoid testing the fitness during 

senescence of the leaves. All these adjustments in the process were offset by 

consistent outcomes. 

 

2.5 Criteria for selecting lichen samples in 
metabolomic studies 

 

In this part of the project, our objective was to collect samples from various 

species belonging to three lichen genera, with one of them being Peltigera. The 

aim was to compare the untargeted metabolic profiles of the lichens, specifically 

searching for compounds that may be present, absent, or exhibit different 

abundances solely in Peltigera or the non-Peltigera genera. This exploration 

aimed to identify potential compounds influencing the presence of P. syringae 

(more information in Paper III). 

 

To ensure a comprehensive and representative sampling of lichen genera, we 

opted for a strategic approach. Our criteria included the selection of three distinct 

genera, each comprising at least two species, to enhance the diversity within each 

genus.  
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Ideally, we would have analyzed the 10 lichen genera from the initial phase of the 

project. However, this approach was not economically or practically viable. The 

inclusion of Peltigera was imperative, providing a benchmark for comparing other 

lichens that exhibited the presence of P. syringae. 

 

In choosing the additional two genera, we sought lichens from environments akin 

to those of Peltigera, minimizing the variability introduced by habitat differences. 

Our selection considered the potential preferences of humid environments by P. 

syringae excluding crustose lichens, known for their drier nature. The selected 

genera, Cladonia and Stereocaulon (Figure 7), in spite of growing in similar 

environments, belong to the order Lecanorales while Peltigera is from the order 

Peltigerales, difference that we had in mind during the metabolic data analyses. 

Furthermore, the selection process factored in the suitability of genera with 

ample existing research, such as Cladonia and Stereocaulon facilitating our 

research and enhancing the depth of our comparative analyses. 

 

 

Figure 7. Pictures of some of the lichen species used in the metabolic studies of this thesis a) P. membranacea; 
b) C. arbuscula; c) S. vesuvianum. 
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3 Summary of main result 

In this project, P. syringae was isolated from lichens for the first time. While 

previous metagenomic studies (Sigurbjörnsdóttir et al. 2015) had suggested the 

presence of P. syringae or closely related pseudomonads in Peltigera 

membranacea, this had not been verified by culturing until now. Indeed, the 

isolation of this potential plant pathogen was achieved from all Peltigera lichen 

species tested, but, interestingly, not from and of the other 9 lichen genera 

tested. Strains isolated from Peltigera lichen were categorized into four different 

PGs. Notably, the most prevalent are PG10 and PG13, constituting 60% and 22%, 

respectively, and are commonly associated with strains from non-natural 

environments. The remaining phylogroups, PG2 and PG1, account for 14% and 

4%, respectively (Figure 8). These PGs are typically considered more aggressive 

and are commonly associated with epidemic strains. 
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Figure 8. Neighbor-joining phylogenetic tree, based on 101 concatenated cts sequences of P. 
syringae from Iceland (IS). The tree comprises haplotypes from lichens, tracheophytes, and 
moss sampled in this study, along with tracheophytes from Morris et al. (2022) Sequences, 295 
bp long with gaps, were used, resulting in 89 haplotypes (461 isolates). Identical sequences 
were condensed, leaving one representative per haplotype. PGs, classified following Berge et 
al. (2014), are denoted by different colors, and examples are referenced. Fourteen haplotypes 
from Peltigera lichens are marked with dots on the tree. See Paper I for more details. 

 

To address questions on the biogeography and host specificity of the P. syringae 

population in lichens, we compared genetic distance within and among the 

geographically widely separated sampling sites. The findings revealed a greater 

resemblance in P. syringae populations within diverse hosts at the same sampling 

sites compared to those within the same Peltigera species at geographically 

distant sampling sites (Figure 9). This suggests a potential exchange of P. syringae 

strains between plants and Peltigera lichens, underscoring one of the leading 

hypotheses of the project, namely that Peltigera lichens can potentially serve as 

reservoirs for P. syringae in Icelandic habitats. 

 
Figure 9. Genetic distance between P. syringae from 10 distinct sampling sites isolated from 
Peltigera lichen, tracheophyte and/or moss. t-Distributed Stochastic Neighbor Embedding 
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graph (t-SNE) created to display 487 P. syringae strains that were collected from Peltigera lichen 
thalli, along with other organisms such as tracheophytes and/or moss, from ten different 
sampling sites (see Paper I for more details). 

The question of whether P. syringae strains from Peltigera lichens can potentially 

cause diseases in plants, strains assigned to phylogroups PG1 and PG2 were 

selected for pathogenicity and fitness analyses across various plant species, 

predominantly crops. The fitness evaluation involved four distinct strains, two 

from each PG, compared with two strains isolated from epidemic crops beyond 

Iceland (CC0094 and DC3000) across 10 different plan species. The fitness of 

Peltigera strains was generally comparable to epidemic strains, except in 

cucumber at 1-and 8 days post infection (dpi), and barley at 8dpi, where the 

epidemic strains exhibited higher fitness. Nevertheless, in tomato, P. syringae 

growth from Peltigera surpassed that of epidemic strains at 1dpi. 

 

In the pathogenicity test, we chose 17 strains from Peltigera lichen and three 

strains (CC0125, CC0094, and CFBP1906) from other regions worldwide from the 

same PGs. Measurements of necrotic tissue length in the infiltrated leaves 

suggest that nine out of 17 strains from Peltigera lichen can be considered 

pathogenic in barley and cucumber, as they produced necrosis lengths 

significantly higher than the negative controls. The same strains, along with four 

additional ones, exhibited pathogenicity in the case of kale (Figure 10). 
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The presence of P. syringae within lichens raises questions on the biochemical 

and physiological effects of the lichen thallus environment on P. syringae, and 

vice versa. To address these, an untargeted metabolomics analysis was 

conducted, which delved into the metabolic profiles of seven distinct species 

within the Cladonia, Stereocaulon, and Peltigera lichen genera. The complexity 

observed in all lichen metabolic profile is not surprising, given that it is 

composed of various organisms. It is also believed that a portion of the 

metabolites arises from the symbiotic interactions (Calcott et al., 2018). The 

richness analyses revealed greater diversity in non-Peltigera genera compared 

to Peltigera (Figure 11). On the other hand, the eveness as measured by a 

Simpson test shows significant higher levels in Peltigera samples compared 

with Cladonia and Stereocaulon. Indicating a more balanced abundance of the 

compounds isolated from Peltigera samples. 

 

Figure 11. (A) Mass spectra (m/z) in purple (positive polarity) and green (negative polarity) for 
Peltigera sample 28, Cladonia sample 2, and Stereocaulon sample 42. (B) Represents the 
average chemical investment across the analyzed genera in this study. See Paper III for more 
details. 

Figure 10. Necrotic tissue length in mm on leaves infiltrated with P. syringae. Dots represent all 
measurements at different time points differentiate by the darkness of the color while the 
boxplot summarize the necrotic length on: a) Barley at 14 dpi; b) Cucumber on 9 dpi and; c) Kale 
on 14 dpi. All plants were incubated at 24 °C (14 h light, 10 h dark) and 75% humidity for up to 
14 days. The P. syringae strains that exhibit statistical significance from the negative control (p 
value < 0.5) are marked with an asterisk on this graph. 
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These results revealed genus and species-specific metabolic profiles (Figure 12.a), 

prompting further exploration into the differing metabolites. Furthermore, we 

could observe how P. membranacea is clearly separated from the other two 

lichen genera in the PCA (Figure 12.b). This distance is probably a result of the 

different photobionts that are part of P. membranacea where a cyanobacterium 

serves as the primary and exclusive photobiont, while the other two Peltigera 

species are tripartite, featuring both algae and Nostoc cyanobacteria (Paulsrud et 

al., 2001). This investigation aims to identify specific compounds that may play a 

role in the exclusive isolation of P. syringae from Peltigera lichen.  

 

 
Figure 12. Principal Component Analysis (PCA) with each species differentiated by color. Ellipses 
indicate the 95% confidence area. a) All samples included; b) Only Peltigera samples included. 
Generated by Metaboanalyst. 

Kinetic analyses reveal similar bacterial growth in lichen-supplemented media, 

except for C. arbuscula, which exhibited lower growth, and P. aphthosa, showing 

the closest bacterial growth and highest OD600 when compared to KB media. The 

inhibition disk test only highlighted inhibition from various Cladonia species and 

the two Stereocaulon against the antagonist of P. syringae, B. velezensis, while no 

inhibition was observed against P. syringae. The average lichen profile is 

characterized by a dominance of lipids in the positive polarity and mainly organic 

acids in the negative polarity. 
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A total of 6527 compounds were collapsed by Cytoscape with the positive polarity 

with a 4.5% annotated from which 297 were exclusively from Peltigera samples. 

Some candidates of the specific isolation of P. syringae from Peltigera are 

benzimidazoles that we only identified in Peltigera lichens aminoglycosides or 

guaiane, known to inhibit B. subtilis and other recognized antagonists of P. 

syringae. For instance, a compound exclusively absents in Peltigera, such as 

anthracene, serves as a carbon source utilized by the antagonist of P. syringae, 

Bacillus subtilis (Salamat et al., 2018). Furthermore, ubiquinones, recognized for 

their role in resistance against P. syringae in various plant species, were identified 

in the non-Peltigera lichens. 
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4 Discussion 

The project concept emerged following the identification of P. syringae traces 

during metagenomic analyses of P. membranacea lichen conducted by 

Sigurbjörnsdóttir (2015). In this investigation, traces of other potential bacterial 

pathogens, including Xanthomonas and Xylella sp., were also detected. This study 

focuses on P. syringae, a model organism for plant pathogens with a well-

documented adaptation to cold environments, making it particularly relevant as 

a potential threat in Iceland. Furthermore, focusing on P. syringae was judged to 

complement ongoing work on this plant pathogen in different plant types in 

Iceland (Morris et al., 2019). The results not only showed a high abundance of the 

bacterium in the country but also pointed to the apparent isolation of the P. 

syringae Icelandic population from the mixing process of the rest of the globe for 

a long time (Morris et al., 2022). 

 

4.1 Is P. syringae exclusively hosted by Peltigera 
lichen? 

 

The work reported in Paper I indicated the presence of P. syringae in only one 

lichen genera Peltigera, commonly referred to as dog lichens or pelt lichens. It 

could, however, be argued that it ought to be isolatable from other lichen genera 

that, as Peltigera, offer a suitable intrathallic environment for growth of P. 

syringae. These characteristics, as briefly explained in Paper I, could include the 

amount of available water within the lichen, or, as was shown in Paper III, the 

presence of metabolites that could help P. syringae survival by, for example, 

inhibiting the growth of B. velezensis, a known competitor of P. syringae, or the 

lack of some metabolites that have antibiotic or antimicrobial effects against P. 

syringae. 
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4.2 P. syringae are perhaps more prevalent in 
lichens placed in cold climates 

 

We are aware that attempts to isolate P. syringae from lichens in more temperate 

zones, including Peltigera species, have been unsuccessful. There could be 

reasons for P. syringae being more readily isolated from lichens in Iceland. These 

could include reduced competition in the habitat, as several bacteria found in 

temperate zones might struggle to survive or exhibit lower fitness in a cold 

climate. Indeed, P. syringae shows excellent adaptation to cold conditions, setting 

it apart from many other bacteria. Pseudomonads in Icelandic natural habitats 

tend to be cold adapted (Jóelsson et al., 2013; Markúsdóttir et al., 2013). 

 

An alternative explanation might be associated with the observation that bacteria 

in cold habitats appear to have a lower biosynthetic potential than those in 

warmer environments (Pomeroy et al., 1991). Consequently, it is plausible that 

certain bacterial species with antimicrobial activity against P. syringae, found in 

Peltigera lichen within cold environments, may not produce certain metabolites, 

or produce them in lower quantities in this specific environment, potentially 

promoting the presence of this bacterium. 

 

4.3  “Ideal conditions” for P. syringae outbreak are 
not common in Iceland 

 

The conditions selected in the pathogenicity and fitness analyses aim to show if 

the strains are aggressive under the proper conditions for rapid growth. Even 

though the ideal conditions for infection might vary between strains, we selected 

24°C and 80% of humidity for our samples which is an uncommon condition in 

Iceland.  

 

This study highlights the potential of environmental bacteria, particularly those 

from lichens, to become pathogens. It underscores the need for increased 

awareness of potential outbreaks, especially as climate change pushes conditions 
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closer to the optimal for these bacteria, a situation that is becoming more likely 

in polar regions (Parry, 2019). 

 

4.4 Metabolomics for analyses of host-microbe 
interaction 

 

As lichens are immobile, they have evolved various mechanisms to engage with 

surrounding microorganisms. These mechanisms encompass defense strategies 

against pathogens and the synthesis of attractants for symbiotic organisms, such 

as sugars and sugar alcohols released by the primary lichen symbionts. These 

substances may also impact the composition of lichen-inhabiting bacteria. 

However, the chemical communication between the primary myco- and 

photobionts and microorganisms inhabiting lichens is not well-understood 

(Pichler et al., 2023) 

 

Chen et al. (2021) demonstrated how metabolomics can be applied to 

functionally characterize specific metabolites influencing plant-microbe 

interactions. While this approach is intriguing for future studies in various 

organisms, it holds particular significance in lichens due to challenges associated 

with working on their thallus in the laboratory. These challenges include slow 

growth and difficulties in disinfection, especially when considering sampling for 

future inoculations. 

 

4.5 Lichen profiles exhibit species and genera-
specific metabolites 

 

Our results showed a clear difference between the metabolic profile among 

different genera and species in both positive and negative run. A comparable 

result to ours is illustrated in Mittermeier et al. (2015), where they investigated 

various lichens isolated from Alpine and Ecuadorian environments. They 

observed that not only did samples from the same species or genera cluster 
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together in the PCA, but also that phylogenetically closer genera exhibited closer 

proximity in the plot. 

 

Boustie et al. (2011) opened the question of the differentiation of lichen 

metabolic profile in response to environmental more than genetic factors. The 

lichens for this study were sampled in March 2023 in Reykjavik (Iceland) in days 

with -15 to -18 °C which we can consider rather extreme temperatures. Despite 

the anticipated changes in metabolic profiles due to environmental or other 

factors that we have not tested in this study, our findings suggest that different 

lichen species belonging to the same genera shared a big part of their metabolic 

profile. This might be because these genera share strategies or pathways among 

species within the same genus or maybe they retain certain fundamental 

metabolites specific to each species or genus. The outcomes of our study, 

involving samples from different genera in the same area and sampled at the 

same time, point to a clear differentiation likely stemming from genetic 

adaptation.  

 

4.6 Untargeted metabolomic analyses reliability 

 

Lichens and their metabolites are intricate, originating from diverse symbionts, 

resulting in a highly diverse metabolic spectrum. Untargeted metabolic analyses 

provide extensive information, albeit with reduced precision. Our experiment 

was meticulously designed to report only metabolites with results we are 

confident in, employing multiple replicates, pseudo-replicates, and strict 

statistical parameters. While we can trust the reported findings, caution is 

warranted regarding unreported data, as there is a possibility of loss due to the 

chosen metabolomic approach or the data filtering and cleaning processes. 

 

We used the bacteria's growth on various lichen media and inhibition tests as 

references to analyze the differing metabolites among species showing 

significant differences in these analyses. Afterwards, we aimed to establish 

connections between the identified metabolites in various samples and their 

potential impact on the exclusive isolation of P. syringae from Peltigera lichen, 

drawing insights from information found in peer-reviewed journals. We 
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acknowledge the diverse roles that different compounds can play under various 

conditions. For instance, investigations into the antimicrobial effects of lichen 

extracts on the same or different microorganisms have occasionally produced 

disparate results. Typically, such differences are attributed to factors like 

extraction methods or the geographical locations of the lichen samples (Ranković 

et al., 2009). Our study aimed to speculate and analyze potential candidates, 

recognizing that this information may require validation through further 

research. 
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5 Suggestions for future work 

Part of the work performed during the present project will be published after the 

submission of the thesis: 

 

5.1 Exometabolomics of P. syringae in lichen-   
enriched growth media 

During the metabolomics analyses, we gathered a substantial amount of 

information, which, upon compilation for a paper, proved to be excessively 

extensive. Consequently, we decided to divide the content into two articles. In 

one article, we concentrated on the lichen metabolites that could potentially 

influence the presence of P. syringae (Paper III). The other article encompasses 

the inhibition assay, kinetic analyses of selected P. syringae and a B. velezensis 

strain in lichen-supplemented media, along with the analysis of exo-metabolites 

produced by these bacteria during a 48-hour growth period in some of the lichen-

supplemented media (Figure 13) (paper not included on the thesis). 
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Figure 13. Schematic illustration of the exometabolite analyses of P. syringae and B. velezensis 
in diverse lichen media. 

 

5.2 Bacterial selection for the experiments of P. 
syringae growing on lichen supplemented media: 
kinetics, inhibition and exo-metabolites analyses 

 

The selection of the bacteria strains to be used in this part of the study was 

focused on the analyses of P. syringae belonging to different PGs. The PGs 

isolated from Peltigera lichen are PG10, PG13, PG2 and PG1 in order of 

abundance (Ramírez et al., 2023). As controls, we selected some strains from 

other parts of the world that belong to the same PGs (Table 1). Furthermore, we 

include B. velezensis to understand the capability of this known P. syringae 

competitor to grow on different lichens and therefore shaping P. syringae 

presence. 



 
 

39 
 

Table 1. Overview of strains utilized in metabolomics, kinetics, and inhibition experiments, 
featuring details such as isolation country, substrate, organism, PG, pathogenicity, and fitness 
as outlined in Paper II. The inclusion of information indicating whether a strain served as a 
control and references to relevant literature sources is also provided. 

 

5.3 Low intensity signal from P. syringae growing 
48 hrs in lichen supplemented media  

The first untargeted metabolomics run of exo-metabolites from P. syringae 

growing in minimum media supplemented with lichen metabolites showed low 

peaks impeding noise removal and confidence of the results. To increase the peak 

size all samples used in this essay were dried in a vacuum centrifuge concentrator 

and diluted this time to 10 mg/ml of the organic phase instead of 1 mg/ml of the 

aqueous phase to obtain higher peaks. The obtained peak intensities were 

adequate for the analyses and differentiation from noise. 

 

5.4 Whole genome sequencing of 16 P. syringae 
strains isolated from Peltigera lichen, moss and 
tracheophytes 

Moreover, we submitted 16 P. syringae strains obtained from both plants and 

Peltigera isolated in Iceland for whole-genome sequencing (Table 2). The strain 

selection aimed to cover a diverse range of P. syringae strains, including 

representatives from PG1, PG2, PG10, and PG13, isolated in Iceland from various 

Peltigera lichen, tracheophytes, and moss species, with a particular emphasis on 

the Peltigera lichen strains. Whole-genome sequencing was conducted using the 

Bacteria de novo sequencing platform with Pac Bio Sequel II for the reference 
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strain SU201201, while the remaining strains were analyzed through Bacterial 

whole-genome resequencing. 

We intended to analyze these sequences to enhance our understanding of how 

Icelandic P. syringae strains differentiate from those found elsewhere globally as 

well as to observe if there are differences between strains from Peltigera lichen 

compared with plant strains and analyze the possible horizontal gene transfer 

between Peltigera lichen and the strains isolated from this genus. Finally, we 

would like to analyze the presence of Type III effectors, correlate them with 

fitness and epidemic performance of Paper II and compare them with the ones 

from epidemic strains. 

 

Table 2. Strains submitted for whole genome sequence and their isolation substrate, PG, 
fitness, or pathogenic test done and symptoms observed based on Paper II. 

 

5.5 WGS contamination problems 

The sequencing process for these strains turned out to be more challenging than 

initially expected. Due to the lack of whole-genome sequencing capabilities at the 

university, we opted to have the bacteria sequenced by an external company BGI 

Genomics. Initially, we sent the cell pellet of the bacteria, anticipating the 

company to handle the DNA extraction at their facilities. However, near the 

completion of the process, they informed us of sample contamination. 

Subsequently, we sent 12 out of the 16 strains for sequencing again, but this time, 

we conducted the DNA extraction ourselves and sent the extracted DNA to them. 

The samples were sequenced successfully in this second trial. 
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Abstract  
 
The exclusive isolation of potentially plant-pathogenic Pseudomonas syringae 

from Peltigera lichens raises questions about the factors influencing the 
bacterium's apparent host specificity among lichens. To identify potential factors 
involved, an untargeted metabolomics approach was applied to seven lichen 
species belonging to three genera (Cladonia, Peltigera, and Stereocaulon). 
Additionally, we assessed, the growth of P. syringae strains in media prepared 
from extracts from each lichen species. The overall profile exhibited reduced 
metabolite richness in Peltigera compared to other genera. However, chemical 
investment analysis indicates a higher allocation of resources by Peltigera, 
suggesting a focused production of specific compounds. Growth kinetics analysis 
indicated comparable P. syringae growth across lichen-supplemented medium, 
with the notable exceptions of C. arbuscula versus Cladonia sp., with the first 
showing lower growth rates. An inhibition test using disks soaked in lichen 
extracts showed no inhibition against P. syringae. The average lichen metabolome 
profile is characterised by a dominance of lipids and organic acids. Furthermore, 
specific compounds like aminoglycosides positively influence the presence of P. 
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syringae in Peltigera, known to inhibit B. subtilis and other recognised antagonists. 
Additionally, compounds absent in Peltigera, such as anthracene, may serve as a 
carbon source for other P. syringae inhibitors like B. velezensis.  

 
Introduction  
 
Lichens are a widespread and diverse group of cryptogam species formed by a 

symbiosis between fungi and photosynthetic symbionts (Boustie and Grube, 
2005; Feuerer and Hawksworth, 2007). The lichen thallus comprises intertwined 
fungal hyphae and photosynthetic cells, consisting of either algae, cyanobacteria, 
or a combination of both. Beyond these constituents, lichens also host internal 
communities of bacteria (Cardinale et al., 2006; Leiva et al., 2021), fungi (Bates et 
al., 2012; Spribille et al., 2016), archaea (Bjelland et al., 2011; Garg et al., 2016), 
and viruses (Eymann et al., 2017). While lichens heavily depend on the 
atmosphere for water intake, their remarkable resilience in challenging 
environments is partly attributed to their microbiome, which plays a crucial role 
in their survival. (Leiva et al., 2021; Pisani et al., 2011) 

 
Given their widespread distribution, lichens can be found in environments with 

variable climates, including subpolar oceanic zones such as Iceland. Terricolous 
lichens are a significant constituent of Iceland's vegetation, accounting for 
approximately 3.64% of vegetation coverage (Ramírez et al., 2023). Some of the 
most common Icelandic lichens include members of the genera Peltigera, 
Stereocaulon, and Cladonia. Stereocaulon is a cosmopolitan lichen genus 
comprising approximately 125 fruticose species (Coppins and Smith, 2009), 
including the three-part symbiotic species S. alpinum and S. vesuvianum (Torres 
et al., 2023). Cladonia is a genus characterised by a primary crustose or 
squamulose thallus followed by a secondary fruticose thallus. This genus encloses 
approximately 475 species (Škaloud et al., 2015), from which C. arbuscula and C. 
chlorophaea adhere to a bipartite arrangement involving an algal partner 
(DePriest, 2004; Pisani et al., 2011). The lichen genus Peltigera are typically foliose 
and exhibit broad lobes. This diverse genus encompasses around 100 lichen 
species (Stenroos et al., 1994), with examples like P. leucophlebia and P. apthosa 
containing a combination of both algae and cyanobacteria as photobionts 
(Cordeiro et al., 2012), and species such as P. membranacea that exclusively 
harbor cyanobacteria (Miao et al., 1997). 

 
Due to their complex nature, lichens also possess a broad metabolism, drawing 

considerable interest due to their distinct chemistry and biotechnological 
prospects. The metabolome of lichens can be divided into primary metabolites 
such as proteins, lipids, and carbohydrates, which are essential for lichen 
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metabolism and structure (Huneck et al., 1996), and secondary metabolites. 
Lichen’s secondary metabolites are intricate yet non-essential small molecules 
that can comprise 0.1% to 30% of the lichen thallus' dry weight (Molnár and 
Farkas, 2010). Throughout history, the compounds derived from lichens have 
been thought to be synthesised by the dominant fungal partner. However, recent 
studies indicate that photobionts and bacteria associated with lichens also 
contribute to a variety of potentially valuable molecules, and although some of 
those metabolites may not directly benefit the microorganisms, they are 
advantageous to the overall lichen (Calcott et al., 2018).  

 
Over 1050 recognised lichen metabolites are catalogued in the Lichen 

DataBase (LDB). These metabolites have multifaceted functions within the lichen 
symbiosis and their ecological niche. Some of them serve as allelopathic agents, 
influencing the growth and survival of neighbouring organisms, thereby giving 
lichens a competitive advantage (Paukov et al., 2019). Others affect the 
palatability of lichens to herbivores, acting as a form of defence. Furthermore, 
certain secondary metabolites enhance the permeability of the cell membranes 
of phycobionts, the algal partners within lichens, potentially aiding in nutrient 
exchange and survival in challenging conditions. Additionally, these metabolites 
serve as shields against excessive ultraviolet (UV)-B radiation, helping to protect 
the photosynthetic components of lichens from harmful UV rays (Paukov et al., 
2019). Moreover, it is noteworthy that a substantial portion of studied lichen 
species synthesises substances with varying degrees of antimicrobial activity 
(Romagni and Dayan, 2002), which could have implications for their interactions 
with other microorganisms in their environment. Overall, these protective 
compounds collectively contribute to the unique and enduring conditions for 
lichen existence, resulting in remarkable longevity, with certain lichens living for 
several millennia (Denton and Karlén, 1973). 

 
Earlier investigations in Icelandic lichens of the genera Peltigera indicated a 

particular prevalence of P. syringae as part of their microbiome (Morris et al., 
2022; Ramírez et al., 2023). Interestingly, P. syringae was isolated consistently 
from only this lichen genus out of ten evaluated. Furthermore, these bacteria 
were found in 4 different Peltigera species collected. The genetic lines of P. 
syringae discovered in the Icelandic region are remarkably monophyletic, 
suggesting independent evolutionary trajectories from P. syringae populations in 
other global regions. These monophyletic haplotypes are observed across various 
phylogroups (PGs) (Morris et al., 2022). Notably, certain P. syringae strains 
associated with PG01 and PG02 underwent pathogenicity and fitness assessments 
across different plant species, revealing pathogenicity levels comparable to those 
of epidemic P. syringae strains such as DC3000 or CC0094 (Ramírez et al., 2023).  
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Following the exclusive isolation of P. syringae from lichens of the Peltigera 

genus, we became intrigued by the potential distinctions between Peltigera and 
other lichen genera. We initially hypothesised that the lack of P. syringae isolated 
in other lichen species could be due to the higher amount of water in Peltigera, 
which correlates with the observation of a higher culturable bacteria amount 
(Ramírez et al., 2023). A second hypothesis was posited based on the apparent 
coincidence between the defence mechanism of the suborder Peltigerineae 
lichen that focused on the production of high quantities of superoxide instead of 
diversifying their defence in the production of several secondary metabolites as 
the main part of the lichens (Beckett et al., 2003). Notably, P. syringae is not 
affected by superoxide (Minardi and Mazzucchi, 1988), potentially assisting its 
colonisation in the Peltigera microbiome. A third hypothesis was postulated, 
taking into account the lichens' chemistry. We hypothezised that a metabolite(s) 
within Peltigera lichens could be enhancing P. syringae's survival or reducing the 
growth of known P. syringae antagonistic bacterial strains such as other 
Pseudomonas velezensis (Rabbee et al., 2019). Conversely, non-Peltigera lichen 
genera may contain metabolites inhibiting P. syringae growth or enhancing the 
population of antagonistic microbes on their thallus, which could reduce P. 
syringae population on the thallus. 

 
In this context, this research aimed to elucidate if the reasons behind the 

exclusive isolation of P. syringae from the lichen genus Peltigera were related to 
the lichens' chemical profile. For this purpose, three different approaches were 
taken. First, we analysed, the metabolic profiles of lichens of different species 
from the Peltigera, Cladonia and Stereocaulon genera were obtained by LC/MSMS 
to evaluate if there were distinctions between the different genera. Afterwards, 
the growth profile of the different bacterial strains, including Bacillus velezensis, 
in medium supplemented with lichen extract to determine if the growth of the 
strain was enhanced by the presence of the lichen metabolites. Finally, the 
antibacterial activity of the lichen extracts was tested against selected P. syringae 
strains isolated from the Icelandic lichens and a control, the P. syringae 
antagonistic bacteria B. velezensis.  
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Experimental Procedures 

Sampling lichens  

In March 2023, sample collection occurred in the southwestern region, 
specifically in the snow-free areas of Iceland in that season, including Heiðmörk 
forest, Öskjuhlíð hill, and the shores of Elliðaá in Árbæjarstífla. Following 
collection, all samples were cleaned of other organisms attached, such as moss or 
debris. Promptly after, all lichen thalli were flash-freezed in liquid nitrogen in situ 
and stored at -80°C. A total of 31 samples were collected, representing three 
distinct genera: Cladonia, Peltigera, and Stereocaulon, and seven specific species: 
C. arbuscula, C. chlorophaea, P. aphthosa, P. leucophlebia, P. membranacea, S. 
alpinum, and S. vesuvianum. Additional details regarding the sampling process, 
dates and location are available in Table S1 All specimens underwent 
morphological analysis, and corresponding vouchers have been deposited at the 
Icelandic Institute of Natural History. 

Tissue preparation 

After lyophilisation during 48-72 hours at -52°C in LyoDry Benchtop Freeze 
Dryer (MechaTech Systems), samples were mashed until reaching a dust-like 
consistency with the help of a pestle. Samples of the same lichen species were 
pooled together in equal amounts and stored at -80°C for metabolite extraction 
as detailed below. 

For the metabolite extraction, 80 milligrams of each of the lichen grounds were 
placed into an Eppendorf tube, and 500 µL of 100% methanol (LC/MS grade, 
Fisher Scientific UK Limited) were added. The samples were thoroughly mixed 
using a vortex mixer for one minute and sonicated for 20 minutes at room 
temperature, with an ultrasound frequency of 37 kHz and a power of 80 W 
(Fisherbrand, FB15051). After ultrasonication, the samples were centrifuged at 
room temperature for 10 minutes at 13,000 rpm. And the resulting supernatant 
was collected. This process was repeated thrice, with fresh solvent added to each 
round. The obtained crude extract was dried using a vacuum concentrator 
(Eppendorf® Concentrator Plus) at 45°C. Afterwards, the total chemical 
investment (hereafter referred to as chemical investment) was calculated as 
reported by Salazar et al. (2018) measured as the average thallus dry-mass 
percentage of secondary compounds. 
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HPLC-MS/MS analysis 
 
Before analysis, the samples were reconstituted to a final concentration of 10 

mg ml-1 in 50% acetonitrile (ACN, LC/MS grade, Fisher Scientific UK Limited) and 
filtered through a PTFE 0.22 µm filter (Fisherbrand™). A pooled sample (QC) was 
created by combining 10 µl from each extract to monitor the analysis 
performance and correct batch effects (if observed). Similarly, 50% ACN was 
employed as a blank control and included in the batch alongside the QCs samples, 
to be analysed once every ten (randomised) lichen samples.  

 
For HPLC-MS/MS analysis, 10 µl of each extract was injected into a Dionex 

UltiMate 3000 chromatographic system coupled to a Q-Exactive mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany). This analysis utilised 
a C18 column (Hypersil GOLD, 100X2.1 mm, particle size: 1.9 µm, Phenomenex, 
Torrance, USA). The mobile phase consisted of 95% H2O (LC/MS grade, Fisher 
Chemical™) with 0.1% formic acid (FA, Op tima™ LC/MS Grade, Fisher Chemical™) 
as solvent A, and 95% ACN with 0.1% FA as solvent B. The flow rate was set at 250 
µl min-1. 

 
The chromatographic program was configured as follows: 1% B from 0-1 min, 

a gradient increase from 1 to 99% B between 1-40 min, an isocratic phase at 99% 
B for one minute, followed by a one-minute return to 1% B and a 10 min re-
equilibration phase at 1 % B. Data-dependent acquisition of MS/MS spectra was 
conducted in Electrospray Ionization (ESI) positive and negative modes. ESI 
parameters included a 40 arbitrary units (AU) sheath gas flow, 10 AU auxiliary gas 
flow, and 3 AU sweep gas flow. The auxiliary gas temperature was set to 100 °C, 
the spray voltage was set to 3.9 kV in positive mode, and to 3 kV in negative mode. 
The inlet capillary was heated to 275 °C, and the S-lens level was adjusted to 50 V. 

 
The MS scan range was set from 100 to 1800 Daltons, with a resolution of 

140,000 and one micro-scan. For MS acquisition, the maximum ion injection time 
was 100 ms with an automatic gain control (AGC) target of 1 x 106. Up to five 
MS/MS spectra per duty cycle were acquired at m/z 200 of 17,500. The maximum 
ion injection time for MS/MS scans was 50 ms with an AGC target of 1 x 105 and a 
minimum AGC target of 8 x 103. 

 
The MS/MS precursor isolation window was set to m/z 4.0, and the normalised 

collision energy was stepped from 25% to 35% to 45% with z = 1 as the default 
charge state. Dynamic precursor exclusion was conFigured for 10 s. For additional 
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details regarding the parameters, programs, and analyses, please refer to Table 
S1. 

Data pre-processing and in silico compounds annotation.  

After the HPLC-MS/MS analysis, raw files underwent conversion into centroid 
mode (.mzML) using Msconvert (Chambers et al., 2012). Subsequently, Mzmine 
3.2.8 was employed for feature finding, chromatogram deconvolution, alignment, 
gap filling, feature filtering, and ion identity (IIN), as detailed in Table S2 (Schmid 
et al., 2023). The results were exported in the form of feature abundance tables 
(.csv), MS/MS spectra files (.mgf), and ion identity networking results (.csv). 

To enhance data quality, solvent-related features were removed using the 
data acquired from the blank samples, and features with a relative coefficient 
variation exceeding 30% in the QC samples were filtered out. In addition, adducts 
and in-source fragments identified by the IIN algorithm were eliminated to reduce 
the presence of overrepresented features, retaining only representative ions for 
subsequent analysis. 

An extra spectral file (.mgf) was exported from MzMine for utilisation in SIRIUS 
4.0, facilitating in silico compound classification through CANOPUS (CSI: FingerID; 
MSI, level 3) (Djoumbou Feunang et al., 2016; Dührkop et al., 2019; Kim et al., 
2021). Feature class assignments were annotated using the ClassyFire chemical 
ontology output and the NPC library for specific cases where the annotation was 
more accurate and corresponded in chemical composition with the one from 
ClassyFire. Assignments with a probability exceeding 0.8 were considered valid, 
while those with a lower probability were categorised as “Unknown”. 

Chemical diversity assessment  

To analyse the impact of the tested factors, genera and species, a 
Permutational Multivariate Analysis of Variance (PERMANOVA) was conducted 
using the adonis2 function in the ‘vegan’ package (R 4.1.0). This involved assessing 
Bray-Curtis dissimilarity matrices created for each dataset. NMDS plots were 
generated using ggplot2 to visualise sample dispersion. Post-hoc pairwise 
PERMANOVA for each lichen genera was performed, adjusting for multiple 
comparisons with the pairwise.adonis function and Bonferroni correction. 

For alpha diversity analysis of extracts, feature richness and the Simpson 
diversity index were calculated. Feature richness represented the number of 
detected features from each genera/species. The inverse Simpson index reflected 
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the abundance-weighted diversity of metabolites in each sample. Alpha diversity 
indices differences were evaluated using a one-way ANOVA followed by a Tukey-
Kramer HSD post hoc test (p<0.05). Spearman correlations between factors and 
response variables were computed using ‘corrplot’ with Bonferroni-corrected p-
values. 

Beta diversity was evaluated through principal component analysis (PCA), 
Hierarchical Clustering Analysis (HCA), and orthogonal partial least-squares 
discriminate analyses (OPLS-DA) in Metaboanalyst 6.0. OPLS-DA models were 
constructed to compare genera and species. Variable Importance in Projection 
(VIP) features with scores higher than 1.5 were selected as discriminant variables. 
The relative abundance of discriminant features was evaluated with unpaired t-
tests and controlled for false discovery rates at 1%. Two-way ANOVA and Tukey’s 
multiple comparison tests were used to test differences between genera and/or 
species. PCA and OPLS-DA scores (R2X, R2Y, Q2Y) were employed to assess variance 
coverage and predictability, while permutation tests (n=999) were run and 
analysed to ensure the significance, stability, and non-randomness of OPLS-DA 
models. 

 

Antibacterial activity assay of lichen extracts 

A range of bacterial strains were used for antibacterial assays. Three P. 
syringae isolates (EG201428, SU200101, HV200414) were obtained from Icelandic 
lichens in a previous study (Ramírez et al., 2023), whilst the remaining strains 
(CC0094, CFBP1392, UB0246 and CC1557) correspond to P. syringae type strains 
from PG2, PG10 and PG13. An antagonist of P. syringae, B. velezensis (KHWW02) 
isolated from an ash tree in the UK was used as a non-Pseudomonas control. The 
inhibitory effects of metabolites from 31 lichen samples, grouped by species, 
against various strain of P. syringae and B. velezensis, was assessed and 
interpreted using the Kirby-Bauer disk diffusion assay (Matuschek et al., 2014). In 
brief, 10 ml of King’s B broth (KB; (King et al., 1954)) was inoculated with 100 µl 
the bacterial strains and incubated for 16 hours at 27 °C and 120 rpm. After 
incubation, the cell density was adjusted to 0.2 Optical density (OD600, equivalent 
to 108 CFU ml-1), then further diluted 1:100 in 20 ml of KB (King et al., 1954)) agar 
(0.75% w/v agar) and poured into 90 mm Petri dishes. 

 

The lichen metabolites extracted were dissolved in 50% ACN and 25 µl of each 
lichen extract was added to a sterile 6 mm paper disk and allowed to dry. Once 
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the solvent evaporated, three paper disks per extract were placed in each Petri 
dish and incubated for 24 hours at 27 °C. The diameter of the observed inhibition 
zones was recorded, and differences in antibacterial activity among treatments 
were assessed through one-way ANOVA, followed by a Tukey-Kramer HSD test (p 
< 0.05). 

 

Bacterial growth assays 
 
For the bacterial growth assay, lichen metabolites were extracted in 100% 

methanol, dried and dissolved in 20% methanol. Minimal medium (M9, without 
carbon source (Sambrook et al., 1989)) was supplemented with metabolites of 
each lichen with a ratio 20:1 (weight/volume) after being filtered with PTFE 0.22 
µm filter. The bacterial strains were cultured overnight in KB medium at 27 °C with 
shaking. The bacterial suspensions were centrifuged and washed with phosphate-
buffered saline three times to remove all KB traces. After the washing, all strains 
were diluted in M9 without glucose until 0.4 OD600. This concentration was diluted 
to half when it was mixed with the medium containing each lichen extract in a 96-
well plate. The growth assay was conducted in a TECAN SPARK® Multimode 
Microplate Reader (Tecan Trading AG, Switzerland) at 27 °C, with shaking (500 
rpm) for 47 hrs; three replicates of each treatment were done and two per control 
(M9 and KB). The distribution of the plates was done by the combinations: P. 
membranacea- P. apthosa; S. vesuvianum- S. alpinum; P. leucophlebia- C. 
chlorophaea and C. arbuscula.  
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Results and discussion 
 
Peltigera shows higher chemical investment focused on fewer compounds 
 
Peltigera species produces a permissive growth environment to P. syringae 

due to; 1. A more diverse range of metabolites are produced by Peltigera 
supporting P. syringae growth; 2. Peltigera produces P. syringae specific 
metabolites, which presumably may be absent from Cladonia and Stereocaulon; 
3. Cladonia and Stereocaulon produce inhibiting chemical(s) that prevents P. 
syringae growth.  

 
To test whether Peltigera produces a more diverse range of metabolites 

untargeted metabolomics was employed to obtain chemical profiles from eight 
lichen species (three Peltigera, three Cladonia and two Stereocaulon), generating 
a dataset with 6527 features in positive mode and 1504 in negative mode (Table 
S5). Multivariate data analysis was applied to statistically assess these features, 
revealing differences among the studied species. Additionally, metabolite 
annotation using GNPS and SIRIUS platforms provided insights into specific 
compound presence. Out of the dataset, only 4.5% and 1.7% (corresponding to 
297 and 25 features) were fully annotated in the positive and negative modes, 
respectively. 

 
The Peltigera lichens demonstrated a higher chemical investment (extract 

weight/lichen dry weight ratio), ranging from 12% to 13%, in contrast to the 
considerably lower investment observed in the Cladonia and Stereocaulon lichens 
(2-4%). However, non-Peltigera lichens exhibited higher richness (number of 
detected metabolites) than Peltigera in both polarities (positive – average 
richness in Peltigera, Cladonia, and Stereocaulon: 717, 1084.78, 1086.17, 
respectively; negative – 45.44, 81.72, and 96.75) (Figure 1). A Shannon diversity 
index test indicated that there was no significant difference between genera in 
the positive mode, while in the negative mode dataset, there were differences 
among all genera (p <0.05). In terms of metabolite evenness based on the 
Simpson index, Peltigera samples showed significantly higher levels compared 
with Cladonia and Stereocaulon (Cladonia-Peltigera p= 0.0002; Stereocaulon-
Peltigera, p= 2.044 x 10-5), while Cladonia-Stereocaulon comparison indicated a 
more balance abundance of the compounds isolated from Peltigera samples (p= 
0.4563). Conversely, in the negative polarity, Stereocaulon exhibited higher 
evenness compared to the other two genera, which did not differ (Peltigera-
Stereocaulon, p= 1.14 x 10-11; Cladonia-Stereocaulon, p= 2.53 x 10-14) while there 
was no significant difference between Peltigera-Cladonia (p= 0.4665). This 
suggests that Peltigera’s chemical composition is characterised by a substantial 
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concentration of a few metabolites, while other lichen species display a more 
even distribution of a wider variety of metabolites in relatively similar quantities. 
The substantial allocation of energy and carbon resources towards the production 
of these lichen secondary metabolites suggests they may have significant 
physiological and ecological roles (Białońska and Dayan, 2005). Overall, these 
results suggest that metabolite diversity is not the key factor that allows P. 
syringae to grow differentially in Peltigera. 

 

Figure 1. Average richness of metabolites within lichens differs across species. A) Positive 

Electrospray Ionization (ESI) metabolites and b) Negative ESI metabolites. The blue and green 

lines show the number of features detected by R. 

 
Since P. syringae strains were isolated from all Peltigera species sampled, we 

analysed the Peltigera chemical profiles for three species of Peltigera to 
determine their common metabolites that support P. syringae colonisation within 
the Peltigera microbiome. P. membranacea showed less diverse metabolic profile 
exhibiting 2060 compounds, while P. leucophlebia and P. aphthosa displayed 2939 
and 3005 compounds, respectively (Figure 1) (Richness difference P. 
membranacea- P. leucophlebia: 5.38 x 10-9; P. membranacea- P. aphthosa: 1.70 x 
10-8, and P. leucophlebia- P. aphthosa: 6.30 x 10-1). Despite this, there is a slightly 
higher chemical investment in P. membranacea, suggesting that this species may 
concentrate its metabolic production in a smaller number of compounds as 
described before. No VIP values greater than 1.5 were identified in the negative 
run. Based on these results, we could determine that in the metabolites present 
in P. membranacea are included the essential those that enhance the presence of 
P. syringae or that all Peltigera species analysed in this study lack some metabolite 
that inhibit the presence of P. syringae. 
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The metabolic profiles allow discrimination between lichen species and genera 
 
Based on the previous observation, we tested whether Peltigera produces P. 

syringae specific metabolites that were absent in Cladonia and Stereocaulon. The 
chemical profile of the Peltigera, Cladonia and Stereocaulon lichens (Figure 2) 
varies both across genera (positive mode: PERMANOVA F: 4.0841; p= 1.00 x 10-4, 
negative mode: PERMANOVA F: 88.1250; p= 1.00 x 10-4) and species (positive 
mode: PERMANOVA F: 3.1864; p= 1.00 x10-4, negative mode: PERMANOVA F: 
335.8548; p= 1.00 x10-4). Clear clustering was observed for both species and 
genus level. This observation aligns with previous findings that pointed to 
secondary metabolites as valuable tools in lichen taxonomy and systematics (Phi 
et al., 2022; Schmid et al., 2023; Schmitt and Lumbsch, 2004). Nevertheless, 
caution is warranted when attributing differences in metabolites solely to genetic 
relatedness, environmental factors can lead to the emergence of 
chemosyndromes in species (Paukov et al., 2019a) or phenomena like homoplasy 
have been studied in lichens (Nelsen and Gargas, 2008). To determine the main 
differences between genera, the features detected on each mode (positive or 
negative) were classified at the superclass and subclass levels using SIRIUS 4 
(Figure 3). 

 

Figure 2. Lichens produce metabolites that cluster by species and by genus. Principal component 
analysis of the metabolites from ESI positive metabolites isolated from samples utilized in this 
study a) All samples b) PCA comparing only Cladonia samples, c) PCA with a database of only 
Stereocaulon samples, d) PCA comparing only Peltigera samples. The image was created by 

Metaboanalyst. 
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In the positive mode dataset, lipids (and related compounds) were the more 

abundant superclass in all the genera aligning with previous studies (Dembitsky, 
1992), followed by organoheterocyclic compounds (Figure 3b). Peltigera 
exhibited lower relative abundances of lipids in negative polarity compared to 
other genera. The role of lipids in lichen has been related to the response and 
adaptation to environmental factors such as temperature, elevation, light, or high 
levels of sulphur or radiation (Bychek and Bychek, 1996; Bychek-Guschina et al., 
1999; Piervittori et al., 1995; Shapiro et al., 1998). Notably, the lipids subclass 
diversity was variable among genera. For example, Peltigera lichens had a higher 
abundance of triterpenoids while it produces lower amounts of fatty acids, fatty 
alcohols, and bile acids (Figure S3.a). Organoheterocyclic compounds form a 
diverse group, encompassing some highly effective fungicides like captan, 
iprodione, and vinclozolin (Agrios, 2005), as well as antiviral and antimicrobial 
agents such as benzimidazole and pyridines. They also exhibit antioxidant and 
antiherbicidal properties (Kabir and Uzzaman, 2022). Additionally, other common 
superclass among our samples, phenylpropanoids, have been associated with 
plant defense against pathogens including P. syringae (Dixon et al., 2002; López-
Gresa et al., 2011), were less abundant in Peltigera and some Cladonia.  

 
Conversely, organic acids and benzenoids were the major superclasses in the 

negative mode dataset (Figure 3b). In the negative mode, we observed small 
variations among replicates compared with the positive mode (Figure 3). Organic 
acids showed variations among genera, being higher in Peltigera and Cladonia 
(excluding C. arbuscula). Among the most abundant subclasses of organic acids in 
the negative mode dataset, amino acids were much lower in Peltigera than in the 
other two genera while alpha keto acids were not detected in Peltigera. Analysis 
of the benzenoids superclass in the negative mode showed a high percentage in 
the Stereocaulon and C. arbuscula metabolic profiles, while they seem to be 
minority in Peltigera especially P. leucophlebia (Figure 3b). Previous experiments 
reveal that plants (and microorganisms) generate and release benzenoids in 
response to stress, leading to think to scientist that their function may be 
associated with chemical communication and stress protection (Keen and Taylor, 
1975; Misztal et al., 2015). The subclass benzoic acid and the anisoles showed 
lower relative abundance in Peltigera (Figure S3.b). 
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Figure 3. Metabolites grouped by superclass show lipids and organic acids are the most 

abundant metabolites in the lichens. Identification of compound superclasses from lichens 

determined by ClassyFier with values expressed in relative abundance. a) Positive polarity b) 

Negative polarity. 

 
Unique metabolites comparison between to Peltigera and non-Peltigera 

genera 
 
To test whether Stereocaulon and Cladonia produce unique metabolites that 

might be inhibitors we examined whether there were unique or more abundant 
metabolites that were present in non-Peltigera genera. To do this, we examined 
the 333 metabolites identified as VIP>1.5 that distinguish Peltigera and non-
Peltigera lichen genera (Cladonia and Stereocaulon), 28 were found in both 
Peltigera and non-Peltigera, 115 were exclusive to Peltigera, and the remaining 
190 were exclusive to non-Peltigera genera. Among the VIPs identified, 77% were 
lipids, the most prevalent chemical family, followed by organic acids and their 
derivatives (Table S4).  

 
Several metabolites with known antimicrobial properties have been identified 

only in Peltigera. Aminoglycosides are a diverse group of antibiotics which some 
of them affect a wide range of bacteria including P. syringae and some of their 
antagonist as B. subtilis, P. aeruginosa, Enterobacter, and Serratia sp (Cameron 
and Sarojini, 2014; Krause et al., 2016). Among the predominant compounds in 
Peltigera we had pyridinones which has antimicrobial effect against some gram-
negative bacteria as P. aeruginosa (Duh et al., 1990; El-Sayed et al., 2017). On the 
other hand, some metabolites with antimicrobial properties were only identified 
in non-Peltigera such as cyclic depsipeptides or azolines which inhibit P. 
aeruginosa, B. subtilis, Staphylococcus aureus among others. In the negative 
mode the potent antimicrobial usnic acid (Molnár and Farkas, 2010) was almost 
absent on the Peltigera analysed samples. Usnic acid strongly inhibiting some of 
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the P. syringae competitors as B. subtilis and S. aureus (Maciąg-Dorszyńska et al., 
2014). However, usnic acid is not active against gram negative bacteria (Açıkgöz 
et al., 2013).  

 
On the other hand, some metabolites predominantly present in Cladonia and 

Stereocaulon might inhibit the presence of P. syringae in their thallus by other 
methods. This is the case of ubiquinones identified as regulators of basal 
resistance in plants against P. syringae and stress mediated by reactive oxygen 
species (Dutta et al., 2015). Also, salicylic acid only isolated from non-Peltigera 
genera, has been observed in different plant species after P. syringae infection 
(Brooks et al., 2005; Huang et al., 2003; Rasmussen et al., 1991) suggesting to 
increase plant resistance (Ribeiro et al., 2022). Choline levels are notably higher 
in the non-Peltigera samples and has been reported on plants enhancing growth 
and stress protection from plant pathogens including P. syringae and B. subtilis 
(Chen et al., 2013). Contrary, we identified compounds only in Peltigera as 
benzimidazoles which are a set of compounds that play a role in P. syringae-plant 
interactions, not inhibiting P. syringae growth, but providing protection to the 
plant (Smaili et al., 2019). Also, triterpenoids mainly found in Peltigera are involve 
in protection of plants against pathogens (Alcerito et al., 2002), which might also 
be the role in lichens. Prostaglandins absent in Peltigera are related with defence 
mechanisms in microalgae (Di Dato et al., 2017). Peltigera exhibited an absence 
of xanthines in both polarities but was found in the other two genera. The enzyme 
xanthine oxidoreductase exhibits superoxide-producing activity, effective against 
several pathogens but not with P. syringae (Minardi and Mazzucchi, 1988).  

 
Additionally, the non-detection of anthracene in Peltigera (Table S5), used by 

species like B. subtilis, B. velezensis, and P. aeruginosa for nutrition, implies a 
substrate competition that could inhibit P. syringae's presence (Ilori and Amund, 
2000; Salamat et al., 2018; Sultana et al., 2021; Vargas et al., 2011). Based on the 
observations of these metabolic analyses, the data suggest that could be specific 
metabolites supporting Peltigera growth of inhibiting in Stereocaulon and 
Cladonia. 

 
Testing whether Peltigera extract differentially support P. syringae growth or 

whether Stereocaulon and Cladonia extracts inhibit P. syringae growth 
 
One potential reason that P. syringae is isolated only from Peltigera is that this 

lichen produced something that other lichen species do not. To test this, growth 
assays using lichen extracts were conducted on a range of P. syringae isolates and 
compared against growth in rich medium (KB); B. velezensis was used as an 
outgroup control. Given the number of strains and growth substrates being used, 
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four growth trials were carried out where two lichen species were used in each 
trial. Growth of strains in each trial were compared as pairs. Overall, growth in KB 
was generally 3-4 times higher (reaching OD600 values of >1.28) than growth in the 
M9 (reaching OD600 values of 0.4111 in M9 + lichen extract; no strains were able 
to grow in M9 without lichen extract). All P. syringae isolates (except CFBP1392 in 
Stereocaulon) were able to grow in M9 supplemented with lichen extracts (Figure 
4). Variations in growth were observed between Cladonia sp. and C. arbuscula 
extracts, with all strains growing best in the medium supplemented with Cladonia 
sp. (Cladonia sp. maximum OD600 :0.12-0.2; C. arbuscula maximum OD600: 0.005-
0.06). Also, bacterial growth comparison among P. syringae phylogroups 
calculated with all samples pooled together showed a statistically higher growth 
in PG13 compared to PG2 in lichens, an effect not observed in enriched control 
media (KB), which supports both PG2 and PG13 equally and to a lesser extent, 
PG10 (Figure S6). 

 

Figure 4. P. syringae can utilise lichen extracts for growth. The bacterial culture density 

(OD600) was observed after 47 hrs incubation in M9 minimal medium containing different 

lichen extracts. Values are presented by pairs tested in the same trials and the values 

represent the average of three replicates. a) C. arbuscula and Cladonia sp.; b) C. chlorophaea 

and P. leucophlebia; c) P. apthosa and P. membranacea; d) S. alpinum and S. vesuvianum. 

 
One possible reason for why P. syringae is able to colonise Peltigera is that it 

can tolerate the lichen environment compared to other lichens. To test this, the 
antimicrobial properties of lichen extracts from each studied species was used 
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against different P. syringae bacteria isolated from Peltigera lichen and other 
strains isolated from plants of snow from three different countries as well as B. 
velezenzis. Notably, clear halos indicating bacterial growth inhibition were 
observed only in B. velezensis and not P. syringae strains (Figure 5). This effect was 
strongest when using lichen extracts from Cladonia and Stereocaulon species 
(Figure 5a), but no inhibitory effect was observed when using the Peltigera 
extract. This indicates the host-specificty effect is unlikely to be due to toxic 
products being produced by Cladonia and Stereocaulon. Interestingly, all lichens 
caused the appearance of a hazy halo for some of the P. syringae strains, 
appearing ‘wetter’ than the rest of the plate (Figure 5). This possibly indicates the 
production of a surfactant by the bacterium. This phenomenon previously 
reported as a result of surfactin production by P. syringae (Burch et al., 2010), 
appears to vary between P. syringae strains, with a wider halo observed in PG13, 
followed by PG10, and finally PG02 (Fig 5b).  

 

Figure 5. Cladonia and Stereocaulon inhibit B. velezensis but trigger some P. syringae to 

produce a surfactant-like ‘wet’ halo. Selected P. syringae strains from different phylogroups 

are shown as well as B. velezensis. The diameter of halos (in millimetres) is colour-coded a) 

inhibition halo, b) “wet” halo. 

 
Conclusion  
 
In this study, we explored the metabolic profiles of various lichens belonging 

to the genera Cladonia, Stereocaulon, and Peltigera. Our aim was to identify 
distinctive or commonly occurring metabolites within these lichens, with the 
intention of understanding how specific metabolites or their absence might 
contribute to the exclusive isolation of P. syringae from Peltigera. We highlight 
the complexity of the lichen metabolic profile being significantly higher in 
Cladonia and Stereocaulon than in Peltigera. The extensive diversity of 
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compounds presents a remarkable chemical complexity for organisms interacting 
with lichens. This could explain why a less diverse compound profile provided by 
Peltigera might be more favorable to P. syringae. We should be cautious when 
interpreting the metabolites identified in different lichens in this study, as the 
lichens were cleaned but not sterilised, it's possible that metabolites from other 
organisms present on the lichen surface, rather than within the lichen thallus 
itself, were also observed. This and other factors such as sampling place, lichen 
age or different health status of the lichens might explain why two of the samples 
was considered as Cladonia sp. instead of C. chlorophaea due to the difference 
not only in the metabolic profile but also in the kinetic analyses.  

 
Our kinetic and inhibition analysis do not show clear tendencies of Peltigera 

supporting P. syringae growth as it would be expected from the isolation 
described in Ramírez et al. (2023) where no P. syringae was isolated from non-
Peltigera samples. The only exception would be C. arbuscula where it was clear 
the difference of this lichen as nutrient source for the P. syringae compare with 
the rest of the lichen analysed in the study.  

 
While our findings did not pinpoint a specific metabolite as the cause of P. 

syringae's selective behaviour, we identified certain metabolites that could 
potentially play a role. We hypothesise that this difference might be produced by 
a combination of metabolites or the loss of some metabolite that might be 
important during the extraction or other part of the process. Additionally, it raises 
the possibility that Peltigera actively supports the presence of P. syringae while 
the lichen is alive, adding complexity to the study due to the challenge of 
maintaining lichens in laboratory conditions. Another factor might be the 
structural differences in the cell wall among lichens that might facilitate P. 
syringae entrance in the thallus. Finally, another reasonable and strong reason 
might be the higher amount of water in Peltigera lichens compared with the other 
two genera analysed in this study, which might sound very reasonable due to the 
strong relation of this bacterium with water, being found in different surface 
water masses. 
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Supplementary material 
 

Table S1. Description of the samples analyse with the species that belong, 
place of isolation, water content, sampling data and symbionts. The missing 
information is marked with an “X”.  

Table S2. Parameters used in feature finding, chromatogram deconvolution, 
alignment, gap filling, feature filtering, and ion identity by MzMine in both ESI 

Run Noise level MS1 Noise level MS2 

Retention 

time (min) 

Minimun highest 

intensity 

Minimun intensity of 

consecutive scans 

Lichen positive 2.50 x 104 2.50 x 103 0.2 7.00 x 105 1.50 x 105 

Lichen negative 5.50 x 103 7.00 x 102 0.15 1.10 x 105 5.70 x 103 

Figure S3. Abundance of subclasses within the predominant superclass in each 
polarity. The abundance of the subclasses was converted to Log10 to enhance the 
clarity of representation for all compounds.a) "lipid-like molecules" from positive 
polarity b ) organic acid and derivates from negative polarity 

Table S4. List of VIP>1.5 Peltigera vs non-Peltigera comparison. Abundance is 
expressed in arbitrary units (AU).  

Table S5. List of features from all samples with annotations at 60% confidence 
level or higher from both ESI modes 

Figure S6. Bacterial growth of P. syringae strains and B. velezensis color by PG 
and with line type by isolation place (“IS”- Iceland or “O” – other). Separate graphs 
represent different media types, with numbers indicating the trial number. 
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