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A B S T R A C T   

Lichens are traditionally defined as a symbiotic relationship between fungi and algae and/or cyanobacteria. This 
union forms a unique structure called the thallus, which attaches to surfaces such as rocks and tree bark. Recent 
reports challenge the view that lichens are comprised of one fungus and one photobiont, and instead suggest that 
they are a consortium of microbes. Much of lichen biology remains unknown as most of our knowledge of lichens 
is limited to morphological characteristics with little to no functional analysis of lichen genes. However, lichens 
and biofilms share many similar physiological traits which when compared may assist in our understanding of 
lichens. Similarities between the two are rooted in their lifestyle, where these microbes and their extracellular 
products attach themselves to a surface and grow in a community structure. Biofilms and lichens alike have 
distinct features that allow for their lifestyle and identification, such as specific developmental patterns, for
mation of an extracellular matrix, and their ability to resist abiotic stressors. We argue here that one can gain 
insight into the cellular processes and evolutionary origins of lichens, which are currently undetermined, by 
applying knowledge gleaned from studies on microbial biofilms, with a particular focus on fungal biofilms.   

1. Introduction to lichens and biofilms 

The lichen lifestyle represents over half of all Ascomycetes with 
theoretically five evolutionary origins of the lifestyle amongst fungi, 
which makes this fungal form a highly successful yet still confounding 
entity [1,2] (Fig. 1). Lichens have been observed by scientists and used 
for medicinal purposes and dyes since ancient times - they were even 
studied by Aristotle [4]. Since their initial discovery our understanding 
of lichens has drastically altered and is still changing today. Lichens 
were originally described and recognized as plants. However, in 1867, 
Herman Schwendener proposed that lichens were instead a conglom
erate of fungi (the mycobiont), and algae or cyanobacteria (the photo
biont/phycobiont and cyanobiont respectively) [9] (Fig. 2). Until 
recently this was the reigning paradigm of lichen symbiosis, but with the 
advent of modern sequencing technologies we have amended our un
derstanding of what constitutes a lichen. Researchers are now beginning 
to understand that lichens do not contain just two organisms or 

“partners”, but rather an entire consortium of microbes, which can even 
include bacteria and archaea [10–14]. As these developments have only 
been made in the past 10 years, many scientists are still under the 
assumption that lichens contain only the mycobiont and the photobiont. 
A shift in the accepted definition of a lichen to encompass a wider array 
of organismal participants is slowly gaining acceptance, but more 
research is needed to characterize the involvement of bacteria and other 
microbes in the lichen symbiosis before a consensus is reached. Pres
ently, no published research characterizes the roles of the other mi
crobes found in lichens, therefore we still know very little about how 
these organisms are involved in the lichen symbiosis and interact to form 
a uniquely complex 3-D structure. 

Lichens are extremely difficult to grow, maintain, and study in a 
laboratory setting, growing extremely slowly compared to other mi
crobes, with some slow growing lichens growing only 0.01–0.33 mm in a 
year [15,16]. Whereas faster lichens can cover up to 64 mm a year, most 
lichens fall between those growth extremes [15,17]. Reasons for their 
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slow growth remain enigmatic, but many researchers have attempted to 
understand this phenomenon. Past and current hypotheses have relied 
on modeling to determine growth rate factors, with multiple factors 
having been tested [15,18]. It is currently thought that growth rate is 
limited by the ability for lichens to both shuttle around nutrients, such as 
carbohydrates, and the rate at which carbon dioxide is taken up for 
photosynthesis to occur [18,19]. These, and possibly other factors that 
contribute to the slow growth of lichens, remain issues that confront 
those who study these unique symbioses. 

Additionally, the diverse polyphyletic evolutionary origins of lichens 
(Fig. 1) coupled with the availability of multiple prospective partners 

within a given “species”, contributes to their enigmatic nature [1,20]. 
Lichens are classified based on several features, but typically the pho
tobiont taxon and structural morphology of the thallus provides the 
basis for classification of a lichen type, such as Xanthoria parietina, which 
is a Trebouxiod foliose type lichen. While the taxon name given to the 
lichen is also given to the mycobiont (or vice versa), for example: 
Endocarpon pusillum the lichen with the mycobiont species Endocarpon 
pusillum and photobiont species Diplosphaera chodatii. Phenotypic plas
ticity can then lead to unnecessary taxonomic separation and confusion 
in understanding lichen biology and diversity. Lichens that contain 
multiple photobionts (or mycobionts), and promiscuous lichens that can 

Non-Lichenized

Lichenomphalia_umbellifera

Lepidostroma_calocerum

Lichenized

Fig. 1. Phylogenetic tree of the fungal lineages that have developed the lichen form. Tree was constructed with data derived from Hibbett et al. [3] of 23 single copy 
genes derived from whole genome sequences. The morphology of lichen habit was mapped across the fungal phylogeny. The complete Fungal lineage is represented 
in the pink portion of the tree, with the green wedge representing the Basidiomycete lineage, and the blue portions representing Ascomycete fungi. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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choose between multiple partners further increases confusion in 
nomenclature. Examples of phenotypic specificities leading to nomen
clature issues include: recent indications that some lichens contain 
multiple fungal partners (ascomycete and basidiomycete) that are 
required for lichen speciation [8,21], mycobionts that are capable of 
associating with a variety of photobiont partners [22–24], and lichens 
that can contain more than one photobiont simultaneously [25,26]. For 
the sake of simplicity, lichen features and descriptions referred to here 
will be broad and not specific to any particular lichen morphotype and 
may not represent all lichen taxa. This diversity of life history strategies 
has also caused the understanding of lichens to lag behind those of other 
organisms, but more recent nucleotide sequencing technologies have 
helped further our knowledge of these communities. In order to un
derstand the life history of lichens it is appropriate to make sense of their 
biology by focusing on the fact that they exist in a similar fashion to 
microbial biofilms. 

Biofilms are defined as an aggregation of microbes and their extra
cellular products attached to a surface (visual examples in Fig. 2) [27]. 
This simple, overarching definition is widely accepted by microbiolo
gists, which deconvolutes the study of this microbial form. In a labora
tory setting, such as in a petri dish or shaking flask, microbes are 
typically grown in monoculture under conditions that are not conducive 
to biofilm formation, although many argue that a simple colony could be 
a biofilm [28–30]. While some microbes may still form biofilms at the 
air-liquid interface of shaking flasks, they are more notable in stable 
ecosystems where biofilms attach to surfaces such as rocks, fermentation 
tanks, PVC pipes, soil, plant roots, teeth, etc. [31]. Growth on surfaces is 
only capable due to formation of a biofilm, and therefore it is assumed 
that all microbes form biofilms in their natural habitats at some point 
[31,32]. Much research on biofilms has been invested into those that 
cause diseases or possess the ability to disrupt and destroy man-made 
structures (walls, plumbing, statues, etc.), with little work devoted to 
non-destructive biofilms. Because of their broad impacts on human 

welfare, there has been a lot of research on the genetics and molecular 
basis of biofilm formation, which stands as a stark contrast to our rela
tively poor understanding of thallus development in lichens. To date, a 
small number of lichen mycobiont genomes have been sequenced and 
only a few have been transcriptionally analyzed [33–36]. Due to this 
lack of knowledge, our understanding of exactly how lichens form is 
unknown. However, a comparison of the similarities between lichens 
and biofilms may facilitate the generation of hypotheses for the estab
lishment and function of the multi-species lichen consortium. 

Following the definition of a biofilm, lichens represent one of the 
most successful surface-attached microbial symbiotic architectures 
covering 8% of total land surface on Earth [2]. One could even posit that 
lichens began as biofilms, and through millions of years of co-evolution 
with symbiotic partners [37], developed into the highly coordinated and 
more permanent lichen thallus. However, our understandings of the 
lichen symbiosis and biofilms as a microbial phenomenon have been 
historically realized via different fields of study and, as a result, avail
able information regarding these two biological entities differs despite 
the many connections that can be made. In this review, we will reflect on 
similarities and differences between biofilms and lichens by focusing on 
perhaps the three most important aspects of a biofilm and lichens: (1) 
the development and microbial interactions of microbial communities; 
(2) the extracellular matrix (ECM) structure and function; and (3) the 
role of community growth in resistance to abiotic factors (summarized 
in Table 1). We will also discuss how lichens may be analogous to bio
films due to potential evolutionary origins and identify gaps of knowl
edge in both phenomena that will help link our understandings of these 
ecologically and economically important microbial communities. 

A C D

E
B F

Fig. 2. Photographic and microcopy images of different details of biofilms and lichens. (A–C) Biofilm images of the fungus Candida albicans. A) Photo of a C. albicans 
colony/biofilms with inner hyphal layer and outer yeast layer (credit: Surabhi Naik). B) SEM photo of C. albicans biofilm, showing hyphal cells, yeast cells, and matrix 
that forms around the entire biofilm [5]. C) Fluorescent image of the cross section of a C. albicans biofilm [6]. A dense layer of hyphae and yeast is seen on the bottom, 
and a looser layer of hyphae protrude out the top. (D–F) Images of various lichens. D) A photograph of the lichen Parmotrema sp. on a Live Oak tree in central Florida 
(credit: Erin Carr) E) SEM of a cross section of the lichen Xanthoria parietina [7]. uc = upper cortex; ph = photobiont; m = medullary thalline layer; lc = lower cortex. 
F) Fluorescent cross section of lichen thallus of Letharia vulpina [8]. Arrow is pointing to autofluorescence and the arrow heads are pointing to the algal photobionts 
below the upper cortex. 
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2. Microbial development and interactions in biofilms 

2.1. Stages of development 

Stages of biofilm development have been extensively described in 
many microorganisms, meaning we now have mostly complete models 
of the genetic cascade involved in forming microbial biofilms 
[38,39,46]. The same cannot be said for lichens. Our knowledge of 
lichen thallus development relies heavily on re-synthesis experiments- 
observations of the separation and re-constitution of the mycobiont and 
photobiont. These experiments have mostly employed scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) to 
characterize the changing morphology of the two partners and their 
interactions in forming the lichen thallus [7,9,20,40–45] (Fig. 2). In 
1993, a model for lichen formation was proposed by Honegger using 
morphological data, which has been widely adopted. But we can build 
upon this work by delving into the literature of the cellular processes 
involved in biofilm formation, particularly in the fungi Candida albicans 
and Aspergillus fumigatus. We can then hypothesize and more readily 
focus lichen research on biofilm-specific genes for example, that likely 
have led to the same biological phenomena in lichen thallus formation. 

Biofilm development follows four main stages: 1) adherence, 2) 
initiation, 3) maturation, and 4) dispersal [32,46]. Each stage has spe
cific microbial requirements and genetic switches, which change be
tween stages of formation [39]. These stages resemble those of lichen 
thallus development as described in the literature on morphological 
succession of lichenization. According to Honegger [7], the stages of 
lichenization are: 1) non-specific contact and recognition, 2) pre-thallus 
formation, 3) thallus stratification, and 4) mature thallus reproduction 
and dispersal (Fig. 3). Although the terminology may differ between the 
developmental stages of biofilms and lichens, the biologically significant 
processes are aligned across the four stages. The first stage includes 
adherence to the surface, or to the partner in the lichen literature, and 
identifying neighboring organisms. The second stage involves a switch 
in the type of cell growth. The third stage is the differentiation of cell 
morphotypes and matrix formation. The final stage is dispersal of cells 
via spores or vegetative propagules. Notably, the time it takes the cells to 
go through each stage varies significantly between these communities. 
Lichens take years to grow, whereas some biofilms take only hours. 
Regardless of the timescale, these two communities share great biolog
ical similarities in each stage of their development (Fig. 3). 

Table 1 
Similar features between biofilms and lichens.  

Feature Fungal biofilm Lichen 

Surfaces adhered 
to 

Hydrophobic; nonpolar; rough Hydrophobic; rough 

Stages of 
development 

Adherence to surface, cell communication and differentiation, 
matrix and microniche formation, dispersal 

Adherence to surface, cell communication and differentiation, matrix formation and tissue 
development, dispersal 

Cell 
differentiation 

Microniches; Interstitial voids; sporulating Layered tissue differences: upper and lower conglutinate cortexes, medullary thalline 
layer, algal layer, sporulation structures and vegetative propagules 

Cell interactions Synergies between metabolically linked organisms; antagonism 
between non-matching QSM 

Syntrophy between mycobiont and photobiont 

Extracellular 
matrix 

Generally Hydrophilic with hydrophobic coating; 
Known to contain: 
Hygroscopic Polysaccharides, eDNA, lipids, and proteins 

Hydrophilic with hydrophobic coating; 
Known to contain: 
Hygroscopic Polysaccharides, and proteins; potentially eDNA 

Stress resistances Antimicrobials, UV, desiccation, metal toxicity UV, desiccation, metal toxicity, extreme temperatures  

Initation Stage

Pre-thallus Stage

Maturation Stage
Lichen

Stratification

Dispersal
Stage

Reproduction 
& Dispersal

Adherence Stage
Non-specific

Contact

Vegetative 
transfer

Selective Partner 
Finding

Hydrophobic surfaceB
io

fil
m

Li
ch

en

Fig. 3. Summary of the stages of development of biofilms, represented by Candida albicans (tan) and Streptococcus gordonii (purple), and lichens with the mycobiont 
Xanthoria parietina in yellow and the photobionts in green (algae and cyanobacteria). Adherence and Non-specific contact stage are the first stages of biofilm and 
lichen development respectively. Both are known for the binding of cells to a hydrophobic surface (rock, bark, or catheter tube) via various hydrophobic proteins 
represented with a pink rectangle. Initiation and Pre-thallus stages are the second stages of development. This stage is linked to cell differentiation, where C. albicans 
initiates the switch into hyphal growth, and mycobionts initiate hyphal branching. The third stages are the maturation stage and the lichen stratification stage. In 
these stages both biofilms and lichens create differential zones of cells and form their extracellular matrix. Biofilms form microniches which lead to microcolonies, 
and interstitial voids which allow for some gas exchange. Lichens separate into 3 main sections the upper cortex where the majority of ECM is contained and the 
photobiont cells are positioned right below, the medullary thalline layer that is thought to be made up of mostly air or unknown substances [11,44,47], and the lower 
cortex layer which is considered to also have ECM and is responsible for lichen-surface attachment. The final stage is the dispersal stage, or reproduction and 
dispersal in lichens. This stage can be caused by reproduction or vegetative release of cells by external disturbance or intent by the community. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.2. Adherence/non-specific contact stage 

Biofilm formation begins with the adherence stage. For both bacteria 
and fungi, this stage consists of “pioneer cells” that adhere to a surface 
and seed biofilm formation. Surface types that many biofilms adhere to 
are typically hydrophobic and non-polar, such as silicone [27]. This is 
mostly due to the nature of structures that aid in adhesion to surfaces, 
which are typically hydrophobic in nature [31,48,49] (Fig. 3). In bac
teria this phenomenon is typically initiated by type IV pili, flagella, 
fimbriae, hydrophobins, and adhesin proteins [31]. Most fungal species 
that form biofilms do not contain flagellar-like structures, and instead 
rely on adhesins, hydrophobins, agglutinin-like sequence proteins, and 
other proteins for their adherence step [46,50]. 

Akin to monotypic fungal biofilms, lichens also readily attach to 
hydrophobic surfaces such as rock surfaces, tree bark, and leaves, all of 
which can present a hydrophobic point of attachment for a lichen spore 
or propagule, however their mechanism of adherence is poorly under
stood. One confounding issue with lichen adherence and their non- 
specific contact stage is the variety of ways that lichen taxa disperse 
their cells. While many lichens disperse via vegetative means with both 
mycobiont and photobiont traveling together (for example, soredia and 
isidia), there are a number of well-known spore-forming lichens which 
disperse the mycobiont spores alone [51] (Fig. 3). This variety in 
dispersal methods likely results in diverse attachment modes based on 
the “preferred” method of dispersal and attachment surface for given 
lichen taxa. Since vegetative propagule dispersal contains a pre- 
established symbiosis composed of mycobiont and photobiont cells, it 
is likely that these structures rely on fungal proteins for adhesion that 
might be similar to those that underlie adhesion of biofilm constituents. 

One prevailing feature of most Ascomycete spores and particularly 
those of biofilm-forming Aspergillus spp. is their hydrophobic outer 
layer. This layer contains hydrophobins that together form a rodlet layer 
surrounding the spores’ matrix [52–55]. This rodlet layer allows for the 
spores to attach to hydrophobic surfaces to begin forming colonies then, 
biofilms. Similarly, Magnaporthe spp. also use hydrophobins on their 
spore surface to attach to hydrophobic plant cuticles [56,57]. Without 
their hydrophobic surface outside of the matrix layer, it has been shown 
many times that both Aspergillus spp. and Magnaporthe spp. are severely 
reduced in adhesion to their substrates [54,56,57]. Lichens are reported 
to use similar types of hydrophobic proteins, particularly the class I 
hydrophobins XEH1 and XPH1, for interactions between the mycobiont 
and their photosynthetic partners, and theoretically also surfaces 
[58,59]. Hydrophobins surround the outside of the extracellular matrix 
that encompasses the mycobiont and photobiont, as seen by the distinct 
rodlet layer produced by the hydrophobin proteins, which can only be 
observed through freeze-etch electron microscopy [41,171]. No cyto
logical studies, particularly no electron microscopy studies, have been 
performed on the spores of lichens, therefore we cannot be sure if their 
spores also contain the distinctive hydrophobin rodlet layer of other 
Ascomycete spores. However, since the alternative method of lichen 
reproduction is via vegetative structures directly derived from lichen 
thalli, it seems reasonable to speculate that the hydrophobic layer sur
rounding the ECM plays a role in surface adhesion similar to that of 
fungal biofilms and fungal spores [58,60]. Once fungal biofilm cells 
have bound to their substrate it has been observed that the hydropho
bicity of the cells decreases and they instead become hydrophilic [61]. 
This observation is linked to multiple instances of germinating sporel
ings of both lichens and biofilm-forming fungi creating or possibly 
exposing their hydrophilic polysaccharide ECM [61–65]. This shift in 
hydrophobicity allows for the success of the next step in biofilm and 
lichen formation, which is characterized by binding to other cells. 

2.3. Initiation/pre-thallus stage 

The second stage of biofilm formation is the initiation stage, which 
includes cell differentiation, cell-cell adhesion, and filamentation in 

fungal biofilms specifically [46]. During this stage, the ability to adhere 
is vital to forming a cohesive biofilm of cells adhering to other cells. 
Therefore, many times there is less of a distinct separation of the 
adherence stage from the initiation stage, which is indicated by similarly 
important genes being expressed and the continuing functional role of 
adhesion proteins [46]. For lichens this cell-cell adhesion step is 
required for mycobiont-photobiont interactions (Fig. 3). This step is 
called the pre-thallus stage in lichen formation and is critical for the 
ability of mycobionts to engage with prospective photobionts. However, 
if the lichen reproduces via vegetative propagules then the photobiont 
and mycobiont travel as a unit and therefore do not require partner 
recruitment, which presumably leads to quicker lichen development 
that “skips” the pre-thallus stage [7]. 

Complete coherence between the mycobiont and photobiont is a 
result of the surface layer hydrophobins of the fungal extracellular 
matrix encompassing cells of both the photobiont and mycobiont [20]. 
Two Class I hydrophobin proteins of fungal origin are involved in 
adherence between mycobiont and photobiont cells in the lichens Xan
thoria parietina and X. ectaneoides; the proteins are XPH1 and XEH1 
respectively [58]. These proteins make up the distinctive rodlet layer 
that surrounds these lichens’ ECM within certain structures, similar to 
other fungal rodlet layers [58]. Timing of photobiont-mycobiont 
adherence is not entirely understood but is observed to occur very 
early in the pre-thallus stage, or the late non-specific contact stage [65]. 
Cell-cell adherence in fungal biofilms has not been fully characterized 
either, but this is the result of the complicated nature of binding through 
a variety of mechanisms. Fungal cell-cell adherence has been said to be 
mediated by GPI-linked adhesin proteins [6,66,67], hydrophobins [52], 
and polysaccharides of the ECM [68,69], with hydrophobins possibly 
not playing a role in certain species. In C. albicans biofilm formation, 
cell-cell adherence is triggered by a switch from yeast growth to hyphal 
growth, and involves key genes, such as epa1, hwp1, and als1/3. These 
genes encode GPI-anchored adhesin proteins, which aid in cell-cell 
adherence and cell-surface adherence in C. albicans [6,46,66,67]. The 
filamentous fungus Aspergillus fumigatus has also recently been identified 
as a biofilm forming fungus. Aspergillus fumigatus biofilms were initially 
thought to use hydrophobins like RodB for cell-cell adherence [68]. 
However, after a full deletion screen of hydrophobin-coding genes, it 
was determined that hydrophobins are not used for cell-cell adherence 
in A. fumigatus [70]. On the other hand, deletion of rodA in Aspergillus 
nidulans revealed a decrease in cell-cell adherence, likely due to nucle
ation effects and species-specific processes [52]. In lichens, it has been 
observed that both spore-initiated and vegetative starting structures 
contain ECM and secrete more once attached to their substrate [65]. 
Beyond this observation not much is known about mycobiont- 
mycobiont cell adherence. Nevertheless, the ability of biofilm-forming 
fungi to utilize adhesin proteins for cell-cell adherence suggests that 
mycobionts do as well. Additionally, mycobionts are known to use a 
combination of class I hydrophobins and ECM for mycobiont-photobiont 
and also potentially mycobiont-bacterial cell adherence [11,44,47]. 

The initiation stage is also the point at which cell differentiation 
occurs and microcolonies form [32,39,46]. This stage is particularly 
important for multi-species biofilms since it is the first step towards 
niche determination within the cells. The differentiation and arrange
ment of niches allows for optimal usage of “microniches” that form 
within the biofilm, such as anaerobic zones. When a microbe fills a 
specific niche, it increases overall biofilm fitness [32,71]. How these 
microcolonies form and how cell differentiation occurs has been the 
topic of recent research, and although this is still poorly understood, the 
current consensus is that numerous factors trigger cell differentiation 
[71]. Various conditions that contribute to the formation of cell differ
entiation and microniches include abiotic factors, the organisms 
involved in the biofilm, and specific gene switches. For example, Vla
makis et al. [39] investigated the spatiotemporal shift of three types of 
differentiated cells in Bacillus subtilis biofilms, where they observed a 
shift in cell types. Observed cell types varied in abundance over time, 
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with motile cells being the first type of cells (which formed the initial 
biofilm), then matrix cells becoming the majority of the second stage, 
and finally sporulating cells to allow for dispersal of the microbes. All 
three types of cells were observed at each time point but in different 
locations within the biofilm and in varying abundance. This evidence 
suggests that even within a mono-cultured biofilm, diversification of cell 
type is both present and essential to the overall fitness of the biofilm. 

Quorum sensing molecules (QSM) or cell-signaling chemicals have 
also been linked to cell differentiation in both fungal and bacterial 
biofilms [31]. When the gene lasI, which encodes for the formation of 
acyl-homoserine lactones (acyl-HSLs), was deleted from Pseudomonas 
aeruginosa, it formed flat-nondifferentiated biofilms that were easily 
disrupted by a detergent such as SDS, but recovered after addition of 
external acyl-HSL [72]. QSMs are not specific to bacteria, as farnesol has 
been identified as a quorum sensing molecule produced by the fungal 
pathogen Candida albicans in its planktonic state [73]. However, expo
sure of C. albicans or its close relative C. dubliniensis, to 10× the normal 
amount of farnesol disrupts biofilm formation [74,75]. Candida albicans 
is unable to form biofilms in the presence of farnesol because it blocks 
the switch to hyphal growth [73–75], and the switch from white to 
opaque cells, which are both vital to the formation of biofilms during the 
initiation step [76]. Since increased farnesol inhibits the progression 
into the filamentous form, it in turn inhibits biofilm formation [74,75]. 
In most Ascomycete biofilm-forming fungi, hyphal growth is necessary 
for biofilm production [46,48,77]. This phenomenon is found mainly in 
Pezizomycotina, the fungal subdivision where the majority of lichen- 
forming fungi are phylogenetically derived [1,78]. 

Lichen cell differentiation is very understudied, and there is little to 
no understanding of pre-thallus cell differentiation. Most studies in this 
area have focused more on the later aspects of cell differentiation. 
However, cell differentiation is vital to the initial formation of the lichen 
thallus (i.e., body), which is composed of 4 (or more) distinct zones: the 
upper cortex, the algal layer, the medullary thalline layer, and the lower 
cortex [42]. Separation into these layers and cell types allows for the 
algae to be exposed to light, for gas and water to exchange between 
layers, and reduced desiccation [42,44]. This degree of cell differenti
ation is believed to form after much of the initial growth, and therefore 
this stratification occurs during the aptly named stratified thallus/ 
stratification stage [7,79]. A recent publication by Roth et al. [80] have 
indicated that lichen cell differentiation occurs in a stem cell-like 
fashion, in which the outer cortical fungal cells differentiate by 
emerging from internal medullary hyphae “stem cells”. Unlike 
C. albicans, mycobionts have been known to maintain their hyphal state 
even outside of the lichen symbiosis and only one mycobiont (Umbil
icaria muhlenbergii) recently has been identified to have a yeast state 
outside of the symbiosis [81]. Notably, hyphal branching is more vital in 
lichen formation and biofilm-forming filamentous fungi [80,82], while 
hyphal branching is not commonly observed in C. albicans biofilms [83]. 
Lichen cell differentiation is vital for structural differences, which are 
not obvious until later stages, understanding the factors that drive 
thallus stratification and cell differentiation in the mycobiont cells will 
greatly contribute to our knowledge of lichen development. As 
C. albicans uses QSM to block biofilm formation, one would hypothesize 
that a quorum sensing molecule in lichens- whether sourced from 
fungal, algal, or both partners- may also play a role in lichen cell 
differentiation. 

2.4. Maturation/stratification stage 

The third stage of biofilm formation is the maturation stage. This 
stage is characterized by more pronounced cell differentiation or strat
ification, the formation of ECM, and the development of stress resistance 
mechanisms (Fig. 3). At this stage only physical removal can disrupt 
biofilm organization [84]. The combination of matrix formation, cell 
differentiation, and the subsequent development of specific structures 
provides biofilms with increased resilience relative to their planktonic 

form. In lichens, this stage is called the stratified thallus stage, where 
individual structural layers form to provide different functions, and 
subsequently this is the stage the lichen will remain in for many years 
[7,79]. ECM formation is one of the main features of the maturation 
stage of biofilms [31,38,46]. Similarly, the stratification of lichen thalli 
is also marked by the formation of “conglutinate zones”, or the forma
tion of the lichen matrix, by fungal (and likely photobiont) secretion of 
the mucilaginous matrix [7]. This matrix layer that forms around bio
films, and easily recognized in the lichen thallus, is important to the 
survival of both communities. 

For biofilms and lichens alike, this stage is most important to the 
structural architecture that allows for optimal microbial interactions 
and survivability of all cells in the community. The initial parts of this 
stage are key to the shifting of cell types, which precedes structure 
formation. Although pili and flagella are integral to this shifting stage of 
many bacterial biofilms there are no known lichen-forming fungi 
capable of such coordinated movement in this way [27,31]. Like other 
filamentous fungi, lichen mycobionts employ polar growth and hyphal 
branching to interact with partner algae and to develop the thallus 
[80,82,85–87]. Fungal biofilms formed by C. albicans have similar 
structural changes since, they also rely on polar growth of their hyphae 
to create a biofilm [46]. 

Re-positioning of cells during this stage of lichen or biofilm devel
opment allows for tunnels to form, which are key to gas and liquid ex
change. In biofilms, these structures are termed interstitial voids and are 
typically located at the base of the biofilm [27]. In lichens these struc
tures are traditionally called pseudoparenchyma and are on the surface 
of the lichen [88]. Recent research suggests that they may be a result of 
hydrophobic layers formed between clumps of mycobiont and photo
biont cells [44,89]. Nonetheless, both biofilms and lichens require 
mechanisms for gas and water exchange throughout the entire structure, 
to ensure availability of nutrients for all cells. The formation of upper 
and lower conglutinate cortices of lichens seemingly permits no way for 
air or water exchange to occur within the thallus. However, the matrix 
that coats the cells of the lichen contains an outer hydrophobic layer 
surrounding the matrix, allowing for gas exchange within an optimally 
wetted thallus [11,44,47,89,90] (Fig. 5). When air moisture levels are 
low, the hydrophilic matrix shrinks like a dried dish sponge, allowing 
desiccation to occur. Desiccation shuts down cellular processes, which 
increases resistance to many stressors but also poses an issue by halting 
photosynthesis at peak UV exposure [19,91,170]. When air moisture is 
high, the hydrophobic layer surrounding the matrix subsequently re
duces over wetting of the thallus and increases the timespan for 
photosynthesis, by allowing gas exchange to still occur as the hydro
philic matrix expands like a wetted dish sponge [44]. This process of 
passive water regulation is called poikilohydry, as it uses no active 
cellular processes to regulate water retention [19,91,170]. Although, at 
full hydration photobionts are still unable to perform photosynthesis 
[19]. The process is not a perfect solution, but without this hydrophobic 
layer the timespan for photosynthesis to occur would be much shorter 
(Fig. 5). 

Mycobiont cell polarization facilitates arrangement of photobiont 
cells for optimal light exposure – arguably the most important trait to the 
success of the lichen symbiosis. Mycobiont hyphae will grow in such a 
way to shift the photobiont to the upper medullary thalline layer (sur
face layer) and position the photobiont cells so they will be exposed to 
sunlight [85,89]. Fungal positioning of the photobiont cells removes the 
responsibility of optimizing light exposure from the photobiont, and 
instead placing all the work on the fungal partner. Other fungal- 
photosynthetic organism interactions, such as mycorrhizal fungal sym
bioses, rely on the photosynthetic partner as the organism responsible 
for orienting towards the light. This is one argument that has been made 
for the symbiosis of lichens to be mutualistic instead of parasitic, 
because the mycobiont is providing a vital resource in the form of cell 
movement to the non-motile photobiont [20,92]. Without the proper 
structural organization to allow for gas and water exchange, and the 
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correct positioning of the photobiont cells photosynthesis would not 
occur, compromising the lichen symbiosis. A similar phenomenon can 
be accounted for in all microbial biofilms as their specific structural 
organization – the formation of interstitial voids – is optimized for the 
air and water exchange required by each organism in the biofilm 
[27,38]. In some multi-species biofilms, anaerobic zones within the 
biofilm allow specific syntrophys to form between anaerobic organisms, 
such as anaerobic archaea and aerophilic bacteria [31]. Microniches 
that form within microbial biofilms via cell differentiation and com
munity diversity accommodate specific interactions that may not have 
formed outside of the biofilm. The effect is an increase of the overall 
fitness of the microbial collective, which is hypothesized as one initi
ating factor driving these interactions towards mutualism [169]. This 
may be how lichen interactions originally formed, via aggregation 
within a biofilm, then co-evolving over millions of years to form the 
more permanently structured lichen thallus. 

2.5. Reproduction and dispersal stage 

The last stage in biofilm formation is the dispersal stage, which al
lows the biofilm to spread to new locations, and is characterized by 
sporulation, shedding of vegetative cells, or cellular detachment [27,46] 
(Fig. 3). This stage resembles the end-stage growth of most microbes, but 
for some biofilm-forming microbes the ability to sporulate or disasso
ciate requires they be in a biofilm. In both lichens and biofilms, dispersal 
may be non-sexual (vegetative spreading) or an asexual/sexual sporu
lation event. Vegetative spreading of biofilms may result from loss of a 
vital nutrient source, shearing caused by fluid movement, or by an 
autoinducer chemical signal [93–95]. Biofilm dispersal promotes sur
vival, allowing the biofilm to persist elsewhere. Although this process 
occurs throughout biofilm-forming organisms, the environmental and 
chemical triggers can vary across species and conditions. 

Compared to biofilms, lichens’ propensity for and mechanism of 
dispersal is comparatively much less understood. It has been noted that 
lichens are sometimes incapable of dispersing very far [96], however, 
the production of various sporulating and vegetative structures is very 
well characterized in lichens, suggesting dispersal is vital in their 
development [7,51,65,90]. Spore-formation varies widely between 
lichen taxa, but one common theme is that no lichen separation exper
iments have observed sporulation events of the mycobiont when it is 
grown axenically and sporulation has been observed to be restored by 
re-synthesis [97–100]. Overall, mating in fungal organisms is very 
complex and well-studied in only a few model organisms, particularly 
yeasts such as Saccharomyces cerevisiae. For example, in C. albicans the 
genes required for biofilm formation (ex: the switch from white to 
opaque cells, and adhesin proteins: Eap1, Pga10, Hwp1, Hwp2, & Rbt1) 
are also important for mating [46,101]. The link between mating and 
biofilm-formation in C. albicans is novel to fungal mating and it will be 
important to elucidate mating across other biofilm forming fungi and 
lichens. Notably, the presence of canonical mating components in 
sequenced lichen genomes suggest similar mechanisms of C. albicans 
mating and those employed through the lichen symbiosis [102]. 

2.6. Interactions 

In multi-species biofilms, interactions between microbes tend to be 
symbiotic or syntrophic in nature, such that one microbe produces a 
product that another uses as a substrate [31]. Biofilms promote persis
tent interactions between microorganisms and, in an economic sense, 
allow for nutrient niche economy such that the organisms always are 
within “flagella’s reach” of what they collectively need. This phenom
enon can be observed in anaerobic digestion vessels during wastewater 
treatment, which contain fermentative bacteria, acetogenic bacteria, 
and methanogens. Fermentative bacteria produce alcohols, which are 
used by acetogenic bacteria as a carbon source, who then produce ace
tate as a byproduct that is used by the anaerobic Methanogens as a 

carbon source - the final step in the carbon cycle [103]. This exemplifies 
the typical biotic interactions that occur and are vital to a well- 
developed biofilm [31,32,104]. 

Lichens are a prime example of microbial syntrophy, where the 
mycobiont creates the “home” for the photobiont protecting it from the 
external stressors and orienting the photobiont for optimal UV exposure, 
while the photobiont in turn produces carbohydrates and occasionally 
reduced nitrogen (from cyanobacteria) [7]. Bacterial involvement in 
lichens is still poorly understood but likely is involved with nitrogen 
production in non-cyanolichens by utilizing other nitrogen-fixing bac
teria from the order Rhizobiales to obtain reduced nitrogen, since they 
are the most abundant order found on lichens thus far [12,14]. Microbial 
syntrophy allows biofilms and lichens to rely less on external abiotic 
acquisition of nutrients, in favor of becoming self-sustainable and more 
persistent. Lichens have co-opted this strategy to their evolutionary 
advantage. By leveraging the combination of photosynthetic partners 
and flexible carbohydrate consumers in fungi, lichens have practically 
everything they need from biotic origins. 

Recognition between the surrounding microbial species is also 
crucial to both biofilm and lichen formation. Quorum sensing molecules 
such as acyl-HSLs are one mechanism that microbial biofilms use to 
determine the identity of neighboring species and facilitate formation of 
multispecies biofilms [105]. These compounds are species- and even 
strain-specific, which allows organisms to identify self, “friend”, and 
“foe”- allowing for precise interactions between organisms within the 
biofilm [31]. These QSM are utilized in almost every stage of biofilm 
formation but are especially important in the development of in
teractions between microbes in the biofilm. One prime example of in
teractions between biofilm-forming microbes and their QSM is the 
interactions of C. albicans with P. aeruginosa and Streptococcus gordonii 
[106,107]. Candida albicans is known for producing the QSM farnesol, 
which has been studied for its multiple roles in the C. albicans lifestyle 
[73]. For instance, when C. albicans and P. aeruginosa are near one 
another, their respective QSM inhibit each other’s growth. Farnesol will 
prevent P. aeruginosa from producing the toxic phenazine pyocyanin, 
which in turn reduces its virulence [108]. Simultaneously, P. aeruginosa 
produces its QSM called 3-oxo-C12-homoserine lactone, which represses 
filamentous growth in C. albicans reducing its biofilm forming abilities 
[106]. Alternatively, S. gordonii promotes the production of C. albicans 
hyphae and therefore biofilm development in the oral cavity [109]. This 
phenomenon is believed to be regulated via secretion of Autoinducer 2 
by S. gordonii indicating a different microbial interaction caused by 
similar chemical interactions [109]. 

No QSM or other known interactive secondary metabolites have been 
identified in lichens so far, but it is likely that they utilize chemical 
signaling due to their well noted abundance of secondary metabolites. 
Even amongst eukaryotes QSMs are poorly understood. However, recent 
studies show that the alga Chlorella sorokiniana produces the auxin 
family of phytohormones [110]. Because this alga belongs to the same 
class as most lichen photobionts (Trebouxiophyceae), this observation 
suggests a role for phytohormones in mediating mycobiont-photobiont 
interactions. Additionally, multiple studies implicate lichen-made sec
ondary metabolites (e.g., usnic acid and evernic acid) in the prevention 
of unwanted bacterial growth in Streptococcus spp. and P. aeruginosa 
biofilms respectively [111,112]. These biofilm-reducing secondary me
tabolites resemble the role of farnesol in their capacity to disrupt bac
terial biofilms. Since farnesol is a QSM capable of reducing biofilm 
formation in P. aeruginosa and other bacteria, it is not surprising that 
usnic acid and evernic acid are also capable of dispersing biofilms, and 
as such they may be later termed lichen QSM or, at the very least, 
communication molecules [111,112]. 

During lichen partner recognition, lectin-mediated interactions be
tween mycobionts and photobionts trigger either a compatibility or in
compatibility reaction by the photobiont [113]. Lectins, which are 
carbohydrate-binding proteins, are used frequently by pathogenic 
fungi, bacteria, and viruses to identify their hosts [114]. Certain lichens 
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will only form between specific species of a mycobiont and a photobiont, 
while other partner interactions are much less specific, as some myco
bionts can utilize more than one type of photobiont [24,115]. However, 
lectin recognition only occurs after the mycobiont has made physical 
contact with the potential photobiont. Other studies have shown that 
there may be some form of unknown chemical signaling occurring be
tween the symbionts before physical contact is made [64]. These 
chemical signals are photobiont-specific, in that when multiple photo
biont supernatants were exposed to a single mycobiont each of the su
pernatants caused different growth forms of the mycobiont. Exposure to 
the correct photobiont’s supernatant resulted in increased ECM pro
duction, increased hyphal growth, and increased hyphal branching, all 
important aspects of initial thallus development [64]. Although this is 
only one example of pre-contact interactions between lichen symbionts, 
it is still strong evidence for the importance of chemical interactions in 
lichen development, which are analogous in biofilm development. 

Insight into that unknown mechanism can be gained from in
teractions between plants and mycorrhizal fungi. Though mycorrhizal 
fungi-plant interactions are not generally thought of as biofilms, the 
manner in which ectomycorrhizal (or “sheathing”) fungi attach and 
surround the roots of plants by use of an extracellular matrix strongly 
resembles biofilm formation [116,117]. For mycorrhizal fungi to iden
tify their plant host, the plant and mycorrhizal fungi secrete specific 
phytohormones, similar to that of QSM in fungal and bacterial biofilms 
[118]. Plant phytohormones secreted by mycorrhizal fungi are typically 
auxins, and plants in turn secrete strigolactones that the fungus may 
identify. After their chemical signals are exchanged, both organisms 
exhibit lateral growth towards the source of the chemical signal to locate 
their symbiont [118–121]. 

Microbial interactions within biofilms and lichens are very complex 
in nature and inherently difficult to study. We still are lacking most 
information regarding how microbes interact within consortia. These 
few specific interactions represent only a fraction of what actually fa
cilitates or regulates biofilms and lichens in their natural environments. 
Even amongst lichenologists, the nature of the lichen relationship is 
contested; it may be true symbiosis, or controlled parasitism [40,122]. 
To elucidate the complex relationships between microorganisms, re
searchers are moving towards systems-biology approaches to simulta
neously probe the multi-species transcriptome [35] and characterize 
their phylogenetic diversity in microbial communities [3,123]. Subse
quently, biologically important mechanisms can be deduced from those 
vast libraries of knowledge and utilized to perform specific experiments 
based on the information from the systems-level approaches. In order for 
microbial ecology and interactions to be resolved we must expand the 
use of these and other approaches. 

3. Extracellular matrix 

3.1. Matrix details from biofilms and lichens 

One of the most important features of a biofilm is their extracellular 
polymeric substance or the extracellular matrix [28,78]. In biofilms, this 
matrix contains polysaccharides, proteins, nucleic acids, lipids, and 
secondary metabolites – all of which vary in composition due to the 
overall species diversity, abundance, and specific chemical interactions 
[124]. The ECM is seen in the initial formation of the biofilm but is not 
fully formed until the biofilm reaches maturity. Not only is the ECM 
essential for maintenance of structural integrity, but it also plays a key 
role in resistance to abiotic stresses such as desiccation, as well as 
external stress caused by antimicrobial drugs or the human immune 
system [124]. Although it has been established that inner layers of the 
ECM contain mostly hydrophilic polysaccharides that mediate desicca
tion resistance [124], they also possess outer hydrophobic layers to 
allow for hydrophobic substrate binding and prevent water loss from the 
hydrated inner structures of the ECM [55,61,63,68,125] (Fig. 5). 
Additionally, the hydrophobicity of the substance the biofilm is attached 

to has been shown to alter the hydrophobicity of the outer matrix layer 
[126]. This allows biofilms to adapt to surfaces as they attach, allowing 
for both hydrophobic and hydrophilic attachments. 

Our understanding of the ECM in lichens is largely confined to that 
which surrounds the cells. Additionally, the variable nomenclature for 
the lichen ECM, which ranges from regular “extracellular polymeric 
substance”, to the aptly named “gelatinous matrix”, and the structural 
term “conglutinate” [7,40,44] has likely hindered attempts to under
stand its properties. However, with the help of two recent publications 
([89,127] series) and information on the lichen ECM scattered 
throughout the literature, we can construct a loose understanding of the 
structural composition and biological role of the ECM, that bears simi
larity to biofilm matrices. We know for certain that the lichen matrix 
contains a variety of polysaccharides [127], crystalline secondary me
tabolites such as usnic acid, and proteins; and that parts of the lichen 
thallus’ ECM are surrounded in a hydrophobic outer layer 
[11,41,44,47,58]. This composition is therefore extremely similar to the 
extracellular matrix of biofilms [78,117]. 

Another feature of the biofilm matrix is the presence of external 
DNA, which promotes horizontal gene transfer between the biofilm 
members [124,128,167,167,168]. Although the presence of external 
DNA in the lichen ECM remains untested, multiple horizontal gene 
transfer events have been observed within various lichens 
[102,129–131]. In particular, the lichen Xanthoria parietina’s genome 
harbors three genes that were likely transferred from the mycobiont to 
the photobiont several millions of years ago [129]. Phylogenetic anal
ysis suggests that this transfer preceded the origins of the lichen sym
biosis, which implies that fungi and algae have a long history of intimate 
interactions [37,129]. Accordingly, it is tempting to speculate that such 
“proto-lichens” might have existed within a protective biofilm-like 
matrix that facilitated interactions and enabled gene transfer. 
Currently, the matrix-containing components of lichens have been iso
lated to the upper and lower cortices which are called “conglutinate 
zones” [42]. The lower cortex allows for attachment to the substrate, 
and the upper cortex controls the transfer of liquids and gases and 
provides environmental protection. The isolation of the lichen matrix to 
these two zones is not confirmed, and it is likely that a variety of matrix 
layers coat all of the lichen cells based on the images captured by 
Honegger & Haisch [44] and Roth et al. [80]. Biofilms are completely 
coated by their ECM, which implies that lichens would presumably also 
have a complete coating of matrix material, instead of ECM isolated to 
specific layers. The similarities between lichen and biofilm matrices 
detailed above suggest lichens do indeed have an extracellular matrix 
analogous to biofilms, which is vital to the persistence of these com
munities within the extreme environments they typically inhabit. The 
successful lifestyles of lichens and biofilms are undoubtedly dependent 
upon the ability of the matrix to contain water, mediate environmental 
resistance, and promote cell-cell adhesion. 

3.2. Closer look at the matrices of the filamentous fungus Aspergillus 
fumigatus and the lichen Cetraria islandica 

Studies have focused on the filamentous fungus Aspergillus fumigatus, 
a human pathogen, regarding its biofilm-forming capabilities [68,132]. 
These studies have concluded that A. fumigatus is indeed capable of 
forming an extracellular matrix and therefore is also capable of forming 
a biofilm. The matrix of A. fumigatus contains polysaccharides (partic
ularly galactomannan and α-1,3-glucans), monosaccharides and polyols, 
secondary metabolites (like melanin), as well as proteins [68]. One of 
the most intriguing findings from Beauvais et al. [68] was the location of 
α-1,3-glucans within the extracellular matrix. Via immunogold labeling, 
they identified α-1,3-glucans in the matrix and right on the outer edge of 
the cell wall, but not within the cell wall. Similarly, Honegger and 
Haisch [44] observed the β-1,3-glucan lichenin in the lichen Cetraria 
islandica in the same locations as A. fumigatus. In both studies, poly
saccharides were only located in the extracellular matrix and not in the 
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cell wall, where fungal glucans are also known to be located. In addition, 
both authors commented on the location of hydrophobic versus hydro
philic substances and proteins in relation to the cell wall and matrix. In 
A. fumigatus, hydrophobin proteins were said to be located within the 
matrix but with no further details on localization mentioned. Whereas, 
in C. islandica it was noted that the matrix itself was hydrophilic with a 
thin hydrophobic proteinaceous outer layer [44,68] (Fig. 4). The thin 
hydrophobic layer is thought to allow photosynthesis to continue when 
the lichen is wetted and the extracellular matrix is expanded [44]. 
Without the hydrophobic layer the photobiont would be incapable of gas 
exchange, and therefore photosynthesis (Fig. 5). If there are indeed 
differences between the matrices, they are likely influenced by the dif
ferences in life-history of these two different entities. Lichens exist in 
xeric conditions with quickly fluctuating periods of wetting and drying, 
whereas A. fumigatus is found in the misty environment of the lungs. In 
both cases, the presence of the glucans in their extracellular matrix is 
likely to facilitate the agglutination of the fungal cells to form a lichen 
thallus or a biofilm. 

4. Resistances to environmental stressors 

4.1. Environmental stress resistance of biofilms and lichens 

An evolutionarily selected for trait of the biofilm lifestyle is an in
crease in resistance to a variety of stressors [133]. This key feature is 
frequently used to test whether an organism is biofilm-forming, and 
whether knocking-out a key gene affects biofilm formation in certain 
species [134,135]. All biofilms that have been studied so far are noted to 
have multiple environmental resistances that include antimicrobial drug 
resistance, ultraviolet (UV) radiation, metal toxicity, osmotic shock 
resistance, desiccation resistance, and pH shift resistance [31,136]. Li
chens share this multi-resistance phenotype with biofilms, and 
numerous studies have been performed to understand lichen resistances 
to various abiotic stresses. Most notably, lichens are known to be 
resistant to UV radiation, metal ion toxicity, desiccation, and extreme 
temperatures simultaneously [137]. As an example of this extreme 
multi-resistance, the survivability of the lichen Xanthoria elegans was 
tested in the exposed vacuum of space for 1.5 years [138,139]. These 

experiments revealed that X. elegans survives the vacuum of space by 
exploiting its poikilohydric lifestyle to shut down metabolism while in 
extreme xeric conditions and restarting metabolism when humidity 
levels were optimal upon their return. Although a complete under
standing of the variety of resistance factors is far from being understood, 
it is clear that one of the main contributors to abiotic resistance is their 
ECM coating [140,141]. How important the matrix is, and other factors 
that may be involved in resistance mechanisms varies between envi
ronmental stressors, so taking a closer look at each external factor, the 
cause of resistances, and the shared themes between lichens and biofilms 
will be explored here. 

4.2. Metal toxicity resistance 

Lichens have long been recognized as biomonitors for their ability to 
absorb multiple types of pollutants such as heavy metals and atmo
spheric pollutants like sulfuric and nitrous oxides (SOX and NOX) 
[142–144]. Consequently, lichens have been used to identify common 
air pollutants in some cities as lichen distribution patterns and extracted 
compounds may serve as an indicator of air quality [143]. Unlike metal 
resistance mechanisms of some bacteria, the ability of lichens to resist 
metals is not a result of changing the chemical state of the metal. Instead, 
lichens typically sequester the metal ions into their cellular structures 
[43,145,146]. Metal ions are known to adhere to the chitinous cell wall 
of most fungi, but especially lichen forming fungi. Lichens are even 
recognized for the coloration that results from the sequestering of metals 
onto their thallus [43]. This makes lichens and other fungi prime can
didates for bioremediation since they absorb metal ions from their sur
roundings instead of merely changing the state of the metal ions. 
Alternative forms of metal resistance in lichens include binding of metal 
to intracellular spaces of hyphal filaments (likely the matrix), binding of 
metals to metallothioneins (small cysteine proteins), and complexing of 
metal ions to organic acids produced by lichens such as oxalate and 
evernic acid [142]. Each of these methods allows lichens to be hyper- 
resistant to harmful metals. 

Biofilms are also recognized for the ability to sequester metal ions 
[147,148]. Metal ions typically adhere to the ECM of biofilms, instead of 
the cells themselves, which protects the microbes from metal toxicity 

Fig. 4. Transmission Electron Microscopy images of 
immunogold labeling experiments locating 1,3-Glu
cans in the lichen C. islandica (A) and A. fumigatus 
(B). (A): Immunogold labeling of β-1,3-Glucans in the 
lichen C. islandica [44]. Lichenin is presumed to be 
the glucan that is labeled, which is shown to be 
mainly accumulated in the outer layer (ol), which is 
indicated to be the extracellular matrix of the lichen; 
bar = 1 μm; cw = mycobiont Cell wall; sl = surface 
layer. (B): Immunogold labeling of α-1,3-Glucans in 
the fungus A. fumigatus [68]. The α-1,3-Glucans are 
also observed to be accumulated in the extracellular 
matrix of A. fumigatus biofilms as well. Indicating that 
both lichens and fungal biofilms create extracellular 
matrixes that contain extracellular polysaccharides.   
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[149]. Additional methods of metal resistance in biofilms include: 
siderophore production, persister cells, metal metabolic processes 
(found in specific bacteria), and overall reduced metabolic processing 
[150]. Multi-metal resistance capabilities of biofilms have also led re
searchers to investigate their bioremediation capabilities, even utilizing 
biofilms in water purification techniques [151]. The capacity for both 
lichens and biofilms to resist metal toxicity shows their capability to 
survive in more hash environments than most planktonic microbes. 
Through their microbial community they are more resistant together 
than they are as individual cells. 

4.3. UV & desiccation resistance 

Resistance to UV radiation and desiccation are crucial for sun- 
exposed microbes. For example, living on a rock or tree leads to 
intense UV along with dramatic daily and seasonal shifts in water ac
tivity. The properties of biofilms and lichens suggest that they might 
play a key role in mitigating the impacts of these stresses. 

Ultraviolet light radiation is recognized for its ability to cause DNA 
damage [152] such as misincorporation of nucleotides during tran
scription and translation, direct oxidative damage, or nucleotide modi
fication such as thymine-thymine dimers [153]. While low levels of UV 
radiation are easily repaired by normal DNA repair mechanisms, surface 
dwelling microorganisms are subjected to higher levels of UV [153]. 
Alternative mechanisms of UV radiation resistance rely on the initial 
blocking of UV exposure, typically via secondary metabolites such as 
carotenoids, melanin, and other UV-absorbing compounds [152]. 

Lichens are well-known for their UV resistance capabilities. They are 
some of the only organisms that can grow in extreme UV conditions such 
as the arctic poles, on mountains, and desert conditions [154]. 
Furthermore, when lichens are exposed to peak UV radiation at midday, 
they are also typically in a desiccated state which halts all cellular 
processes to prevent death by desiccation, a process attributed to their 
poikilohydric lifestyle [91]. This means lichens are incapable of per
forming DNA-repair while desiccated and exposed to high amounts of 
UV radiation, therefore, they have evolved alternative UV resistance 
measures. Lichens utilize their capability to produce extensive amounts 
and types of secondary metabolites as their main source of defense 
against UV radiation. Numerous compounds produced by lichens that 
are resistant to UV radiation include melanin, carotenoids, usnic acid, 
parietin, polyketides, and other secondary metabolites which are all 
mycobiont-sourced, whereas mycosporin is one of the only UV resistant 
compounds that is only produced by cyanobacteria in cyanolichens 
[155]. These compounds are typically bound to the fungal cell walls of 
the mycobiont, particularly in the upper cortex and medullary layers, 
where exposure to UV radiation is the highest [156]. Whether the 
mycobiont partner can create an array of UV protectant compounds 

when grown in isolation has not yet been studied. However, it seems 
likely that the UV protective nature of secondary compounds produced 
by the mycobiont would have been selective for the photobiont to form a 
lichen symbiosis. 

Biofilm resistance to UV radiation is mainly dependent on the 
capability of the extracellular matrix to block UV from penetrating far 
through the biofilm. Researchers previously determined that 
P. aeruginosa extracellular matrices have a very strong capacity to block 
UV exposure, only allowing 13% UV-C, 31% UV-B, and 33% of UV-A to 
penetrate the matrix, with UV-C being the most harmful [157]. Most 
microbial biofilms surveyed to date rely primarily on DNA repair 
mechanisms in addition to their matrix to resist UV-induced damage 
[158]. To date, the mechanism underlying UV absorptive properties of 
the ECM remain unknown, but the presence of copious polysaccharides 
is thought to play a role [157]. In addition, it would not be surprising to 
find secondary metabolites within the biofilm matrix that contribute to 
UV resistance like that in lichens. Additionally, one of the most suc
cessful ways for a microbial biofilm to resist UV damage is to incorporate 
already extremely UV resistant microbes, into their matrix, as observed 
in biofilms that formed on the Chernobyl nuclear reactor cooling towers 
[159]. These biofilms contain melanized fungi, as well as bacterial and 
fungal species that are known to be radiation resistant, and even non-UV 
resistant microbes such as S. cerevisiae [159]. This observation suggests 
that microbes that possess only “standard” UV resistance mechanisms 
can survive high levels of UV radiation by co-inhabiting in biofilms with 
UV resistant organisms. 

Desiccation resistance in biofilms and lichens largely stem from their 
ECM. In both communities the ability to resist desiccation is attributed 
to their thick extracellular matrix, which can hold water within their 
excess of hygroscopic polysaccharides [160,161]. In biofilms formed by 
P. aeruginosa and other Pseudomonads, it has been determined that the 
polysaccharide alginate located in the extracellular matrix is the main 
contributor of desiccation resistance [162]. Within lichens, many poly
saccharides have been identified all of which are noted to have hygro
scopic tendencies that aid in desiccation resistance [44,127]. However, 
additional desiccation resistance in lichens can be attributed to the outer 
layer of hydrophobic proteins on the outside of the extracellular matrix, 
possibly acting like the cuticle of plant leaves [44,58]. This allows the 
water to be maintained within the matrix reducing evaporation through 
the matrix. This additional layer contributes a higher degree of desic
cation resistance in lichens which is vital to the specific niche they hold 
amongst the surface-attached microbes. 

5. Concluding remarks 

An abundance of similarities between lichens and microbial biofilms 
allow us to make many connections between the two consortia. The 

Fig. 5. Illustration of the lichen extracellular matrix in relation to the mycobiont and photobiont cell walls, and its effect on lichens’ poikilohydric lifestyle. The 
matrix is located beyond the mycobiont’s cell wall, it is hydrophilic due to its excess in hygroscopic glucans allowing for water accumulation and exchange. 
Additionally, there is a thin hydrophobic proteinaceous coat that surrounds the extracellular matrix and photobiont cells, indicated here with a thick pink line. This is 
presumed to prevent over wetting of the lichen thallus, to allow for important gas exchange to occur that is vital to photosynthesis, and also to aid in the water 
retention of the matrix acting like a plant’s cuticle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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stages of their development both follow a regimented progression with 
surface adherence as the first stage, cell morphological transition in the 
second stage, stratification of cell types in the third stage, and dispersal 
of cells as the final stage. Both position their cells in ways that allow for 
proper gas and water exchange, either through interstitial voids or the 
medullary thalline layer. Similar protein types are used for cell-surface 
adherence and cell-cell adherence. Quorum sensing molecules and lec
tins provide biofilms and lichen-related organisms the ability to identify 
the microbes around them, allowing for specific positive and negative 
interactions such as syntrophy and competition. Additionally, they both 
contain an extracellular matrix which is essential to their cohesion and 
stress resistance to various environmental factors. Understanding of 
these attributes has been arguably more researched in biofilm literature. 
Thus, providing lichenologists a potential starting point when identi
fying cellular processes for these features. 

With this starting point, further identification of specialized prop
erties of lichens can be elucidated. Are quorum sensing molecules 
important in mycobiont-photobiont interactions? What triggers myco
biont cells undergo cell differentiation to begin stratification of the 
thallus? How extensive is the extracellular matrix in lichens, and what 
does it specifically contain? Finally, one of the most sought-after ques
tions of lichenologists, how did lichens come to exist and evolve? Sim
ilarities between lichens and biofilms listed here in our review point to 
the concept that lichens likely started out as a biofilm, then over millions 
of years of co-evolution between the partners they formed the unique 
structure that we know of as the lichen. These questions and many 
others can be extrapolated from focusing on the cellular processes 
within biofilms and determining how they may overlap with lichens. 
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