
 1 

In vitro resynthesis of lichenization reveals the genetic background 1 

of symbiosis-specific fungal-algal interaction in Usnea hakonensis. 2 

 3 

Mieko Konoa, b, * Yoshiaki Konc, Yoshihito Ohmurad, Yoko Sattaa and Yohey Teraia 4 

 5 

Author affiliations: 6 

aSOKENDAI (The Graduate University for Advanced Studies), Department of Evolutionary 7 

Studies of Biosystems, Shonan Village, Hayama, Kanagawa 240-0193, Japan; bDepartment of 8 

Botany, Swedish Museum of Natural History, P.O. Box 50007, SE-104 05, Stockholm, 9 

Sweden; cTokyo Metropolitan Hitotsubashi High School, 1-12-13 Higashikanda, Chiyoda-ku, 10 

Tokyo 101-0031, Japan; dDepartment of Botany, National Museum of Nature and Science, 11 

4-1-1 Amakubo, Tsukuba, Ibaraki 305-0005, Japan 12 

 13 

*Author for Correspondence: Mieko Kono, Department of Botany, Swedish Museum of 14 

Natural History, Stockholm, Sweden, +46 72 383 46 47, Mieko.Kono@nrm.se 15 

 16 

 17 

  18 

https://www.researchsquare.com/article/rs-26809/v1


 2 

Abstract 19 

Background 20 

Symbiosis often gives organisms the ability to expand ecological niches which are 21 

inaccessible as individuals. In lichen symbiosis, mutualistic relationships between 22 

lichen-forming fungi and algae and/or cyanobacteria produce unique features that make 23 

lichens adaptive to wide range of environments. This study revealed the fungal-algal 24 

interaction specific to the symbiosis in lichen using Usnea hakonensis as a model system.  25 

Results 26 

The whole genome of U. hakonensis, the fungal partner, was sequenced by using the culture 27 

isolated from a natural lichen thallus. Isolated cultures of the fungal and the algal partners 28 

were co-cultured in vitro for three months, and the thalli were successfully resynthesized into 29 

visible protrusions. Transcriptomes of resynthesized and natural thalli (symbiotic states) were 30 

compared to that of isolated cultures (non-symbiotic state). Sets of fungal and algal genes 31 

up-regulated in both symbiotic states were identified as symbiosis-related genes. 32 

Conclusion 33 

From the predicted functions of these genes, we identified the genetic background of two 34 

main features fundamental to the symbiotic lifestyle in lichen. First is an establishment of 35 

fungal symbiotic interface: (a) production of a hydrophobic layer that ensheaths fungal and 36 

algal cells; and (b) remodeling of cell walls at fungal-algal contact sites. Second is a 37 
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symbiosis-specific nutrient flow: (a) the algal supply of photosynthetic product to the fungus; 38 

and (b) the fungal supply of phosphorous and nitrogen compounds to the alga. Since both 39 

features are widespread among lichens, our result may indicate the genetic basis of lichen 40 

symbiosis. 41 

Key words 42 

Lichen symbiosis, resynthesis, mycobiont-photobiont interaction, genetic background 43 
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Background 45 

 Lichens are symbiotic associations that are adapted to a wide range of environments. 46 

They are often found in extreme environments where other organisms have difficulty 47 

surviving. In lichens, symbiotic partners are known to develop highly integrated association 48 

that requires appropriate recognition and communication to construct and maintain a 49 

functional symbiotic entity. From the classical point of view, lichens are considered to consist 50 

of a fungal species (mycobiont) that constructs a symbiosis-specific structure referred to as a 51 

thallus, and a photosynthetic species (photobiont) that provides the entire thallus with carbon 52 

nutrition (1-3). Recently lichens are proposed to be multi-player symbioses hosting various 53 

bacterial species and basidiomycete yeasts as essential members (4-6). The symbiotic 54 

association can be occasionally separated into isolated cultures of the mycobiont and the 55 

photobiont in laboratory conditions but has hardly been successful in attempts to resynthesize 56 

complete symbiotic phenotypes observed in nature possibly due to lack of the members. 57 

 Although it is not yet clear how many species are involved in lichen symbioses, 58 

resynthesis experiments have shown that in vitro co-culture of the mycobiont and the 59 

photobiont initiates development of symbiotic phenotypes (7-10). Field and culture 60 

observations have described development of lichen symbiosis (lichenization) in sequential 61 

stages: 1) pre-contact, 2) contact, 3) envelopment of algal cells, 4) incorporation of both 62 

symbionts into a common matrix (pre-thallus formation), and 5) thallus differentiation (8). So 63 
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far early stages of lichenization have been investigated and genes of mycobionts and 64 

photobionts have been reported as those likely to function in lichen symbioses (11-13). An in 65 

vitro resynthesis model system is suitable to identify the genes involved in the basis of 66 

symbiosis because it can control for absence of other factors affecting the symbiosis. 67 

However, later stages of lichenization are rarely achievable in vitro and therefore have limited 68 

transcriptomic investigations to the study of early stages. Although the recognition of 69 

compatibility between the mycobiont and the photobiont is known to start in early stages (9, 70 

14, 15) only compatible combinations are known to form a differentiated thallus (7, 8, 16-18). 71 

For that reason, later stages, especially thallus differentiation, are more likely to include 72 

unique characters of lichens, and investigation into genetic mechanisms that control the 73 

development of those stages is essential to understanding the fundamental nature of lichen 74 

symbiosis. 75 

 Here, we use Usnea hakonensis Asahina as a new resynthesis model for studying the 76 

genetics of lichen symbiosis. This species is characterized by having a sorediate fruticose 77 

thallus with a cortex, medulla and a cartilaginous central axis, and the presence of usnic acid 78 

in the cortex and unidentified substances (US1, US2) in the medulla (19). The resynthesis 79 

model of U. hakonensis is distinct from other models (10-12) for routinely establishing 80 

thallus-like fibrils when the mycobiont U. hakonensis and the photobiont Trebouxia sp. are 81 

co-cultured in vitro (Figure 1). Although resynthesized U. hakonensis cannot develop into a 82 
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mature thallus, Kon et al. (20) observed that the inner structure of fibrils differentiated into a 83 

cortex, medulla and axis, all of which resemble that of a natural thallus. To the best of our 84 

knowledge, resynthesized lichens with differentiated thallus structures have not been 85 

genetically investigated. By using this U. hakonensis model, we aimed to identify a core set 86 

of genes that function in later stages, vital for the mycobiont and the photobiont to stabilize 87 

the symbiotic interaction. For this purpose, we examined the transcriptomes of U. hakonensis 88 

when: 1) the mycobiont U. hakonensis, and the photobiont Trebouxia sp. isolates are cultured 89 

independently (non-symbiotic state); 2) the symbiotic phenotype is resynthesized in vitro 90 

(resynthesized symbiotic state); and 3) U. hakonensis are in the field (natural symbiotic state). 91 

The comparative transcriptomic analysis between the non-symbiotic states and the two 92 

symbiotic states identified sets of fungal and algal genes that were commonly up-regulated in 93 

the symbiotic states (symbiosis-related genes). The symbiosis-related genes are considered to 94 

be essential for the symbiotic interaction between the mycobiont and the photobiont in the 95 

later stages, irrespective of the difference in developmental stage or growth condition of the 96 

two symbiotic states. Predicted functions of the genes indicated their relevance to 97 

symbiosis-specific features of lichens and some corresponds to the genes identified as 98 

symbiosis-related in the previous studies on early stages of lichenization (12, 13), possibly 99 

suggesting the fundamental genetic features of lichens. 100 

 101 



 7 

Results 102 

De novo assembly and annotation of the genomes 103 

Genomic DNA was extracted from cultured Usnea hakonensis and sequenced by the 104 

Illumina Hiseq 2500 platform. Two hundreds and twenty-seven million reads (125 bp in 105 

length) were de novo assembled into 2,454 scaffolds. Eight hundreds and seventy-nine 106 

scaffolds remained after the removal of scaffolds smaller than 2 kb. The genome size 107 

predicted from the sum of the scaffolds (> 2 kb) is 41.2 Mb. The average coverage and N50 108 

value are 506X and 166 kb respectively. Sequencing and assembly of the algal genome (69 109 

Mb) has been reported elsewhere (21). The non-symbiotic fungal and algal cultures were 110 

sampled one month after the inoculation. In the co-cultures, thallus-like fibrils began to grow 111 

on top of mixed fungus-alga colonies one month after the inoculation and were carefully 112 

sampled with tweezers after three months. RNA extracted from non-symbiotic fungal and 113 

algal cultures (U. hakonensis and Trebouxia sp.), symbiotic resynthesized thalli, and 114 

symbiotic field-collected thalli were sequenced by using the Illumina Hiseq2500 platform. 115 

Reads from the RNA-seq were used to annotate the fungal and algal genomes. The annotation 116 

has indicated 21,105 fungal and 21,190 algal genic regions (including non-coding RNA), 117 

respectively. 118 

 119 

Identification of symbiosis-related genes and functional prediction  120 
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The genes significantly up-regulated in each symbiotic state (resynthesized and 121 

natural thalli) relative to the non-symbiotic state (isolated cultures) were defined as candidates 122 

of symbiosis-related genes (Figure 2a). In the resynthesized and natural thalli, 675 and 2,261 123 

fungal genes were identified as candidates respectively, and 393 and 1,776 genes were 124 

identified as algal candidates, respectively (Table 1). Among those candidates, genes 125 

consistently up-regulated in both symbiotic states were defined as ‘symbiosis-related genes’ 126 

(Figure 2b). After this two-step identification, we obtained 305 fungal and 203 algal 127 

symbiosis-related genes. The symbiosis-related genes were then subjected to BLASTX 128 

searches against the NCBI nr protein database. Of the 305 fungal and 203 algal 129 

symbiosis-related genes, 153 (50.2 %) and 79 (38.9 %) had similar sequences in the database, 130 

respectively (e-value < 1e-40). Among the genes that had similar sequences in the database, 131 

58 fungal genes and 52 algal genes were similar to the genes with predicted functions (Table 132 

1). 133 

 134 

Table 1 Functional prediction of the symbiosis-related genes. 135 

 fungal algal 
 resynthesized natural common resynthesized natural common 
known function* 135 560 58 96 569 52 
unknown function 171 735 95 52 406 27 
no significant hits 369 966 152 245 801 124 
total number of genes 675 2261 305 393 1776 203 
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*The results of BLASTX searches (cut-off value < 1e-40) of the genes that were up-regulated in the symbiotic 136 

states (resynthesized and natural thalli) compared to the non-symbiotic state (isolated cultures). 137 

 138 

Categorization of the symbiosis-related genes 139 

The fungal and algal symbiosis-related genes were manually classified according to 140 

their functions predicted from the BLASTX and literature searches. As a result, 58 fungal and 141 

52 algal genes were classified into 15 and 13 functional categories, respectively (Table 2). 142 

Among these categories, nine are shared between the mycobiont and the photobiont (‘amino 143 

acid synthesis’, ‘carbohydrate metabolism’, ‘lipid metabolism’, ‘proteolysis’, ‘signal 144 

transduction’, ‘stress response’, ‘transcription/translation’, ‘transport’, and ‘xenobiotic 145 

metabolism’), while the mycobiont and the photobiont each have unique categories which 146 

may represent differences in roles as symbionts (Table 2). Six categories unique to the 147 

mycobiont are: ‘cell wall organization’, ‘cellular respiration’, ‘cytochrome P450’, 148 

‘development’, ‘redox’, and ‘secondary metabolism’. On the other hand, four categories: 149 

‘methylation’, ‘nitrogen metabolism’, ‘phosphate metabolism’, and ‘photosynthesis’ are 150 

unique to the photobiont. The largest number of symbiosis-related genes was assigned to 151 

‘transport’ in the mycobiont and to ‘transcription/translation’ in the photobiont. The majority 152 

of the algal genes categorized in ‘transcription/translation’ are genes encoding ribosomal 153 

proteins. 154 
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Table 2 Categories of the symbiosis-related genes. 155 

category name fungal genes algal genes 
amino acid synthesis 1 3 
carbohydrate metabolism 2 1 
cell wall organization* 5 0 
cellular respiration* 3 0 
cytochrome P450* 5 0 
development* 3 0 
lipid metabolism 7 2 
methylation* 0 1 
nitrogen metabolism* 0 2 
phosphate metabolism* 0 1 
photosynthesis* 0 4 
proteolysis 5 1 
redox* 2 0 
secondary metabolism* 1 0 
signal transduction 1 1 
stress response 3 2 
transcription/translation 3 25 
transport 11 5 
xenobiotic metabolism 3 1 
uncategorized 3 3 
total 58 52 

*The categories unique to each symbiont. 156 

 157 

Prediction of genes involved in the establishment of symbiotic interface 158 

 The formation of symbiotic interface, where the fungal hyphae and algal cells are 159 

attached, is indicated by the functions of the following symbiosis-specific genes (references 160 

are in Additional file 1: Table S1). Hydrophobins (Uhk_016581) are low molecular mass 161 

hydrophobic proteins considered to be the main component of the hydrophobic layer that 162 
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seals the fungal and algal cell wall surface . Polyketide synthases (Uhk_016999) catalyze the 163 

synthesis of polyketides which have been reported to be deposited within and on the surface 164 

of the layer . Lipids and fatty acids have also been detected as components of the layer (22). 165 

Sphinganine hydroxylase (Uhk_003277) and phosphatidylserine decarboxylase (Uhk_017380 166 

and Uhk_017885) are involved in sphingolipid and phospholipid biosynthesis, respectively. 167 

Lipases encoded by Lip3 (Uhk_003579) and Lip2 (Uhk_013145), may break down lipids and 168 

produce fatty acids. 169 

 The remodeling of fungal and algal cell walls at fungal-algal contact sites are also 170 

suggested by the following fungal symbiosis-related genes (references are in Additional file 1: 171 

Table S1). Two genes are similar to glycoside hydrolase in family 12 (Uhk_019559) and 172 

family 2 (Uhk_007999). Enzymes belonging to these families are known to degrade cellulose 173 

and hemicellulose, the main carbohydrate components of plant and green algae cell walls 174 

(23). Two genes are similar to the enzymes involved in degradation and biogenesis of the 175 

fungal cell wall. Uhk_005214 showed significant similarities to beta-1,3-glucanases, enzymes 176 

that break down 1,3-beta glucan, the central component of the inner cell wall (24-26). 177 

Uhk_002614 showed similarities to enzymes in glycosyltransferase family 2. This family 178 

includes enzymes involved in the biosynthesis of polysaccharides . 179 

 180 

Prediction of genes involved in nutrient flow within thalli 181 
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 Symbiosis-specific metabolism and transport of carbohydrate, phosphate, and 182 

nitrogen between the mycobiont and the photobiont were predicted from the functions of the  183 

following symbiosis-related genes. 184 

Carbohydrate 185 

 Four algal symbiosis-related genes were predicted to have function related to 186 

photosynthesis (references are in Additional file 1: Table S2). Ttzw_014612 is similar to D1 187 

reaction center protein in photosystem II. Ttzw_000076 showed similarities to carbonic 188 

anhydrases which catalyze the reversible hydration of carbon dioxide, known to support 189 

photosynthesis by means of CO2 transport and/or involvement in carbon concentration 190 

mechanisms. Symbiosis-specific carbon metabolism is indicated by two symbiosis-related 191 

genes, Ttzw_020492 and Ttzw_014778, similar to FeS cluster assembly accessory/regulatory 192 

protein and chloroplast ferredoxin-thioredoxin reductase catalytic chain, respectively. The 193 

two may be involved in the synthesis of [4Fe-4S] chloroplastic protein ferredoxin:thioredoxin 194 

reductase (FTR), a key protein in the light-dependent regulatory system 195 

(ferredoxin/thioredoxin system). 196 

 A high proportion of carbon fixed by photobionts are transported to mycobionts as 197 

the main carbon source (27). Previous studies showed that the photosynthetic product released 198 

by Trebouxia photobionts and transferred to mycobionts is ribitol, a type of polyol (28-30). 199 

Three fungal symbiosis-related genes (Uhk_000003, Uhk_000004, and Uhk_011461) showed 200 
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similarities to fungal polyol transporters as well as fungal sugar transporter STL1 (references 201 

are in Additional file 1: Table S2). Uhk_000003 and Uhk_000004 showed significant 202 

similarities to a fungal polyol transporter AmLAT2 (e-value ≤ 2e-52, % identity ≥ 52.8 %) 203 

which is reported to transport ribitol (31). On the other hand, Uhk_011461 showed significant 204 

similarities to a glycerol transporter DhStl1 (e-value: 5e-47, % identity: 47.8) (32). The 205 

expression of the glycerol transporter is possibly correlated with glycerol dehydrogenase 206 

(Uhk_011759) which was also identified as a symbiosis-related gene (see discussion). 207 

 208 

Phosphate 209 

 Fungal symbiosis-related genes predicted as acid phosphatase (Uhk_006220) and 210 

MFS phosphate transporter (Uhk_019687) are indicated to be involved in the metabolism and 211 

transport of inorganic phosphate (Pi) from the mycobiont to the photobiont (references are in 212 

Additional file 1: Table S3). The acid phosphatase-like gene also shows significant 213 

similarities to 5’/3’-nucleosidase SurE which is reported to hydrolyse polyphosphate and 214 

produce phosphate (33). On the other hand, no algal phosphate transporter gene was identified 215 

as symbiosis-related. One algal H+/Pi symporter (Ttzw_012184) was significantly 216 

up-regulated in the natural thalli but not in the resynthesized thalli. An algal symbiosis-related 217 

gene encoding transmembrane ATPase (Ttzw_021111) may be related to proton 218 
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electrochemical gradient production that energizes the uptake of phosphate by phosphate 219 

transporters (see discussion). 220 

 221 

Nitrogen 222 

 The symbiosis-specific regulation of nitrogen metabolism by PII signaling proteins is 223 

indicated in the photobiont (references are in Additional file 1: Table S4). The conformational 224 

change of PII proteins alters their binding affinities for the target proteins thereby controlling 225 

enzymatic activities of the targets (34, 35). In the chloroplast of plants and algae, PII proteins 226 

are known to function in signal transduction of cellular nitrogen metabolism responding to 227 

cellular glutamine level (34, 35). The algal symbiosis-related gene (Ttzw_019382) similar to 228 

[Protein-PII] uridylyltransferase may change the conformation of PII proteins via uridylylation 229 

of amino acid residues depending on cellular glutamine level. Another symbiosis-related gene, 230 

Ttzw_009103, could be relevant to the cellular glutamine level based on similarities to 231 

glutamine amidotransferase that catalyzes the removal of the ammonia group from glutamine. 232 

 233 

Discussion 234 

 Symbioses have driven a number of evolutionary innovations in the history of life. 235 

Genomic investigations into mutualistic symbioses between insects and bacteria, or corals and 236 

dinoflagellates revealed that long and intimate associations could result in genomic 237 
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modification of both symbionts, reflecting their symbiotic relationships (36-40). 238 

Heterotrophic nature led fungi to evolve mutualistic symbioses with other organisms that 239 

provide them with various nutrients, namely carbon. The most well-studied examples are 240 

mycorrhizal fungi that form mutualistic associations with more than 90 % of extant plant 241 

species (41). Numerous molecular studies have characterized fungal and plant genes 242 

controlling the steps leading to functional symbiosis (41). On the other hand, the genetic 243 

background of mutualistic symbioses distributed among ca. 20 % of all fungal species, ‘lichen 244 

symbiosis’, remains largely unknown. Unlike other mutualistic symbioses between fungi and 245 

photoautotrophs, lichens are unique in the development of a symbiotic structure that often 246 

includes complete envelopment of algal/cyanobacterial cells by fungal hyphae (8). Within this 247 

symbiotic structure the fungus (mycobiont) optimizes illumination, gas exchange, water and 248 

nutrient supply to facilitate photosynthesis, and the photosynthetic partner (photobiont) 249 

produces photosynthetic products that nourish not only itself but the entire lichen. 250 

Here, from the results of our comparative transcriptomic analysis between the 251 

non-symbiotic and symbiotic states of the Usnea hakonenesis system, we hypothesize the 252 

genetic backgrounds of later stages in lichenization. In the study we used two different 253 

symbiotic samples to represent the stage ‘thallus differentiation’. One is the lichen thalli 254 

collected in the field and the other is the thalli resynthesized in vitro. The advantage of the 255 

laboratory experiment is that it can control factors affecting the symbiotic interaction. In the 256 
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resynthesis experiment, the time and condition of the culturing were decided by considering 257 

the growth and metabolic activities of each sample type in an attempt to gain comparable 258 

transcriptomes. Thallus-like fibrils usually start to grow 1-1.5 months after the start of 259 

co-culturing (inoculation) and subsequently reach the peak of growth in approximately 1-1.5 260 

months. Therefore to parallel the growth of each sample type, the independent cultures were 261 

sampled one month after the inoculation while resynthesized thalli were sampled three 262 

months after. Likewise, we used inorganic medium to grow the algal independent cultures 263 

rather than using the same organic medium used for the co-cultures in order to parallel the 264 

algal carbon source between the non-symbiotic and symbiotic states. Although resynthesized 265 

thalli of U. hakonensis are known to present symbiotic phenotype similar to that of natural 266 

(20), the two are clearly distinct. To deal with their defects and accomplish our aim to identify 267 

genes involved in the symbiotic interaction, we focused on the genes commonly up-regulated 268 

in the resynthesized and natural symbiotic states. 269 

 270 

The formation of symbiotic interface 271 

 Inside the thalli fugal hyphae penetrate algal cells with structures called haustoria. In 272 

the case of U. hakonensis, fruticose ascomycetous lichens with trebouxioid photobionts, 273 

fungal hyphae grow into but do not penetrate the algal cell walls (2). At a haustorium, a thick 274 

hydrophilic layer overlies the fungal cell wall of which outer is covered by a hydrophobic 275 
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layer that spreads to the surface of algal cell wall (2, 42). The hydrophilic layer is known to 276 

absorb water at hydration and the hydrophobic layer to seal the apoplastic continuum of the 277 

fungus and the alga, together producing passive fluxes of water and nutritional solutes from 278 

the thallus exterior to the interior algal layer (Figure 3a) (2, 42, 43). Furthermore, in lichens 279 

with internally stratified thalli such as U. hakonensis, the hydrophobic layer prevents 280 

waterlogging of a gas-filled zone in the thalline interior which secures efficient 281 

photosynthesis of the photobiont even at full hydration (42, 43). The symbiosis-related genes 282 

identified in this study include many genes that likely to produce functional symbiotic 283 

interface.  284 

 285 

Cell wall remodeling 286 

 In U. hakonensis, the three fungal symbiosis-related glycoside hydrolase genes, 287 

Uhk_019559, Uhk_007999, and Uhk_005214, may function in the degradation of algal and 288 

fungal cell walls during the morphogenesis of haustoria (Figure 3b). Uhk_019559 and 289 

Uhk_007999 possibly degrade cellulose and hemicellulose in algal cell walls (44-46) 290 

allowing fungal hyphae to grow into the walls. Uhk_005214 may break down beta-1,3-glucan 291 

in fungal cell walls at haustoria where algal and fungal cell walls were reported to be thinner 292 

(47, 48), possibly causing local loosening of the wall that could facilitates transport between 293 
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the symbionts. Uhk_002614 may possibly be involved in the production of the hydrophilic 294 

layer comprises of polysaccharides (Figure 3c) (49). 295 

 296 

Hydrophobic layer 297 

 In lichens, hydrophobins have been identified in the region where hyphae are in 298 

contact with algal cells (42, 43, 50-53). A class I hydrophobin gene identified in Xanthoria 299 

parietina (XPH1) was indicated to be indispensable for the maintenance of symbiosis 300 

relationship (52). In this study, Uhk_01658 showed significant up-regulated expression in 301 

both symbiotic states despite differences in the developmental stages and growth conditions 302 

of the two. Our results suggest that this hydrophobin could be a main component of the layer 303 

and may play an important role throughout the symbiotic interaction (Figure 3d). 304 

 The majority of lichens are known to deposit secondary metabolites most of which 305 

are unique to lichens. Crystals of secondary metabolites are often observed within and on the 306 

hydrophobic layer and are thought to enhance the hydrophobicity of the layer (2). Kon et al. 307 

detected two polyketide derived secondary metabolites, usnic acid and norstictic acid, from 308 

resynthesized thalli of U. hakonensis (20) that are similar to those occurring in natural thalli. 309 

The symbiosis-related gene encoding polyketide synthase (Uhk_016999) showed prominently 310 

higher similarities only to the polyketide synthase identified in U. longissimi (GenBank 311 

accession: AEJ54468.1). The up-regulated expression of this gene in both symbiotic states 312 
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suggests that this gene may be involved in the synthesis of symbiosis-specific metabolites 313 

specific to these two species or possibly to genus Usnea. 314 

 Lipids and fatty acids are also reported as the components of the hydrophobic layer 315 

(22). Expression of genes involved in sphingolipid and phospholipid biosynthesis were 316 

up-regulated in the symbiotic states (Uhk_003277, Uhk_017380, and Uhk_017885). 317 

Sphingolipids and phospholipids are constitutive lipids of membrane microdomains and 318 

extracellular vesicles (EV) respectively (54-57), both reported to be involved in the 319 

communication between symbiotic partners. In arbuscular mycorrhizal and root nodule 320 

symbiosis, plasma membrane microdomains of plants are presumed to contain proteins 321 

involved in symbiotic signal transduction serving as signaling platforms (58). Microdomains 322 

are also present in EVs (59). EVs have been observed at the symbiotic interface of fungal 323 

pathogenic and mutualistic symbioses and supposedly function as communication tools when 324 

fungi interact with their symbionts (58, 60-62). The up-regulated expression of the genes 325 

involved in these fungal lipid metabolisms might suggest that lipids are not merely the 326 

components of the hydrophobic layer but also used as fungal tools to communicate with algal 327 

partners (Figure 3e). 328 

 At least two fungal symbiosis-related genes are predicted to function as lipase 329 

(Uhk_003579 and Uhk_013145). Joneson et al. (12) reported up-regulated expression of Lip 330 

3 in the second stage (contact) of lichenization in a lichen-forming fungus Cladonia grayi. 331 
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Inferred from extracellular activity of Lip3, they suggested that lipids in the hydrophobic 332 

layer could be the targets of the secreted lipase. We likewise assume that the two lipases 333 

might catalyze fungal (or possibly algal) lipids in the layer, releasing fatty acids instead. 334 

Glycerol released with the fatty acids by lipid digestion may be recycled in fungal cells as 335 

indicated by the symbiosis-related expression of glycerol transporter (Uhk_011461) and 336 

glycerol dehydrogenase (Uhk_011759) (Figure 3f). 337 

 338 

Nutrient flow between the fungal and algal partners 339 

 The mutualistic symbiosis of lichens is ensured by the benefit which both fungal and 340 

algal partners receives from the relationship. The mycobiont receives carbohydrates produced 341 

by the photosynthesis of the photobiont, whereas the photobiont receives a suitable 342 

environment and nutrients for the photosynthesis. To initiate and maintain such a relationship, 343 

nutrients must be sufficiently produced and efficiently transferred between the symbiotic 344 

partners. In this study, genes involved in photosynthesis and transport of carbohydrate, 345 

phosphate, and nitrogen were identified as symbiosis-related genes. The resynthesized thalli 346 

we used to extract RNA were protrusions formed on top of fungal colonies where neither 347 

fungal nor algal cells have direct access to the nutrients in the medium (Figure 1). Therefore, 348 

the identified symbiosis-related transporter genes are most likely involved in the nutrient 349 

transport from the symbiotic interface rather than that from the medium. The genetic 350 
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indications presented here may provide important information to understand 351 

symbiosis-specific transport and metabolism. 352 

 353 

Carbon flow 354 

Production 355 

 In the U. hakonensis system, polyol ‘ribitol’, is produced by algal photosynthesis and 356 

transported to the mycobiont. (27-30, 63). The algal symbiosis-related genes involved in algal 357 

photosynthesis imply enhanced photosynthetic activity that possibly guarantees adequate 358 

carbohydrate supply for the entire thallus (Figure 4a). The up-regulation of algal 359 

symbiosis-related gene (Ttzw_014612) similar to D1 reaction center protein in photosystem II 360 

(PSII) could be a part of an adaptation to the symbiotic lifestyle that imposes higher light 361 

intensities on the photobiont than the non-symbiotic lifestyle (64). The D1 reaction center 362 

protein is known as the primary target of light-induced oxidative damage. The immediate 363 

replacement of damaged to newly synthesized D1 proteins is vital for photosynthetic 364 

organisms to avoid inactivation of PSII (65). In green alga Chlamydomonas reinhardtii, the 365 

expression of D1 protein gene is mainly regulated at the level of translation while 366 

transcription has been reported to be constitutive (66). If analogous regulation can be 367 

supposed, the up-regulated expression of the D1 protein gene in the symbiotic states indicates 368 
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increase in the number of the stock transcripts in cells, thereby enabling rapid synthesis of D1 369 

proteins, i.e., rapid recovery from photodamage. 370 

The symbiosis-specific expression of carbonic anhydrase (CA) (Ttzw_000076) that 371 

may function in CO2 transport and fixation is likely to indicate algal adaptation to CO2 372 

conditions inside symbiotic structures. In symbiosis, layered structure of a thallus could 373 

change CO2 concentration around algal cells. The change in CO2 condition may induce the 374 

expression of CA, as many CAs are in C. reinhardtii (67), and the enzyme could ensure 375 

efficient transport and fixation of CO2. The expansion of a specific subclass of cytoplasmic β 376 

CAs in the genome of Trebouxiaceae lichen-forming alga, Asterochloris glomerata, was 377 

reported and potential relationship to the symbiosis was indicated (13). Besides the important 378 

roles CAs play in photosynthesis, they are indicated to be involved in metabolic activities 379 

such as biosynthesis of amino acids, lipids, and development of nitrogen-fixing root nodules 380 

(67, 68). The identification of symbiosis-related CAs in lichen-forming algae is intriguing 381 

because it raises the possibility of regulatory systems that may control the algal metabolism 382 

by the symbiosis-specific CO2 condition. 383 

 The light-dependent regulatory system may also be involved in algal 384 

symbiosis-specific metabolism as indicated by the symbiosis-related ferredoxin:thioredoxin 385 

reductase (Ttzw_014778). Ferredoxin:thioredoxin reductase is a key protein in the 386 

light-dependent regulatory system of carbon flow and various metabolic activities in 387 
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photosynthetic organisms (69, 70). Richardson and Smith (30) reported that Trebouxia 388 

photobionts directly isolated from lichen thallus released ribitol from cells while cultured 389 

Trebouxia photobionts produced relatively more sucrose than ribitol and almost completely 390 

lost the ability to release fixed carbon. Such symbiosis-specific carbon metabolism could be 391 

regulated by the ferredoxin/thioredoxin system that links light to enzymatic activities. As the 392 

light has been reported as an essential factor for the induction of a symbiotic phenotype (7), 393 

the light condition in a thallus could probably be one of the triggers to initiate the regulatory 394 

system which induces algal metabolic activities required in the lichenization process (Figure 395 

4b). 396 

 Taken together, the functions of these algal symbiosis-related genes may indicate not 397 

only enhanced photosynthetic activity of the photobiont but also adjustment of broader 398 

metabolic activities probably required to develop and stabilize the symbiotic lifestyle. 399 

Transportation 400 

 Ribitol excreted from the photobiont cells to the symbiotic interface should be 401 

readily taken up by the mycobiont. Recently, Yoshino et al. (71) found that transporters 402 

similar to the fungal ribitol transporter AmLAT2 (31) tend to be duplicated in most 403 

lichen-forming species in Lecanoromycetes. They hypothesized that the duplication of ribitol 404 

transporter genes may be associated with the lichenization event in Lecanoromycetes and is 405 

likely to enable the efficient utilization of ribitol. In line with their finding we identified three 406 
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AmLAT2-like genes in the fungal transcriptome, two of which (Uhk_000003 and 407 

Uhk_000004) were up-regulated in the symbiotic states. Armaleo et al. (13) reported that one 408 

of the five putative ribitol transporters found in the C. grayi genome was induced in the early 409 

stage of lichenization. The up-regulated gene expression of the ribitol transporters in the early 410 

and late stages of lichenization may indicate their fundamental roles in lichenization (Figure 411 

4c).   412 

 413 

Phosphorus and Nitrogen flow 414 

 While carbohydrates are exclusively provided by the photobiont, other nutrients 415 

essential for various metabolic activities in lichens are provided by the mycobiont which has 416 

direct access to the surrounding environment. Nitrogen and phosphorus are known to affect 417 

the growth of lichens, suggested to be involved in the regulation of  symbiotic balance 418 

between mycobionts and photobionts (72-74). 419 

 The up-regulated expression of genes similar to fungal MFS phosphate transporter 420 

(Uhk_019687) and acid phosphatase (Uhk_006220, also showed significant similarities to 421 

5’/3’-nucleotidase), and algal transmembrane ATPase (Ttzw_021111) indicates that 422 

phosphorus is likely to be provided as phosphate (Pi) from the mycobiont to the photobiont. 423 

In arbuscular mycorrhizal symbiosis, plant plasma membrane H+-ATPase is proposed to 424 

create a proton electrochemical gradient across the membrane that energizes the uptake of Pi 425 
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and other mineral nutrients from the symbiotic interface (75). Here we deduce a similar 426 

mechanism for Pi transport in lichens. Fungal phosphorus stock compounds (possibly 427 

phosphate esters or polyphosphates) are degraded into Pi by fungal acid phosphatase-like 428 

enzyme and exported to the symbiotic interface by Pi transporters. Pi is then taken up by algal 429 

cells, possibly via algal Pi transporters with protons that move along the electrochemical 430 

gradient produced by the symbiosis-specific transmembrane ATPase (Ttzw_021111) (Figure 431 

4d). Algal Pi transporter genes were not identified as symbiosis-related but one algal H+/Pi 432 

symporter gene was significantly up-regulated in the natural thalli (Additional file 1: Table 433 

S3). 434 

 Unlike carbon and phosphorous, no symbiosis-related transporters were identified for 435 

the nitrogen transport between the symbionts. Fungal nitrate, nitrite, amino acid transporter, 436 

and algal amino acid transporter genes were up-regulated in each symbiotic state relative to 437 

the non-symbiotic but were not consistent between the two symbiotic states (Figure 4e and 438 

Additional file 1: Table S4). Previous genetic studies on early stages of lichenization reported 439 

the up-regulated expression of fungal ammonium transporter genes (11, 13). However in the 440 

present study fungal ammonium transporter genes showed no up-regulated expression in 441 

neither resynthesized nor natural symbiotic state relative to the non-symbiotic state. The 442 

inconsistency between the two symbiotic states and the previous studies may simply reflect 443 

the difference in accessible nitrogen sources, or may possibly indicates stage-specific nitrogen 444 
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metabolism. Further investigation is required to elucidate the mechanism of nitrogen transport 445 

in lichens. Nevertheless, the symbiosis-specific nitrogen flow could be inferred from the 446 

symbiosis-related genes predicted to be involved in algal nitrogen metabolism ([Protein-PII] 447 

uridylyltransferase (Ttzw_019382) and glutamine amidotransferase (Ttzw_009103)). An 448 

interesting feature of PII signaling proteins is that they can integrate a nitrogen signal with a 449 

carbon signal and thereby coordinate the cellular balance of nitrogen and carbon (34, 35). The 450 

indicated involvement of PII proteins in algal symbiosis-specific nitrogen metabolism might 451 

enable the mycobiont to control the carbon metabolism of the photobiont via nitrogen supply, 452 

which would possibly help balancing the growth of the symbionts. 453 

 454 

Conclusion 455 

 From the predicted function of the identified symbiosis-related genes, we 456 

hypothesize the genetic background of the two common characters in the later stages of 457 

lichenization. 1) Establishment of symbiotic interface, namely the remodeling of cell walls at 458 

fungal-algal contact sites and the production of hydrophobic layer (Figure 3). 2) Exchange of 459 

nutrients (carbon, phosphorous, and nitrogen) between the symbionts across the symbiotic 460 

interface (Figure 4). Several genes were found to be consistent with the symbiosis-related 461 

genes previously reported by the genetic studies on early stages of lichenization. The 462 

commonalities between early and later stages in different lichen-forming species may likely to 463 
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indicate the fundamental genetic background of lichens. An interesting implication for future 464 

studies is that the light and carbon dioxide conditions inside the sheath of hydrophobic layer 465 

or a thallus may induce algal metabolic activities that might be required in the later 466 

lichenization stages. To verify the significance of the symbiosis-related genes in the entire 467 

lichenization process, transcriptomes of each developmental stage should also be examined. 468 

Our study has shown that the Usnea hakonensis system is an ideal model for the genetic study 469 

of lichenization and further investigation into this system will provide important information 470 

to elucidate the genetic basis of lichen symbiosis. 471 

Methods 472 

Strains and culture condition 473 

 Strains of Usnea hakonensis and Trebouxia sp. were isolated from a thallus collected 474 

from Kanagawa prefecture, Japan (35°2 6’N, 139° 10’E) in 2008. The fungal and algal 475 

isolates have been constantly re-plated in our laboratory on slant MY medium [containing 2% 476 

(w/v) malt extract, 0.2% (w/v) yeast extract, pH 5.8] and C medium [containing, 15 mg 477 

Ca(NO3)2·4H2O, 10 mg KNO3, 5 mg ß-Na2 glycerophosphate·5H2O, 4 mg MgSO4·7H2O, 0.01 μg 478 

vitamin B12, 0.01μg Biotin, 1 μg Thiamine HCL, 0.3 mL PIV metals (100 mg Na2 EDTA·2H2O, 479 

19.6 mg FeCl3·6H2O, 3.6 mg MnCl2·4H2O, 1.04 mg ZnCl2, 0.4 mg CoCl2·6H2O, 0.25 mg 480 

Na2MoO4·2H2O, in 100 mL solution), 50 mg Tris, per 100 mL of medium, pH 7.5] (76), 481 

respectively. 482 
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 483 

Genome sequencing and de novo assembly of the fungus 484 

 Fungal genomic DNA was extracted from the cultured fungal strain using a 485 

NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany) following the manufacturer’s 486 

protocol for fungi. DNA libraries were constructed using a TruSeq Nano DNA Library 487 

Preparation Kit (Illumina, Inc., San Diego, CA) following the manufacturer’s instructions. 488 

Short DNA sequences (paired-end 125 bp) were determined from the libraries using the 489 

Illumina HiSeq2500 platform (short reads). After the removal of adaptor sequences and 490 

low-quality reads, the reads were assembled into scaffolds by using CLC genomic workbench 491 

(https://www.qiagenbioinformatics.com/) with a word size of 64. 492 

 493 

Sample preparation for RNA sequencing 494 

 For the comparative transcriptomic analysis, the non-symbiotic fungal and algal 495 

isolates and the symbiotic resynthesized thalli were prepared axenically. The non-symbiotic 496 

fungal and algal strains were inoculated to the new media as described in “Strains and culture 497 

condition” section. For the symbiotic sample, the fungal and algal isolates were co-cultured 498 

following the method described in Kon et al. (Usnea confuse ssp. kitamiensis used in the 499 

study was later reidentified as U. hakonensis) (17) with slight modification. First, actively 500 

growing fungal colonies were mildly homogenized with sterilized water using a mortar and 501 
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pestle. Then freshly sampled algal colonies, one third of the fungus in wet weight, were added 502 

and mixed. The mixture was inoculated onto slant MY medium (the concentration was diluted 503 

to 1/4 of the medium used for the fungal strain) by using a spatula. All sample types were 504 

cultured under a 12h/12h light-dark cycle, approximately 20 μmol m-2s-1 illumination at 18°C. 505 

Non-symbiotic cultures of the fungus and the alga were collected one month after the 506 

inoculation. Symbiotic phenotype (thallus-like fibrils) began to grow on top of fungus-alga 507 

mixed colonies 1-1.5 months after the inoculation and continued to grow for approximately 508 

1-1.5 months. Fibrils were collected with sterilized tweezers three months after the 509 

inoculation. 510 

 Natural thalli of U. hakonensis were collected in 2017 at the same location as 2008. 511 

The thalli were put into RNA-later in the field immediately after the sampling. The fungal 512 

internal transcribed spacer (ITS) rDNA sequence of the natural thalli was amplified using 513 

ITS-1F (77) and LR1 (78) primers. PCR in 25 μl reactions was run using Takara ExTaq DNA 514 

polymerase (Takara Bio, Shiga, Japan) with the following conditions: 30 cycles of 515 

denaturation for 10 s at 98 °C, annealing for 30 s at 55 °C and extension for 1 min at 72 °C, 516 

and final extension at 72 °C for 5 min. The thalli which presented the identical ITS rDNA 517 

sequence to the isolated fungal stain were used for the RNA sequencing. All samples were 518 

stored in RNA-later at -80°C until RNA extraction. Three biological replicates were prepared 519 

for each sample type. 520 
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 521 

RNA extraction, library construction, and sequencing 522 

 Total RNAs of all sample types were extracted using a RNeasy mini kit (QIAGEN, 523 

Venlo, the Netherlands) following the manufacturer’s protocol for plants. RNA libraries for 524 

the cultured samples were constructed using the NEBNext Poly(A) mRNA Magnetic Isolation 525 

Module and the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Bio Labs, 526 

Ipswich, MA) following the manufacturer’s instructions, whereas the NEBNext Ultra 527 

Directional RNA Library Prep Kit for Illumina was used for the field samples. Short cDNA 528 

sequences (paired-end 125 bp) were determined from the libraries using the Illumina 529 

Hiseq2500 platform (RNA-seq). 530 

 531 

Genome annotation 532 

 The fungal genome assembled in this study and the algal genome assembled 533 

previously (21) were annotated using the RNA-seq reads. First, reference annotations for each 534 

genome were constructed by using strand-specific reads of the natural thalli as follows. After 535 

combining the reads from the three replicates, the reads were mapped to the genome by 536 

TopHat v2.1.0 using the library type option for strand-specific libraries (79, 80), and genes 537 

were assembled by using Cufflinks v2.1.1 (81). Then, the reads from isolated cultures and 538 

resynthesized thalli were mapped to the reference using the un-stranded library type in order 539 
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to complement the annotation for genes that are specifically expressed in the cultured 540 

samples. During the annotation, a few reads derived from mRNAs with read-through 541 

sequences at the 3’ ends connected to adjacent genes and caused prediction of excessive 542 

overlapped or large fused genes. Therefore, reads mapped to genomic positions with coverage 543 

lower than a cut-off value were eliminated by using SAMtools v1.3.1 (82) and Bedtools 544 

v2.26.0 (83). For each sample type, the cut-off values were decided as follows: 1) The reads 545 

of the three replicates were combined and mapped to the appropriate genome by TopHat 546 

v2.1.0; 2) Genes were first assembled without cut-off values by using Cufflinks v2.1.1 (initial 547 

gene number); and 3) Several cut-off values were tested, and for each value, genes were 548 

tentatively assembled. Application of lower to higher cut-off values first increased the number 549 

of assembled genes attributable to the excision of fused genes. However, the number later 550 

decreased due to the exclusion of genes with lower expression. Considering the deleterious 551 

effect of fused genes in the downstream differential expression analysis, we prioritized the 552 

excision of fused genes. Among the tested cut-off values, we selected the value that gave the 553 

number of assembled genes equivalent to the ‘initial gene number’. 554 

 555 

Differential expression analysis and identification of symbiosis-related genes 556 

 The reads derived from each sample type were mapped to the annotated genomes by 557 

using CLC genomic workbench (https://www.qiagenbioinformatics.com). Expression value, 558 
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RPKM (Reads Per Kilobase of exon model per Million mapped read) of each gene were 559 

calculated from the number of reads mapped to the gene. (84). The average RPKM of the 560 

three replicates were compared between the symbiotic and non-symbiotic sample types. 561 

Significance of differential expression was confirmed by the empirical analysis of the DGE 562 

tool developed by Robinson and Smyth (85) using default parameters with Bonferroni 563 

correction (p-value cut-off of 0.05). Genes significantly up-regulated in the resynthesized and 564 

natural thalli (relative to the non-symbiotic cultures) were first detected in independent 565 

analysis and then the up-regulated genes that were common in the two symbiotic states were 566 

identified as symbiosis-related genes (Figure 2). The fungal and algal symbiosis-related genes 567 

were subjected to BLASTX searches against the NCBI non-redundant protein database (nr) 568 

with e-value cut-off of 1e-40. Based on the predicted functions from the BLASTX and 569 

literature searches the genes were manually categorized. 570 

 571 

Searches for candidates of symbiosis-related genes in the fungal transcriptome  572 

 Besides the differential expression analysis, the genes encoding hydrophobins and 573 

ribitol transporters were searched by tBLASTX in the transcriptome of U. hakonensis. As 574 

queries, fungal sequences with predicted functions were obtained from the NCBI database. In 575 

searches for ribitol transporters, two L-arabinose transporters were chosen from 576 

Ambrosiozyma manospora: AmLAT1 (AY923868.1) and AmLAT2 (AY923869.1), substrates: 577 
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L-arabinose, L-arabitol, ribitol. Three polyol transporters were chosen from Debaryomyces 578 

hansenii: DhStl1 (CAG87598.2), substrate: glycerol, DhSyl1 (CAR65543.1), substrates: 579 

D-sorbitol, D-mannitol, ribitol, D-arabitol, D-galactitol), and DhSyl2 (CAG86001.1), 580 

substrates: D-sorbitol, D-mannitol, ribitol, D-arabitol). 581 
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Figure legends 830 

Fig. 1 831 

Resynthesis of lichen Usnea hakonensis. Co-culturing of isolated mycobiont (U. hakonensis: 832 

upper left) and photobiont (Trebouxia sp.: lower left) initiates the development of a symbiotic 833 

structure, the thallus (center), which presents morphologically and biochemically similar 834 

features as a natural thallus (right). 835 

 836 

Fig. 2  837 

Two-step selection of symbiosis-related genes. a) Step 1: genes significantly up-regulated in 838 

each symbiotic state compared to the non-symbiotic state were selected in the mycobiont 839 

(left) and the photobiont (right). b) Step 2: The up-regulated genes which overlap between the 840 

two symbiotic states were identified as “symbiosis-related genes” in the mycobiont (left) and 841 

the photobiont (right). 842 

 843 

Fig. 3 844 

Hypothesis of the symbiotic interface establishment in Usnea hakonensis. (a) The hydrophilic 845 

cell wall layer and hydrophobic layer produce passive fluxes of water and nutritional solutes 846 

from the thallus exterior to the interior algal layer. (b) Fungal glycoside hydrolases degrade 847 

the fungal and algal cell walls, let a hyphal tip grow into the wall and form a haustorium. (c) 848 
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The hydrophilic layer consist of polysaccharides produced by fungal glycosyltransferase 849 

overlies the surface of fungal cell wall. (d) The hydrophobic layer consist of the 850 

mycobiont-derived hydrophobins, secondary metabolites, lipids, and fatty acids, seals the 851 

surface of fungal and algal cell walls. (e) The lipid-made communication tools are used by the 852 

mycobiont to communicate with the photobiont. (f) Fungal lipases degrade lipids and release 853 

glycerol that is recycled by the mycobiont.  854 

 855 

Fig. 4 856 

Hypothesis of the symbiosis-specific nutrient transport between Usnea hakonensis and 857 

Trebouxia sp. (a) The photobiont enhances photosynthetic activity to afford carbohydrates for 858 

the entire symbiotic structure. (b) Light and carbon dioxide conditions inside the symbiotic 859 

structure initiate symbiosis-specific metabolism of the photobiont. (c) Photosynthetic product, 860 

ribitol, is released to the symbiotic interface and imported by the ribitol transporter of the 861 

mycobiont. (d) Phosphate is exported to the symbiotic interface by fungal phosphate 862 

transporter and taken up by algal phosphate transporter according to the proton 863 

electrochemical gradient. (e) Various nitrogen compounds, such as amino acids, are 864 

transported from the mycobiont to the photobiont. 865 

 866 


