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To determine the optimal synthetic culture conditions, we compared the growth rate and variations in the 
secondary metabolite production of Ramalina conduplicans mycobiont cultured in 4 different synthetic media: 
Bold's Basal medium, Czapek-Dox medium, Yeast Nitrogen Base medium without amino acids, and Lilly and 
Barnett's medium (LB), with ribitol or sucrose as a carbon source.  The highest growth rate was observed on LB 
containing ribitol, and good growth was observed on LB containing sucrose as well.  Meanwhile, the mycobiont 
produced only an unidentified compound, regardless of media or carbon source.  Therefore, the mycobiont 
utilize almost carbon source for the primary metabolites, and LB is a suitable synthetic medium for growing the 
mycobiont. 
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Introduction
Inside the thallus of lichens, green algal photo-

bionts produce and release specific acyclic poly-

ols, such as ribitol (Richardson et al. 1968, 

Richardson & Smith 1968a, b, Smith 1968).  The 

genus Trebouxia is the most abundant green 

algal photobiont in nature (Honegger 2012) 

and releases ribitol extracellularly (Richardson 

& Smith 1968a, b, Komiya & Shibata 1971).  

Meanwhile, mycobionts uptake and utilize these 

photosynthetic products for metabolic processes 

(Lewis & Smith 1967, Richardson & Smith 1968b, 

Lines et al. 1989).  Ribitol, especially, is con-

verted to D-arabitol and D-mannitol in the fungal 

metabolism, demonstrated by Ramalina crassa, 

R. subbreviuscula (Komiya & Shibata 1971) and 

Xanthoria calcicola (Lines et al. 1989).   There-

fore, transport and metabolism of ribitol is an 

essential mechanism for mycobionts in order to 

obtain a carbon source from their photobionts.  

However, the molecular biological mechanisms of 

ribitol utilization are poorly understood. 

Recently, whole genome de novo sequences 

of Ramalina conduplicans Vain. have been ob-

tained from the mycobiont (unpublished).  R. 

conduplicans also associates with Trebouxia; 

therefore, it can be used for exploring the 

mechanism of the ribitol-related genes.  Further-

more, to accurately reflect the effect of ribitol on 

the mycobiont’s growth, the optimal synthetic 

culture conditions should be determined.  On 

the other hand, the secondary metabolites of R. 

conduplicans have been investigated for beneficial 

biological activities (Oh et al. 2006, Kumar et al. 

2009, Luo et al. 2010).  Therefore, in this study, 

we compared the mycobiont growth rate and 

variations in their secondary metabolite production 

in 4 different synthetic media with sole carbon 

source, ribitol or sucrose.
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Materials

Specimen sources:  Ramalina conduplicans (specimen 

collector ID: K. Yoshio 14071501, Fig. 1A) and the mycobiont 

strain (KY1401, Fig. 1B) were obtained as described 

elsewhere (Yoshino et al. 2019).  They were deposited to 

the herbarium of the Natural History Museum and Institute, 

Chiba, Japan (CBM) under the accession number CBM-

FL-204754 and NITE Biological Resource Center (NBRC) under 

the accession number 113405, respectively.  The nuclear 

ribosomal internal transcribed spacer region (nrITS), including 

the nuclear ribosomal 5.8S sequence, was sequenced from 

both the specimen and the strain to confirm that the strain 

is the mycobiont of R. conduplicans (Yoshino et al. 2019).  

GenBank accession numbers of the specimen and the strain 

are LC382022 and LC382023, respectively.

Media: R. conduplicans mycobiont strain KY1401 was 

maintained on agar media with 2% malt extract and 0.2% 

yeast extract (MY; Becton, Dickinson and Company) for 

approximately 2 years.  We used MY as the positive control 

for testing 4 types synthetic culture media: Bold's Basal 

Medium (BBM; Deason & Bold 1960, Bischoff & Bold 1963), 

Czapek-Dox medium (CD; Booth 1971), Lilly and Barnett's 

medium (LB; Lilly & Barnett 1951), and Difco Yeast Nitrogen 

Base medium without amino acids (YNB; Becton, Dickinson 

and Company).  Media were prepared either without a 

carbon source or with 2% ribitol or 2% sucrose as a carbon 

source. The pH of all media was adjusted to 5.5. Only CD was 

prepared at pH 5.5 or 7.3.  The surfaces of the plates were 

covered with cellulose filters (color cellophane, Kyowa Shiko 

Co., Ltd., Ehime, Japan) to facilitate tissue collection after 

incubation.

Methods

Culture conditions and measurement of growth rates:  

The tips of the tissues cultured on MY were inoculated into 

a single plate of each medium (n = 5) and incubated under 

low light conditions (photon flux density, <2.0 µmol m-2 

s-1) at 19°C for 13 weeks.  The areas of the colonies were 

measured at 0, 3, 6, 9, and 12 weeks using ImageJ software 

(https://imagej.nih.gov/ij/index.html).  Areas were calculated 

relative to the size measured at 0 weeks.  At 12 weeks, the 

values were analyzed by the Tukey-Kramer test (p < 0.01).  

After 13 weeks of incubation, two of the five colonies were 

randomly selected for measuring the weights after freeze-

drying, followed by chemical analysis.  Two thallus fragments 

were also obtained by cutting the specimen kept at −20°C 

for approximately 2 years, and  the same procedure used as 

with the colonies.  The Pearson’s correlation between relative 

values of colony area at 12 weeks and dry weights at 13 

weeks was evaluated.

Metabolite analysis: Freeze-dried tissues (1.86–19.73 mg) 

and thalli (9.87 and 13.88 mg) were extracted with acetone 

(50 µL per 1 mg sample) for 3 hours at room temperature.  

The extracts were analyzed by high-performance liquid 

chromatography (HPLC, LC-10AT; Shimadzu, Kyoto, Japan) 

with a photodiode array detector (PDA detector, SPD-M10A; 

Shimadzu, Kyoto, Japan) under the following conditions: 

column, YMC-PAck ODS-A S-5 µm 150 × 4.6 mm I.D.; 

temperature, 40°C; solvent, CH3OH: H2O: H3PO4 = 80: 20: 1 

(v/v); flow rate, 1 ml min-1; detection wavelength, 200–400 

nm.  The retention times and UV spectra of major compounds 

were compared with the database of known lichen substances 

from the Laboratory of Advanced Bio-Production Science at 

Akita Prefectural University.

Fig. 1.  Specimen and fungal strain.  A, R. conduplicans (K. Yoshino 14071501); B, R. conduplicans KY1401 cultured on 
Lilly and Barnett's medium containing ribitol for 12 weeks.
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Results

Growth rates: The sizes of inoculated tissues 

were 0.228–2.952 mm2 at 0 weeks and these 

were used to calculate relative values of colony 

area.  There was positive correlation between 

relative values of colony area and dry weights 

(R2 = 0.95).  Sequential growth rates over 12 

weeks calculated using colony areas are shown in 

Fig. 2.  The tissues cultured on media without a 

carbon source did not show substantial increase 

in size; therefore, their growth rates were not 

calculated.  After 12 weeks, maximum growth was 

observed on MY (44-fold).  The second fastest 

growth rate was observed on LB containing 

ribitol as the sole carbon source (LB-ribitol) 

(35.7-fold).  The difference between the growth 

rates on MY and LB-ribitol was not statistically 

significant.  The tissues grown on either media 

did not reach the stationary phase of hyphal 

growth.  Tissues cultured on LB containing sucrose 

as the sole carbon source (LB-sucrose) showed 

15.8-fold increase in size, and the growth rate 

was signifi cantly diff erent from that on LB-ribitol.  

Tissues grown on YNB showed similar growth 

rates to those grown on LB-sucrose.  Tissues 

grown on BBM and CD showed up to 6.7-fold 

increase in size. 

Secondary metabolites: Major metabolites 

of Ramalina conduplicans were identified 

as homosekikaic, sekikaic, usnic and 4'-O- 

Fig. 2.  Relative colony areas for R. conduplicans KY1401 (n = 5) cultured on single plate of each medium for 
12 weeks.  Individual letters (a, b, and c) denote signifi cant diff erences based on Tukey-Kramer test (p < 0.01).  Standard 
errors (n = 5) are shown on the graphs.  Solid circles denote the media containing ribitol.  Abbreviation: BBM = Bold's Basal 
Medium, CD = Czapek-Dox medium, LB = Lilly and Barnett's medium, MY = Malt and Yeast extracts medium, YNB = Difco 
Yeast Nitrogen Base medium without amino acids, R = ribitol, S = sucrose.
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methylnorhomosekaic acids (Fig. 3), which were 

detected from both fragments of the thallus.  

Although these compounds were not detected in 

the cultured tissues, an unidentified compound 

(Comp. 1) eluted at 3.2 min and was found in 

both the thallus and tissues.  The absorption peak 

of Comp. 1 was found at a peak of 204 nm, which 

consistent with that of rangiformic acid (Fig. 4).  

Rangiformic acid, a fatty acid, is eluted at 2.6 min 

and absorbs at 204 nm in the same conditions as 

those in the present study.  In addition, Comp. 1 

was detected in every condition, regardless of the 

media or carbon source, and no compounds were 

found in any specifi c medium or in the presence of 

a specifi c carbon source.

Discussion

The MY medium has been widely used as 

suitable medium for culturing the mycobionts of 

lichens, including Ramalina spp. (Yamamoto et al. 

1985, Takahagi et al. 2002, Cordeiro et al. 2004, 

Timsina et al. 2013).  In the present study, tissues 

Fig. 3.  HPLC chromatogram of acetone extract of R. conduplicans (K. Yoshino 14071501) and the culture 
strain KY1401.  A, R. conduplicans (K. Yoshino 14071501) kept at −20°C for approximately 2 years; B, R. conduplicans 
KY1401 cultured on Lilly and Barnett's medium containing ribitol for 13 weeks. 
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grown on MY showed the best growth compared 

with the other media.  Furthermore, growth rate 

on LB-ribitol was similar to that on MY.  Therefore, 

LB-ribitol is also a suitable medium for culturing 

mycobiont of R. conduplicans.  The tissues also 

grew well on LB-sucrose, YNB-ribitol and YNB-

sucrose.  Both LB and YNB contain common 

vitamins, that is thiamine and biotin.  Fox (1966) 

also reported that cultivation of Ramalina ecklonii 

mycobiont in the absence of biotin and thiamine 

failed to yield significant amounts of growth.  

Therefore, these vitamins are considered useful 

nutrients for growth of R. conduplicans and R. 

ecklonii.  On the other hand, mycobionts of R. 

nervulosa and R. pacifica grow better on BBM, 

which does not contain any vitamins, than on LB 

(Verma et al. 2012).  Cordeiro et al. (2004) also 

reported the difference of culture requirements 

among six tropical Ramalina species.  These 

findings suggest that the optimal medium for 

Ramalina culture is species-specifi c.

After 12 weeks of incubation, ribitol was a 

more eff ective carbon source than sucrose in LB, 

signifi cantly increasing growth of R. conduplicans 

KY1401 by approximately 2.3-fold.  For tissues 

of Usnea spp., ribitol and mannitol improved 

growth on LB, whereas glucose and sucrose did 

not (Yamamoto et al. 1987).  Furthermore, the 

addition of ribitol to MY also promoted the growth 

of Usnea rubescens’ tissue consisting of mycobiont 

and photobiont (Yamamoto et al. 1985), and 

mycobionts of R. farinacea, R. fastigiata (Wang et 

al. 2009), and Fulgensia bracteata (Meeßen et al. 

2013).  In natural lichen thalli, ribitol is provided 

by the photobionts; therefore, mycobionts can 

eff ectively utilize ribitol to improve growth.

Homosekikaic, sekikaic, and usnic acids are the 

major compounds produced by R. conduplicans 

(Kumar et al. 2009, Luo et al. 2010).  These 

compounds exert antibacterial, antifungal, cyto-

toxic, anthelmintic, and antioxidant activities 

(Esimone & Adikwu 1999, Ingólfsdóttir 2002, Oh 

et al. 2006, Kumar et al. 2009, Luo et al. 2010, 

Verma et al. 2012, Moreira et al. 2015).  However, 

these products were not detected in the acetone 

extract of colonies in this study.  Cordeiro et al. 

Fig. 4.  UV spectra of Comp. 1 and rangiformic acid (200–400 nm).  
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(2004) reported that R. peruviana mycobionts 

cultured on MY produced three compounds 

including homosekikaic and sekikaic acids, which 

are also produced by the voucher specimen.  In 

addition, R. nervulosa also produced sekikaic and 

usnic acids on BBM, LB, and MY (Verma et al. 

2012).  Previously, R. conduplicans mycobionts 

have shown dark gray mycelium coloration and 

dark brown medium pigmentation when cultured 

on MY at 18°C for 5 months (Oh et al. 2006).  

However, in the present study, R. conduplicans 

KY1401 maintained the pink mycelium color, and 

there was no change in color of the medium even 

after incubation over 6 months.  Therefore, further 

comparisons of different culture strains are needed 

for effective production of useful secondary 

metabolites from mycobionts.  Meanwhile, Comp. 

1 was found in every cultured tissue and in natural 

thalli.  Thus, Comp. 1 appears to be produced 

regardless of the culture medium, carbon source, 

and the lichenization.  In addition, Comp. 1 could 

be a fatty acid because the absorption peaks of 

mostly fatty acids are found at around 204 nm, 

e.g., rangiformic acid.  Various fatty acids have 

been detected in the extract of R. usnea, R. 

celastri (Sassaki et al. 2001), R. lacera (Hanus 

et al. 2008), R. roesleri (Sisodia et al. 2013) and 

the mycobiont of R. celastri (Fazio et al. 2014).  

Yamamoto & Watanabe (1974) also reported 

that R. yasudae and its mycobiont produce some 

fatty acids detected at the same retention time, 

supporting our results in R. conduplicans and its 

mycobiont.  In conclusion, R. conduplicans KY1401 

showed  good growth in LB containing ribitol or 

sucrose as the only carbon source, instead of high 

production of secondary metabolites.  Therefore, 

this medium would enable the elucidation of 

the mechanisms of ribitol transport and early 

metabolism by culturing the mycobiont under the 

different carbon sources.
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