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Abstract: Mycosporine-like amino acids (MAAs) were quantified in fresh and preserved material of
the chlorolichen Dermatocarpon luridum var. luridum (Verrucariaceae/Ascomycota). The analyzed
samples represented a time-series of over 150 years. An HPLC coupled with a diode array
detector (HPLC-DAD) in hydrophilic interaction liquid chromatography (HILIC) mode method
was developed and validated for the quantitative determination of MAAs. We found evidence for
substance specific differences in the quality of preservation of two MAAs (mycosporine glutamicol,
mycosporine glutaminol) in Natural History Collections. We found no change in average mycosporine
glutamicol concentrations over time. Mycosporine glutaminol concentrations instead decreased
rapidly with no trace of this substance detectable in collections older than nine years. Our data
predict that a screening for MAAs in organism samples from Natural History Collections can deliver
results that are comparable to those obtained from fresh collections only for some MAAs (e.g.,
mycosporine glutamicol). For other MAAs, misleading, biased, or even false negative results will
occur as a result of the storage sensitivity of substances such as mycosporine glutaminol. Our study
demonstrates the value of pilot studies with time-series based on model taxa with a rich representation
in the Natural History Collections.
Keywords: herbarium; fungarium; mycosporine-like amino acids; degradation; storage;
Dermatocarpon luridum

1. Introduction
Natural History Collections provide a rich source of preserved material for the study of organisms,
which otherwise could only be accessed with an excessive logistic effort [1]. For species that are now
extinct in the wild or where natural populations are inaccessible because of political unrest and war
or natural disasters and thus cannot be cultured, access to Natural History collections is the only
remaining choice [2]. At the same time, these specimens are priority parts of the cultural heritage and
the potential outcome of any invasive sampling needs to be balanced against the impact of the sampling
method on the preservation of representative parts of the museum specimens [3]. Invasive sampling
can be mandatory, even for routine identification in some organism groups, for example, for lichenized
fungi, the need for the study of anatomical characters and chemotaxonomical markers as part of
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routine identification is widely accepted. For the taxonomy of lichenized fungi, having characters
based on the visualization of characteristic metabolites or their reaction with selected test reagents
has a long tradition. Already in the 19th century, Nylander introduced so-called spot-tests in lichen
taxonomy and species identification checks for taxon-specific colour changes of lichen tissue following
the application of solutions of calcium hypochlorite and potassium hydroxide, which are still in use as
routine elements in lichen identification [4]. In the 20th century, the visualization of metabolite profiles
by thin layer chromatography has become an additional routine tool for chemotaxonomic purposes [5].
More advanced techniques such as HPLC-DAD have mostly been used only in collaborative projects
between lichen taxonomists and specialized natural product chemists [6]. The much smaller amount of
material needed for analyses with the latest equipment is constantly improving the balance between the
gain of new scientific data and the loss of valuable material as a result of invasive sampling procedures.
The analysis of metabolite profiles is also the basis for studies in the interaction of lichens with their
environment, for example, their palatability for herbivores [7,8], for the penetration of UV-light into
the thallus [9], the complexation of metal ions [10,11], and the hydrophobicity of lichen surfaces [12].
In recent years, lichens have become increasingly popular among natural product researchers as a
source of a large diversity of natural products [13]. Some of these substances provide human health
benefits, crude preparations of some lichens are traditionally used as components of condiments,
dyestuff, and in folk medicine, and they played an important role in the perfumery industry.
Lichens cannot be cultured on a large scale and harvesting of wild populations for food or medical
purposes has become a serious threat for some overexploited species [14]. Limited access to wild
populations and an increasing need for new lead chemicals in pharmaceutical research has renewed
interest in the screening of lichens for novel metabolites, including from material stored in Natural
History Collections [15].
For studies in chemotaxonomy, however, data from herbarium collections can only be compared
to those from fresh collections, if the substances under study can be shown to be unaffected by storage
time and environmental conditions typical for herbaria, for example, the presence of volatile chemicals
from slowly degrading labels or capsules due to non-archival quality materials that may contain acidic
components. Much effort has been invested in the study of agents of deterioration for the DNA in
biological material from Natural History Collections [2,16], but very few studies have addressed the
stability of secondary metabolites in collections over time [17].
Analytical research on lichen metabolites has long focused on acetone soluble substances,
partly because of the widespread acceptance of the standard protocol by Culberson & Christinsson
using thin layer-chromatography as a routine technique in lichen identification via the visualization
of characteristic metabolite patterns [5]. The procedure proposed in this standard protocol focused
on acetone-soluble metabolites such as depsides, depsidones, and fatty acids, because these include
the most widespread and diagnostically significant substances in most of the lichen forming fungi.
Instead, water-soluble substances and their use as chemotaxonomic markers were largely neglected in
the routine practice of most lichen taxonomists. This includes mycosporines and mycosporine-like
amino acids (MAAs), which were only recently explored in lichens [18,19].
Mycosporine-like amino-acids (MAAs) are small polar metabolites composed of a cyclohexenone
or cyclohexenimine ring structure conjugated to an amino acid or an amino alcohol group. They are
characterized by a unique strong absorption peak in the 310–360 nm UV range with a λmax around
310 nm for MAAs with a cyclohexenone ring. To date, at least 50 MAAs and their glycosylated
derivatives have been described. In living organisms, they are multifunctional molecules with effects
on resistance to ultraviolet radiation intensity, osmotic stress, desiccation, temperature extremes,
and antioxidants, along with a possible role as a nitrogen reservoir [20,21]. They have been
isolated from various pro- and eukaryotic organism groups, for example, cyanobacteria, corals, fish,
and fungi, but not from higher plants and are known from various eukaryotic algal phyla [22–24],
where taxon-specific differences in the adaptability of MAA contents to environmental conditions
have been observed [25]. In lichens, mycosporines were long believed to be restricted to thalli,
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to environmental conditions have been observed [25]. In lichens, mycosporines were long believed
to be restricted to thalli, which contain lichen forming fungi associated with cyanobacterial
which contain lichen forming fungi associated with cyanobacterial photobionts. Only recently,
photobionts. Only recently, two MAAs, mycosporine glutaminol (1) and mycosporine glutamicol (2)
two MAAs, mycosporine glutaminol (1) and mycosporine glutamicol (2) (Figure 1), were also
(Figure 1), were also detected in the chlorolichens Dermatocarpon luridum and D. miniatum
detected in the chlorolichens Dermatocarpon luridum and D. miniatum (Verrucariaceae, Ascomycota) [26],
(Verrucariaceae, Ascomycota) [26], two species associated with the eukaryotic alga Diplosphaera
two species associated with the eukaryotic alga Diplosphaera chodatii (Prasiolaceae, Chlorophyta) [27].
chodatii (Prasiolaceae, Chlorophyta) [27].
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2.
in Results
studies on chemical ecology and for further screening of lichenized fungi and other organism groups
preserved in the Natural History Collections for novel forms of MAAs.
2.1. Validation of Analytical Procedure
2. Results
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method (2)
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Mycosporine
Glutaminol
Mycosporine
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mycosporines 1 and 2. LOD—limit of detection; LOQ—limit of quantification.
Concentration range (µg/mL)
5.00–40.00
5.00–40.00
Mycosporine Glutaminol (1)
Mycosporine Glutamicol (2)
Regression equation
y = 0.04x − 0.03
y = 0.03x + 0.09
Concentration range (µg/mL)
5.00–40.00
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2
0.9984
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4.21
2.27
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LOD
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1.411.41
4.49 4.49
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2.932.93
8.99 8.99
LOQ
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2.2. Analysis of Lichen Collections
HPLC separation of aqueous extracts indicated the presence of two mycosporines 1 and 2 based
on matching retention times (5.07 min and 5.71 min, respectively) and their
their characteristic
characteristic UV-spectra
UV-spectra
(Figure 2). We did not find signs of further MAAs in the tested material. The
The HILIC-HPLC-DAD
HILIC-HPLC-DAD with
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Figure 2.
2. Hydrophilic
Hydrophilic interaction
interaction liquid
liquid chromatography
chromatography (HILIC)-HPLC
(HILIC)-HPLC chromatogram
chromatogram of
of the
aqueous extract from a sample of Dermatocarpon
Dermatocarpon luridum var.
var. luridum
luridum(voucher
(voucherbarcode
barcode JB/001/07/2012)
JB/001/07/2012)
recorded at 310 nm and inset UV-spectra of mycosporines 1 (Rt = 5.07 min) and 2 (Rt == 5.71
5.71 min)
min) (IS:
(IS:
Internal Standard added to D. luridum extract, x-axis: 0–16 min, y-axis: arbitrary units of absorbance).

Quantification of mycosporines glutaminol and glutamicol was calculated using the calibration
curves of the respective standards. Mycosporine glutamicol was found in 45 out of 48 collections of
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look-alikes were known, the existence of such taxa cannot be ruled out entirely. There are also no data
yet that would allow an assessment of which ecological variables influence MAA-concentrations in
lichens of the family Verrucariaceae.
Experiments on the stability of MAAs under laboratory conditions have shown substance-specific
differences in the stability under different pH and temperature conditions and concluded that
predictions of stability to certain agents of deterioration for MAAs based on their structure are currently
still unreliable [20]. Furthermore, all experiments on MAA stability have tested only short-term
exposure and rather extreme pH and temperature conditions [41–43] that are unlikely to occur in
well-curated Natural History Collections. To our knowledge, no study so far has aimed to test the
long-term stability of MAAs (e.g., decades) under room temperatures and address its relevance for the
interpretation of results of screening programs using older Natural History Collections.
The analysis of our time-series shows a surprisingly strong difference in the preservation of the
two MAAs over time in our model taxon. Concentrations of mycosporine glutamicol are apparently
unaffected by storage time, but mycosporine glutaminol quickly disappears from stored material,
within less than a decade. The products of the mycosporine glutaminol degradation are still unknown
in lichen thalli, however, Pittet and Bernillon have demonstrated that under a slightly acidic treatment
during a cationic exchange chromatography, compound 1 is easily hydrolyzed into compound 2 [44,45].
It remains to be tested if this process also occurs in Natural History Collections, for example, by repeat
measurements of the samples tested in our study after 5 to 10 years of additional storage time.
In order to prevent the degradation of acidity sensitive substances (including DNA) in Natural
History Collections, curatorial protocols emphasize the importance of acidity-free and buffered
materials for the paper used in herbarium sheets or storage capsules [46]. Modern curatorial practice in
large Natural History Collections, for example, at the BM collection, does take this aspect into account
and the use of acid-free capsules, annotation slips, and labels became standard more than 30 years
ago. Nevertheless, mycosporine glutaminol concentrations still declined in packets from the BM
collection in the same way as they did in collections elsewhere and the avoidance of acidic materials
in direct contact to the lichen appears to be insufficient to protect sensitive MAAs from degradation.
Other sources of acidic substances could be volatile organic acids produced from the decay of older,
non-archival quality packet and herbarium sheet materials in historic collections housed in the same
room as the more recently collected specimens. Small amounts of volatile organic acids also develop
already within a few months from spontaneous oxidative decay of cellulose even in paper branded as
acid-free or with alkaline filling substances [47].
Our results have a direct implication for the use of herbarium samples in chemotaxonomic studies,
studies on character evolution, chemical ecology, or screening programs for novel MAAs. For such
study types, a taxon sampling of maximum width across the studied group is essential for the assembly
of a robust and meaningful dataset. Fresh collections will always be the first choice for studies on
natural products, but they can be difficult to obtain for naturally rare or threatened species or for
populations in areas that are inaccessible and in cases where the habitat of the target species no longer
exists [1,3]. In such cases, preserved samples are highly desirable sources for metabolite analysis.
Our study was initiated as a prerequisite test in preparation for a large-scale screening for MAAs
across the species rich lichen family Verrucariaceae, including those taxa that, because of logistical
reasons, are difficult to obtain freshly from the wild.
Our data show for the first time, that MAAs are detectable in Natural History Collections, but for
a given compound, the time of storage can lead to its full disappearance. With this limitation in mind,
it would be questionable to include specimens that are older than at most 10 years in general MAA
screening programs if they are represented in Natural History Collections with only small amounts of
biomass and if they represent very rare or extinct species. Recently collected (<10 years from the time of
analysis) material instead can be valuable for qualitative screening (chemotaxonomy) and for the search
of taxa with potentially new MAA-candidates, but it is important to keep in mind that the ratio between
MAAs may be affected by storage effects as soon as a few years after collection. Applications of data
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obtained from herbarium collections, for example, for inclusion in studies on chemical ecology in
which data on concentrations rather than simple absence/presence may be required, are only possible
when material of a similar age is compared and should generally be seen as a last resort.
Substance-specific differences in the long-term stability of MAAs directly affect their use in
potentially long living technical applications, for example, as UV-filters in sun-screen panels [40].
Our results show that degradation of MAAs may not be visible in short-term exposure experiments,
but can lead to total loss of UV-absorbance within a couple of years if MAAs that have not been tested
in longer time-series studies are used.
4. Materials and Methods
4.1. Specimen Selection
We have selected a total of 48 specimens from the Natural History Collections at BM and
REN together with fresh collections by the authors and recently collected material obtained from
members of the French Association of Lichenology. These samples represented a time-series of
European samples of Dermatocarpon luridum var. luridum from the mid-19th century to the present day
(Table S1). Specimens were chosen for MAA identification and quantification—whether a check of
the identification confirmed the correct identity of the lichenized fungus and whether the thalli were
free of excessive sediment deposits. For the late 19th century specimens from the private collections
of H.B. Holl, collection dates are missing on the labels, but the time of the transfer of his collection
to the public herbarium at the Natural History Museum London (BM) after his death in 1886 [48] is
documented. In these cases, the calculated number of years of storage represents the minimal length
of time and may be several years lower than the time since the real date of collection.
4.2. Sample Preparation
First, 15 mg of uncrushed lichen material, corresponding to about 1 cm2 of dried Dermatocarpon
luridum thallus, was extracted with 300 µL of water at 4 ◦ C for 2 h. The supernatant was filtered
(0.45 µm) and lyophilized to dryness, the yield of the extraction was about 3.2%. Crude aq.
extracts were then dissolved in water and internal standard (IS) solution to give a final concentration
at 1 mg/mL. Two repeated measurements of each sample solution were analyzed by HPLC.
4.3. Method Validation
Mycosporine glutaminol (1) and mycosporine glutamicol (2) isolated from D. luridum [26] were
used as standards. Their structures were determined by ESI+-HRMS, NMR, and IR spectra, as already
published as supplementary information in the work of [26]. In order to perform calibration curves,
stock solutions in water of standards 1 and 2 (1 mg/mL) and the internal standard (IS) cytosine
(250 µg/mL) were prepared. A wide range of six calibration standards (5–40 µg/mL) including
IS (25 µg/mL) were prepared in triplicate by suitable dilution in water. Calibration curves were
obtained by plotting the corrected area (ratio: mycosporine area at 310 nm/IS area at 254 nm) for
each standard solution versus the corresponding mycosporine concentration. The precision was
investigated by performing six consecutive replicate injections of the same standard solution and the
peak area measured was expressed in terms of the percentage of relative standard deviation. LOD and
LOQ were calculated following the formulas LOD = (b + 3 σ(b)/a) and LOQ = (b + 10 σ(b)/a) with a:
slope, b: intercept of calibration curve, and σ(b): standard deviation of b.
4.4. HILIC-HPLC-DAD Analysis
Each sample solution and the mycosporine standards (10 µL) were injected into an HPLC-DAD
system (Shimadzu® , Marne La Vallée, France, LC-20 AD SP, injector SIL-20A HI, column oven
CTO-20A, diode array detector SPD-M20A) using a Kinetex HILIC 100 Å (2.6 µm, 100 × 4.60 mm)
column, with mobile phase A (ACN/CH3 COONH4 50 mM 90:10, pH 5.36) and mobile phase B
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(ACN/H2 O/CH3 COONH4 50 mM 50:40:10, pH 5.36). The elution followed the following gradient:
100% of A 0–2 min, 0%–100% of B 2–4 min, 100% of B 4–12 min, 0%–100% of A 12–14 min, 100% of
A 14–16 min. The flow rate and column temperature were set to 1 mL/min and 40 ◦ C, respectively.
Peak detection was carried out online using a diode array detector at 254, 310, 330, and 360 nm,
and absorption spectra (200–400 nm) were recorded each second directly on the HPLC. Compounds 1
and 2 in extracts were identified by comparison of their retention time, 5.07 min for 1 and 5.71 min for
2, with those of reference standards at 310 nm. Cytosine as IS was detected at 254 nm with a retention
time = 2.50 min.
5. Conclusions
Screening samples from preserved Natural History Collections for mycosporine-like amino
acids is a promising approach to overcome logistical challenges when samples have to be included
from across the world or from sites that have been altered to the extent that re-collecting the target
species is no longer possible. Reliable results, however, can only be expected from substances that
are resilient to decay in the collection environment. This stability is shown here to be the case for
mycosporine glutamicol, but not for mycosporine glutaminol. While during the first decade of
storage, at least qualitative data (presence/absence) may be obtained for both mycosporine glutamicol
and mycosporine glutaminol, quantitative data obtained from preserved specimens have to be
considered as unreliable already after a few years in storage as a result of the decrease of mycosporine
glutaminol concentrations.
Our case study demonstrates the importance of pilot studies to check the storage sensitivity of
the targeted MAA types with time-series of collections in carefully selected model taxa—avoiding
species or varieties that are difficult to identify in old collections and without the need for
DNA-barcoding—before the sacrifice of material from particularly rare species or valuable historical
specimens can be justified in upscaled screening programs.
However, this study reinforces the interest of scarce studies stressing the value of herbarium
material, including lichens [49], as the stability of some secondary metabolites is found to be poor
or not sensible to time degradation [50]. This study focused on a special metabolite pattern with a
dedicated analytical approach, highlighting the presence of these compounds but limiting observation
of other metabolites. The accuracy and efficacy of analytical tools are constantly improved, allowing for
analysis with highly informative data from micro-sampling. Non-destructive methods such as indirect
LAESI-MS [51] and UPLC-HRMS-DADanalysis from a droplet extraction [52] were recently used.
Such methods will certainly be optimized through molecular networking approaches to acquire large
amounts of accurate data [53]. Therefore, herbaria samples and series collected from ancient times
appear to represent an invaluable opportunity to obtain information about the stability of secondary
metabolites. The quantity and variety of data obtained from respectful sampling from specimens
in Natural History Collections will provide priceless information about the chemical diversity as
announced by the term herbariomics [54]. Such information will find applications in chemotaxonomy,
chemical ecology, and many other fields with the help of chemoinformatics.
Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/6/1070/
s1, Table S1. Collection details and analysis results for the lichens specimens in this study.
Author Contributions: This research was conducted with conceptualization involving M.C.-K., H.T., T.T.T.N.,
and J.B.; methodology, validation, formal analysis: T.T.T.N., A.S., and M.C.-K.; resources: J.B. and H.T.;
data curation, H.T. and M.C.-K.; writing—original draft preparation, H.T., M.C.-K., and J.B.
Funding: Thi Thu Tram Nguyen is indebted to the Vietnamese government for support through a PhD grant.
Acknowledgments: We thank Len Ellis for information about the history of curatorial practice at the Natural
History Museum London. Members of the Association Francaise de Lichénologie (AFL) who helped in collecting
fresh samples or transmitted herbaria samples are highly acknowledged and Audrey Chambet in charge of
Historical Herbaria at Rennes1 University for sampling from the Des Abbayes lichen Herbarium (REN-ABB) and
Louis Jean-Claude Massé Herbarium (REN-MAS).

Molecules 2019, 24, 1070

9 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.
7.

8.
9.

10.
11.

12.
13.
14.
15.
16.

17.

18.

19.

20.

Hawksworth, D.L.; Lücking, R. Fungal Diversity Revisited: 2.2 to 3.8 Million Species. Microbiol. Spectr. 2017,
5. [CrossRef]
Särkinen, T.; Staats, M.; Richardson, J.E.; Cowan, R.S.; Bakker, F.T. How to Open the Treasure Chest?
Optimising DNA Extraction from Herbarium Specimens. PLoS ONE 2012, 7, e43808. [CrossRef] [PubMed]
Bebber, D.P.; Carine, M.A.; Wood, J.R.I.; Wortley, A.H.; Harris, D.J.; Prance, G.T.; Davidse, G.; Paige, J.;
Pennington, T.D.; Robson, N.K.B.; et al. Herbaria are a major frontier for species discovery. Proc. Natl. Acad.
Sci. USA 2012, 107, 22169–22171. [CrossRef] [PubMed]
Vitikainen, O. William Nylander (1822–1899) and Lichen Chemotaxonomy. Bryologist 2001, 104, 263–267.
[CrossRef]
Culberson, C.F.; Kristinsson, H. A standardized method for the identification of lichen products. J. Chromatogr.
1970, 46, 85–93. [CrossRef]
Arup, U.; Søchting, U.; Frödén, P. A new taxonomy of the family Teloschistaceae. Nord. J. Bot. 2013, 31, 16–83.
[CrossRef]
Gadea, A.; Le Lamer, A.-C.; Le Gall, S.; Jonard, C.; Ferron, S.; Catheline, D.; Ertz, D.; Le Pogam, P.; Boustie, J.;
Lohezic-Le Devehat, F. Intrathalline Metabolite Profiles in the Lichen Argopsis friesiana Shape Gastropod
Grazing Patterns. J. Chem. Ecol. 2018, 44, 471–482. [CrossRef] [PubMed]
Higgins, N.F.; Connan, S.; Stengel, D.B. Factors influencing the distribution of coastal lichens Hydropunctaria
maura and Wahlenbergiella mucosa. Mar. Ecol. 2015, 36, 1400–1414. [CrossRef]
Gaya, E.; Fernández-Brime, S.; Vargas, R.; Lachlan, R.F.; Gueidan, C.; Ramírez-Mejía, M.; Lutzoni, F.
The adaptive radiation of lichen-forming Teloschistaceae is associated with sunscreening pigments and a
bark-to-rock substrate shift. Proc. Natl. Acad. Sci. USA 2015, 112, 11600–11605. [CrossRef] [PubMed]
Purvis, O.W.; Elix, J.A.; Broomhead, J.A.; Jones, G.C. The occurrence of copper-norstictic acid in lichens from
cupriferous substrata. Lichenologist 1987, 19, 193–203. [CrossRef]
Hauck, M.; Jürgens, S.R.; Huneck, S.; Leuschner, C. High acidity tolerance in lichens with fumarprotocetraric,
perlatolic or thamnolic acids is correlated with low pKa1 values of these lichen substances. Environ. Pollut.
2009, 157, 2776–2780. [CrossRef] [PubMed]
Hauck, M.; Jürgens, S.R.; Brinkmann, M.; Herminghaus, S. Surface hydrophobicity causes SO2 tolerance in
lichens. Ann. Bot. 2008, 101, 531–539. [CrossRef] [PubMed]
Boustie, J.; Grube, M. Lichens—A promising source of bioactive secondary metabolites. Plant Gen. Resour.
2005, 3, 273–287. [CrossRef]
Devkota, S.; Chaudhary, R.P.; Werth, S.; Scheidegger, C. Trade and legislation: Consequences for the
conservation of lichens in the Nepal Himalaya. Biodivers. Conserv. 2017, 26, 2491–250510. [CrossRef]
Fahselt, D.; Krol, M.; Alstrup, V.; Huner, N. Detection of pigments in specimens of recent and subfossil
Umbilicaria from North Greenland. Bryologist 2001, 104, 593–599. [CrossRef]
Erkens, R.H.J.; Cross, H.; Maas, J.W.; Hoenselaar, K.; Chatrou, L.W. Assessment of age and greenness of
herbarium specimens as predictors for successful extraction and amplification of DNA. Blumea 2008, 53,
407–428. [CrossRef]
Jungblut, A.D.; Wilbraham, J.; Banack, S.A.; Metcalf, J.S.; Codd, G.A. Microcystins, BMAA and BMAA
isomers in 100-year-old Antarctic cyanobacterial mats collected during Captain R.F. Scott’s Discovery
Expedition. Eur. J. Phycol. 2018, 53, 115–121. [CrossRef]
Roullier, C.; Chollet-Krugler, M.; Bernard, A.; Boustie, J. Multiple dual-mode centrifugal partition
chromatographie as an efficient method for the purification of a mycosporine from a crude methanolic
extract of Lichina pygmaea. J. Chromatogr. B 2009, 877, 2067–2073. [CrossRef]
Roullier, C.; Chollet-Krugler, M.; Pferschy-Wenzig, E.-M.; Maillard, A.; Rechberger, G.N.;
Legouin-Gargadennec, B.; Bauer, R.; Boustie, J. Characterization and identification of mycosporines-like
compounds in cyanolichens. Isolation of mycosporine hydroxyglutamicol from Nephroma laevigatum Ach.
Phytochemistry 2011, 72, 1348–1357. [CrossRef]
Chrapusta, E.; Kaminski, A.; Duchnik, K.; Bober, B.; Adamski, M.; Bialczyk, J. Mycosporine-Like Amino
Acids: Potential Health and Beauty Ingredients. Mar. Drugs 2017, 15, 326. [CrossRef]

Molecules 2019, 24, 1070

21.

22.
23.
24.

25.
26.

27.

28.
29.

30.

31.
32.
33.
34.

35.

36.
37.

38.

39.

40.

10 of 11

LaBarre, S.; Roullier, C.; Boustie, J. Mycosporine-Like Amino Acids (MAAs) in Biological Photosystems.
In Outstanding Marine Molecules: Chemistry, Biology, Analysis. Mycosporine-Like Amino Acids (MAAs) in
Biological Photosystems; LaBarre, S., Kornprobst, J.-M., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2014; pp. 333–359.
Gröninger, A.; Sinha, R.P.; Klisch, M.; Häder, D.-P. Photoprotective compounds in cyanobacteria,
phytoplankton and macroalgae—A database. J. Photochem. Phytobiol. B 2000, 58, 115–122. [CrossRef]
Llewyn, C.A.; Airs, R.L. Distribution and abundance of MAAs in 33 species of Microalgae across 13 Classes.
Mar. Drugs 2010, 8, 1273–1291. [CrossRef] [PubMed]
Karsten, U.; Friedl, T.; Schumann, R.; Hoyer, K.; Lembcke, S. Mycosporine-like amino acids and phylogenies
in Green Algae: Prasiola and its relatives from the Trebouxiophyceae (Chlorophyta). J. Phycol. 2005, 557–566.
[CrossRef]
Hoyer, K.; Karsten, U.; Wiencke, C. Induction of sunscreen compounds in Antarctic macroalgae by different
radiation conditions. Mar. Biol. 2002, 619–627. [CrossRef]
Nguyen, T.T.T.; Chollet-Krugler, M.; Lohézic-Le Dévéhat, F.; Rouaud, I.; Boustie, J. Mycosporine-Like
Compounds in Chlorolichens: Isolation from Dermatocarpon luridum and Dermatocarpon miniatum, and their
Photoprotective Properties. Planta Med. Lett. 2015, 2, e1–e5. [CrossRef]
Thüs, H.; Muggia, L.; Pérez-Ortega, S.; Favero-Longo, S.E.; Joneson, S.; O’Brien, H.; Nelsen, M.P.;
Duque-Thüs, R.; Grube, M.; Friedl, T.; et al. Revisiting photobiont diversity in the lichen family
Verrucariaceae (Ascomycota). Eur. J. Phycol. 2011, 46, 399–415. [CrossRef]
Shivarov, V.; Denchev, C.; Thüs, H. Ecology and distribution of Dermatocarpon (Verrucariaceae/Ascomycota)
in the catchment areas of two Bulgarian rivers. Lichenologist 2018, 50, 679–690. [CrossRef]
Fontaine, K.M.; Beck, A.; Stocker-Wörgötter, E.; Piercey-Normore, M.D. Photobiont Relationships and
Phylogenetic History of Dermatocarpon luridum var. luridum and Related Dermatocarpon Species. Plants 2012,
1, 39–60. [CrossRef] [PubMed]
Fontaine, K.M.; Stocker-Wörgötter, E.; Booth, T.; Piercey-Normore, M.D. Genetic diversity of the
lichen-forming alga, Diplosphaera chodatii, in North America and Europe. Lichenologist 2013, 45, 799–813.
[CrossRef]
Amtoft, A.; Lutzoni, F.; Miadlikowska, J. Dermatocarpon (Verrucariaceae) in the Ozark Highlands, North
America. Bryologist 2008, 111, 1–40. [CrossRef]
Heiðmarsson, S. Dermatocarpon. In Nordic Lichen Flora; Museum of Evolution: Uppsala, Sweden, 2018;
Volume 6, pp. 19–25.
Thüs, H.; Schultz, M. Freshwater Flora of Central Europe, Vol. 21, Part 1: Lichen; Spektrum: Heidelberg,
Germany, 2008; 223p.
Le Pogam, P.; Legouin, B.; Le Lamer, A.-C.; Boustie, J.; Rondeau, D. Analysis of the cyanolichen Lichina
pygmaea metabolites using in situ DART-MS: From detection to thermochemistry of mycosporine serinol.
J. Mass Spectrom. 2015, 50, 454–462. [CrossRef] [PubMed]
Le Pogam, P.; Schinkovitz, A.; Legouin, B.; Le Lamer, A.-C.; Boustie, J.; Richomme, P. Matrix-Free UV-Laser
Desorption Ionization Mass Spectrometry as a Versatile Approach for Accelerating Dereplication Studies on
Lichens. Anal. Chem. 2015, 87, 10421–10428. [CrossRef] [PubMed]
Hartmann, A.; Murauer, A.; Ganzera, M. A quantitative analysis of mycosporine-like amino acids in marine
algae by capillary electrophoresis with diode-array detection. J. Pharm. Biomed. 2017, 138, 153–157. [CrossRef]
Przeslawski, R.; Benkendorff, K.; Davis, A.R. A quantitative survey of mycosporine-like amino acids (MAAs)
in intertidal egg masses from temperate rocky shores. J. Chem. Ecol. 2005, 31, 2417–2438. [CrossRef]
[PubMed]
Hartmann, A.; Becker, K.; Karsten, U.; Remias, D.; Ganzera, M. Analysis of mycosporine-like Amino Acids
in selected algae and cyanobacteria by Hydrophilic Interaction Liquid Chromatography and a novel MAA
from the red alga Catenella repens. Mar. Drugs 2015, 13, 6291–6305. [CrossRef] [PubMed]
Hu, C.; Ludsin, S.A.; Martin, J.F.; Dittmann, E.; Lee, J. Mycosporine-like amino acids (MAAs)-producing
Microcystis in Lake Erie: Development of a qPCR assay and insight into its ecology. Harmful Algae 2018, 77.
[CrossRef] [PubMed]
Fernandesm, S.C.M.; Alonso-Varona, A.; Palomares, T.; Zubillaga, V.; Labidi, J.; Bulone, V.
Exploiting Mycosporines as Natural Molecular Sunscreens for the Fabrication of UV-Absorbing Green
Materials. ACS Appl. Mater. Interfaces 2015, 7, 16558–16564. [CrossRef]

Molecules 2019, 24, 1070

41.
42.
43.

44.
45.
46.

47.
48.
49.
50.

51.
52.

53.

54.

11 of 11

Zhang, Z.; Gao, X.; Yuri, T.; Shingo, M.; Hiroo, O. Researches on the stability of porphyra-334 solution and
its influence factors. J. Ocean. Univ. China 2004, 3, 166–170. [CrossRef]
Grönigner, A.; Häder, D.P. Stability of mycosporine-like amino acids. Recent J. Photochem. Photobiol. 2000,
4, 247–252.
Rastogi, R.P.; Sonani, R.R.; Madamawar, D.; Incharoenssakdi, A. Characterization and antioxidant functions
of mycosporine-like amino acids in the cyanobacterium Nostoc sp. R76DM. Algal Res. 2016, 1, 110–118.
[CrossRef]
Pittet, J.-L.; Bouillant, M.-L.; Bernillon, J.; Arpin, N. Sur la presence de mycosporines-glutamine reduites,
nouvelles molecules, chez plusieurs Deuteromycetes. Tetrahedron Lett. 1983, 24, 65–68. [CrossRef]
Bernillon, J.; Bouillant, M.-L.; Pittet, J.-L.; Favre-Bonvin, J.; Arpin, N. Mycosporine glutamine and related
mycosporines in the fungus Pyronema omphalodes. Phytochemistry 1984, 23, 1083–1087. [CrossRef]
Duque-Thüs, R.; Fulcher, T.K. Enhancing accessibility and conservation of plant tissue samples stored in
silica gel, and developing a disaster plan for this collection at Royal Botanic Gardens, Kew. J. Nat. Sci. Collect.
2018, 5, 35–40.
Shahani, C.J.; Harrison, G. Spontaneous formation of acids in the natural aging of paper. Stud. Conserv. 2002,
47, 189–192. [CrossRef]
Ainsworth, M. Brief Biographies of British Mycologists; British Mycological Society: London, UK, 1996; 203p.
Burkin, A.A.; Tolpysheva, T. Yu.; Kononenko, G.P. Safety of fungal secondary metabolites in herbarial lichen
specimens. Vestn. Mosk. Univ. 2012, 3, 28–32.
Tahereh Jafari, T.; Alanne, A.-L.; Issakainen, J.; Pihlaja, K.; Sinkkonen, J. Suitability of dried herbarium
specimens for NMR metabolomics of mushrooms. A comparison of four species of the genera Kuehneromyces
and Hypholoma (Strophariaceae). Fungal Biol. 2018, 122, 138–146. [CrossRef] [PubMed]
Thunig, J.; Hansen, S.H.; Janfelt, C. Analysis of Secondary Plant Metabolites by Indirect Desorption
Electrospray Ionization Imaging Mass Spectrometry. Anal. Chem. 2011, 83, 3256–3259. [CrossRef] [PubMed]
Kaoa, D.; Henkin, J.M.; Soejartob, D.D.; Kinghorn, A.D.; Oberlies, N.H. Non-destructive chemical analysis
of a Garcinia mangostana L. (Mangosteen) herbarium voucher specimen. Phytochem. Lett. 2018, 28, 124–129.
[CrossRef] [PubMed]
Yang, J.Y.; Sanchez, L.M.; Rath, C.M.; Liu, X.; Boudreau, P.D.; Bruns, N.; Glukhov, E.; Wodtke, A.; de Felicio, R.;
Fenner, A.; et al. Molecular Networking as a Dereplication Strategy. J. Nat. Prod. 2013, 76, 1686–1699.
[CrossRef]
De la Parra, J. Herbariomics: Expanding possibilities for herbaria-based research pipelines by defining the
herbariome. In Proceedings of the 255th ACS National Meeting & Exposition, New Orleans, LA, USA,
18–22 March 2018.

Sample Availability: Samples of the compounds are not available from the authors.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Mycosporine-like amino acids (MAAs) in time series
of lichen specimens from Natural History Collections
Marylène Chollet-Krugler1, Thi Thu Tram Nguyen1,2, Aurelie Sauvager1, Holger Thüs3,4* and Joël
Boustie1,*
Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) - UMR 6226, F-35000 Rennes,
France ; joel.boustie@univ-rennes1.fr
2 Department of Chemistry, Faculty of Science, Can Tho University of Medicine and Pharmacy, Vietnam ;
ntttram@ctump.edu.vn
3 State Museum of Natural History Stuttgart; holger.thues@smns-bw.de
4 The Natural History Museum London
* Correspondence: joel.boustie@univ-rennes1.fr; holger.thues@smns-bw.de
1

Supplementary Materials
Table 1. Collection details and analysis results for the lichens specimens in this study (mean values ±
SD, mg/g of dw. extract, n = 2). For specimens where only the accession time into a larger public
herbarium instead of the collecting time is known, the date is marked by an asterisk (*).

Collection Number

Collector

Origin

Year

Mycosporine

Mycosporine

glutaminol

glutamicol

[mg/g ±

[mg/g ± STW]

STW]
BM001085252

W.E. Ahles

Germany,

1861

n.d.

15.73 (± 3.39)

1861

n.d.

14.22 (± 0.16)

Odenwald
BM001085371

W.E. Ahles

Germany,
Odenwald

BM001085263

G. Davies

UK, Devon

1864

n.d.

27.04 (± 2.26)

BM001085373

H.B. Holl

UK, Devon

1886*

n.d.

10.65 (± 2.26)

BM001085239

H.B. Holl

UK, Devon

1886*

n.d.

10.07 (± 0.53)

BM000974964

H.B. Holl

UK, Devon

1886*

n.d.

10.52 (± 1.34)

BM001085262

H.B. Holl

UK, Devon

1886*

n.d.

16.57 (± 4.44)

BM001085261

H.B. Holl

UK, Devon

1886*

n.d.

27.78 (± 1.91)

BM000974963

H.B. Holl

UK, Devon

1886*

n.d.

19.51 (± 2.68)

BM000974962

H.B. Holl

UK, Wales

1886*

n.d.

13.09 (± 1.22)

BM000974961

W. Johnson

UK, Cumberland

1894

n.d.

13.22 (± 2.77)

BM001085361

J. Hartz, C.

Faroer Islands

1897

n.d.

4.56 (± 0.84)

Ostenfeld
BM001085235

F.W. Zopf
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under LOQ
Germany, Harz

1897

n.d.

13.60 (± 1.43)
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BM001085376

C. Lelt

Ireland

1905

n.d.

14.08 (± 0.58)

BM001085243

J.A. Crabbe

UK, Outer

1905

n.d.

n.d.

1905

n.d.

n.d.

1905

n.d.

n.d.

1908

n.d.

16.89 (± 1.38)

Hebrides
BM001085243

J.A. Crabbe

UK, Outer
Hebrides

BM001085368

E. Parfitt

UK, (Devon)
Dartmoor

BM000974960

H.H.

UK,

Knight

Carmarthenshire

BM001085236

A. Willi

Austria, Tirol

1920

n.d.

18.06 (± 3.03)

BM001085375

A. Willi

Austria, Tirol

1920

n.d.

8.5 (± 0.1)
under LOQ

REN-

H. Des

France, Côtes

1927

n.d.

9.07 (± 0.86)

ABB_B002_C08_01

Abbayes

D'Amor

REN-

H. Des

France, Côtes

1931

n.d.

8.8 (± 0.62)

ABB_B002_C08_02

Abbayes

d’Armor

REN-

H. Des

France, Vendée

1931

n.d.

21.46 (± 1.39)

ABB_B002_C08_03

Abbayes

REN-

H. Des

France, Pyrénées

1933

n.d.

9.95 (± 4.21)

ABB_B002_C08_08

Abbayes

Orientales

REN-

H. Des

France, Finistère

1933

n.d.

14.48 (± 3.66)

ABB_B002_C08_04

Abbayes

REN-

H. Des

France, Côtes

1933

n.d.

26.4 (± 5.58)

ABB_B002_C08_05

Abbayes

d’Armor

REN-

H. Des

France, Loire-

1933

n.d.

14.27 (± 1.98)

ABB_B002_C08_06

Abbayes

Atlantique

BM001085256

V. Räsänen

Finland, Karelia

1936

n.d.

17.77 (± 1.73)

BM001085255

Fagerström

Finland, Karelia

1947

n.d.

12.92 (± 1.20)

BM001085244

P.W. James

UK,

1958

n.d.

8.53 (± 0.91)

1958

n.d.

9.24 (± 1.06)

1959

n.d.

7.14 (± 0.82)

under LOQ

Pembrokeshire
BM001085242

P.W. James

UK,
Pembrokeshire

BM001085245

P.W. James

UK, West
Sutherland

BM001085245

P.W. James

UK, West

under LOQ
1959

n.d.

n.d.

1961

n.d.

15.07 (± 1.20)

Sutherland
BM001085241

P.J. Hunt

UK, Outer
Hebrides

BM001085237

H. Ullrich

Germany, Harz

1963

n.d.

22.64 (± 0.98)

REN_MAS_73_01

L.J.-C.

France, Côtes

1963

n.d.

14.93 (± 1.58)

Massé

d’Armor

T.D.V.

UK, Devon

1963

n.d.

12.77 (± 0.12)

BM001085248

Swinscow
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BM001085249

P.W. James

3 of 3

UK,

1965

n.d.

10.96 (± 3.00)

1979

n.d.

6.75 (± 0.82)

Carmarthenshire
BM001085246

F.J. Walker

UK, Cumberland

under LOQ
JB/001/08/2005

J.L. &

France, Gare

2005

n.d.

20.07 (± 1.01)

France, Corrèze

2005

11.28 (± 4.72)

4.72 (± 2.64)

B.Martin
REN-HL L10/11-5

M.Millot

under LOQ
JB/010/07/2005

J. La

France, HautRhin

2005

3.82 (± 0.76)

22.08 (± 1.07)

J.L. &

France, Haut-

2006

n.d.

27.1 (± 0.52)

B.Martin

Rhin

H. Thüs

Germany,

2006

2.8 (± 0.19)

21.00 (± 0.61)

Gabrielle
JB/001/08/2006
BM000731396

Odenwald
BM000920143

V. Howden

UK, Wales

2006

3.65 (± 1.32)

9.36 (± 1.79)

BM001085250

C. Gueidan

UK, Devon

2010

15.54 (± 0.98)

16.83 (± 0.44)

JB/001/07/2012

M.

France, Pyrenées

2012

14.68 (± 0.25)

11.74 (± 0.61)

Bertrand

Orientales

J.Y. Monnat

France, Brittany

2013

13.31 (± 1.32)

9.28 (± 1.21)

REN-JB/001/09/2013

