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ABSTRACT Many fungi are thought to have developed morphological and physio-
logical adaptations to cope with exposure to UV-B radiation, but in most species,
such responses and their protective effects have not been explored. Here, we study
the adaptive response to UV-B radiation in the widespread, saprotrophic fungus Ser-
pula himantioides, frequently found colonizing coniferous wood in nature. We re-
port the morphological and chemical responses of S. himantioides to controlled
intensities of UV-B radiation, under in vitro culture conditions. Ultraviolet radia-
tion induced a decrease in the growth rate of S. himantioides but did not cause
gross morphological changes. Instead, we observed accumulation of pigments
near the cell wall with increasing intensities of UV-B radiation. Nuclear magnetic
resonance (NMR) and high-performance liquid chromatography-mass spectrome-
try (HPLC-MS) analyses revealed that xerocomic acid was the main pigment pres-
ent, both before and after UV-B exposure, increasing from 7 mg/liter to 15 mg/li-
ter after exposure. We show that xerocomic acid is a photoprotective metabolite
with strong antioxidant abilities, as evidenced by DPPH (2,2-diphenyl-1-picryl-
hydrazyl), ABTS [2,2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt], and oxygen radical absorbance capacity (ORAC) assays. Finally, we as-
sessed the capacity of xerocomic acid as a photoprotective agent on HEK293 cells and
observed better photoprotective properties than those of �-carotene. Xerocomic
acid is therefore a promising natural product for development as a UV-protective in-
gredient in cosmetic and pharmaceutical products.

IMPORTANCE Our study shows the morphological and chemical responses of S. hi-
mantioides to controlled doses of UV-B radiation under in vitro culture conditions.
We found that increased biosynthesis of xerocomic acid was the main strategy ad-
opted by S. himantioides against UV-B radiation. Xerocomic acid showed strong anti-
oxidant and photoprotective abilities, which has not previously been reported. Our
results indicate that upon UV-B exposure, S. himantioides decreases its hyphal
growth rate and uses this energy instead to increase the biosynthesis of xerocomic
acid, which is allocated near the cell wall. This metabolic switch likely allows xero-
comic acid to efficiently defend S. himantioides from UV radiation through its antiox-
idant and photoprotective properties. The findings further suggest that xerocomic
acid is a promising candidate for development as a cosmetic ingredient to protect
against UV radiation and should therefore be investigated in depth in the near fu-
ture both in vitro and in vivo.
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The continuous depletion of stratospheric ozone has led to a substantial increase in
UV-B radiation (UV-B) on Earth’s surface. As this harmful abiotic stress reaches our

planet in increasing levels, it has the potential to cause irreversible damage to biolog-
ical systems (1). A direct consequence of UV-B to living organisms is the generation of
reactive oxygen species (ROS), which are highly reactive chemical entities that can
cause serious injury to cellular structures. This negative effect is mainly caused by UV-B,
which leads to DNA damage by generating different types of mutagenic lesions (2–5).
However, some living organisms have developed efficient metabolic pathways to
synthesize chemical moieties, such as pigments, which are able to cope with this
harmful energy, and reactive radicals to provide protection against UV radiation (6–11).

Fungi represent one of the largest groups of organisms and are widely distributed
across both mild and extreme ecosystems on our planet (12). They show a unique
metabolic plasticity that has allowed them to rapidly adapt and survive through the
biosynthesis of a wide array of natural products (13). Despite the great ability of fungi
to produce structurally diverse compounds, the study of their chemical response upon
exposure to UV radiation has been limited to a small number of species, largely
unicellular and filamentous fungi (14–17). Previous studies in these organisms have
shown that UV radiation has detrimental effects on germination, sporulation, and
colony diameter. In Aspergillus carbonarius and Aspergillus parasiticus, for example, UV
radiation had a significant effect on the size, diameter, and density of the colonies as
well as biomass dry weight (18). In a study involving Penicillium italicum, all UV-B
intensities examined had inhibitory effects on in vitro growth, showing a reduction of
spore germination of over 99% (19).

In terms of chemical effects, a range of photoprotective pigments such as melanins
and carotenoids can be biosynthesized by fungi to quench ROS induced by UV
radiation (20). Melanin derivatives are among the most common fungal pigments and
are normally located in the cell wall and cytoplasm, acting as sunscreens (21). Studies
in yeast species have also described a chemical response upon UV-B radiation through
the increased biosynthesis of carotenoid compounds, which display a strong photo-
protective activity (22, 23). For instance, strains of Sporobolomyces salmonicolor isolated
from Antarctic environments accumulate sunscreen molecules as a response to UV-B
exposure (24). During the stationary growth phase, high levels of carotenoids have
been shown to enhance the chances of survival. Indeed, Neurospora crassa, which
displays high levels of carotenoids, was more tolerant to UV radiation than Neurospora
discreta or Neurospora tetrasperma, species containing low pigment content (25).

In Basidiomycetes, Boletales is a major order of ectomycorrhizal fungi, which form a
range of fruiting body structures. Resupinate forms among the Boletales are brown-
rotting saprotrophs preferably attacking coniferous woods (26). The major pigments
associated with the order Boletales are atromentine-derived secondary metabolites,
e.g., variegatic, xerocomic, isoxerocomic, and atromentic acids (27). While the ability of
these compounds to absorb UV radiation has been established, their antioxidant and
photoprotective properties have been poorly investigated. The study of pigments with
strong UV quenching abilities is of great importance due to their potential application
as radioprotective agents, which are widely used in medicine (28). To our knowledge,
there is no report studying the chemical and morphological effects of UV-B radiation on
in vitro cultures of any species in the order Boletales.

Serpula himantioides (Coniophoraceae), a resupinate member of Boletales, is wide-
spread in Europe and the Americas, where it causes an intense brown rot on gymno-
sperms and more rarely on angiosperms (29, 30). This organism is commonly present
in the south of Chile, where UV-B levels are increasing rapidly (31). Our work focused
on the chemical and morphological changes of in vitro culture of S. himantioides upon
controlled exposure to UV-B radiation. We quantified changes in growth rate and
pigmentation, identifying xerocomic acid as the main pigment and characterizing its
photoprotective properties.
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RESULTS
UV-B radiation slows the hyphal growth rate of S. himantioides in in vitro

culture. First, we confirmed our fungal sample to be S. himantioides by both morpho-
logical and molecular (DNA sequence) analyses (98 to 99% identity). Then, we began
investigating the effect of UV-B exposure on the growth of this organism. The hyphal
growth of S. himantioides was strongly affected by UV-B radiation, with increasing
exposure corresponding to a decrease in growth. Under control conditions, the myce-
lium had covered the entire petri dish by the 25th day. In the presence of UV-B
radiation, we observed a detrimental effect on S. himantioides over the course of the
25 days as well as with increasing dosage. The growth rate under different intensities
of UV-B radiation was estimated (Fig. 1). Even at the lowest UV-B intensity (0.03
mW/cm2), there was a significant decrease in the growth rate (2.32 mm/day) of S.
himantioides in comparison to that of control experiments (3.33 mm/day). Intermediate
intensities of 0.06 and 0.09 mW/cm2 showed a progressive decline in the mycelial radial
growth rate (2.13 and 2.03 mm/day, respectively). Finally, at the highest UV-B intensity
(0.12 mW/cm2), the growth rate of S. himantioides was 1.91 mm/day, which was
significantly lower than that in nonradiated experiments. Additionally, at the highest
UV-B intensity of 0.12 mW/cm2, a substantial level of stress was induced in cultures of
S. himantioides that resulted in a 50% reduction in the mycelial radial growth rate in
solid culture media, in comparison to control experiments.

UV-B radiation alters pigment allocation but not thickness of the cell wall. Next,
we considered the morphological response of S. himantioides upon exposure to UV-B.
First, we used transmission electron microscopy to examine the hyphae from in vitro
cultures of S. himantioides (Fig. 2). In the control experiment (Fig. 2a and b), pigmen-
tation was homogeneously distributed within the hyphae. However, upon UV radiation,
there was a reallocation of the pigment leading to the accumulation of pigment
molecules near the cell wall, in comparison to control experiments (Fig. 2a and b).
Exposure of S. himantioides to 0.03 and 0.06 mW/cm2 of UV-B radiation led to a
redistribution of the pigment toward the cell wall (Fig. 2c and d). At higher UV-B
intensities (0.09 and 0.12 mW/cm2), the reallocation of xerocomic acid near the cell wall
was even more intense, as depicted in Fig. 2e and f. The more intense pigmentation of
granules in radiated cultures compared with that of control experiments suggests
increased production of xerocomic acid in samples exposed to UV-B. Although the
increased pigmentation at 0.03 and 0.06 mW/cm2 is not evident from the cross-section
images in Fig. 2c and d, the culture medium of these experiments was clearly more
darkly colored, indicating a higher content of the pigment than in control cultures.

We then investigated the effect of UV exposure on the cell wall. Figure 3 displays
histograms showing the average cell wall thickness in the presence and absence of UV
exposure. We found that UV-B radiation did not cause any significant change in the

FIG 1 Effect of different intensities of UV-B radiation on growth rate (mm/day) of in vitro cultures of S.
himantioides. Letters above the bars (a, b, c, and d) indicate statistical significance between experimental
groups, where bars with different letters are significantly different (P � 0.05) and bars displaying the
same letter show no significant differences between experimental groups (P � 0.05), as determined by
one-way ANOVA followed by Tukey’s multicomparison test.
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thickness of the cell wall. Average values of cell wall thickness from radiated S.
himantioides were similar to those of the control experiments (Fig. 3).

UV-B radiation results in increased pigment composed largely of xerocomic
acid. We observed that UV-B radiation had a strong effect on pigmentation of S.
himantioides. After 25 days of UV-B treatment, the in vitro cultures of S. himantioides
showed much higher pigment content than unexposed cultures (Fig. 4).

To understand the impact of changes in pigmentation, we aimed to determine the
major secondary metabolites that are induced by UV-B radiation. We first analyzed in

FIG 2 Cross-section transmission electron microscope images of hyphae from in vitro cultures of S. himantioides under different UV-B
intensities. (a and b) Control (no radiation); (c) UV-B radiation at 0.03 mW/cm2; (d) UV-B radiation at 0.06 mW/cm2; (e) UV-B radiation at
0.09 mW/cm2; (f) UV-B radiation at 0.12 mW/cm2.

FIG 3 Histograms of cell wall thickness measured from cross sections of mycelium of in vitro cultures of
the S. himantioides control (a) and with UV-B radiation at 0.12 mW/cm2 (b). (Results were similar for all
radiation intensities.)
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vitro cultures of S. himantioides that were not stressed by UV-B radiation and found that
xerocomic acid was the main pigment, with a concentration of 7 mg/liter after purifi-
cation. High-performance liquid chromatography (HPLC) fractioning of in vitro cultures
that were exposed to UV-B radiation (0.12 mW/cm2) again revealed xerocomic acid as
the main pigment, but in this case with a yield of 15 mg/liter (Fig. 5). We further
checked that at a lower-intensity radiation (0.03 mW/cm2), the production of xerocomic
acid in S. himantioides also increased relative to that in control experiments (see Fig. S1
in the supplemental material). The chemical identification of xerocomic acid was
confirmed by nuclear magnetic resonance (NMR) and mass spectrometry (MS).

S. himantioides extracts and xerocomic acid have antioxidant activities and
photoprotective properties. We investigated the antioxidant properties of total ex-
tracts as well as xerocomic acid, isolated from in vitro cultures of S. himantioides, using
DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS [2,2=-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt] assays. As displayed in Table 1, extracts from S.
himantioides exposed to UV-B radiation showed impressive antioxidant activities in
both assays, quantified as 3.15 mg/ml and 0.63 mg/ml, respectively.

Xerocomic acid was isolated from mycelium extracts of an in vitro culture of S.
himantioides. We tested whether this pigment was the major contributor for the strong
antioxidant activity displayed by extracts from irradiated in vitro cultures. Table 2 shows

FIG 4 Pigmentation of in vitro cultures of S. himantioides after 25 days of growth with or without
exposure to UV-B radiation. (a) Control; (b) UV-B radiation of 0.12 mW/cm2.

FIG 5 LC-MS chromatogram of total extract obtained from in vitro culture of S. himantioides exposed to UV-B radiation.
Xerocomic acid is the major component (Rt [retention time] � 14.30).
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the antioxidant properties of xerocomic acid isolated from UV-B-exposed cultures, as
measured by the DPPH, ABTS, and oxygen radical absorbance capacity (ORAC) assays.
The ORAC assay was included in order to give a broader antioxidant characterization to
xerocomic acid. These experiments showed that xerocomic acid has high levels of
antioxidant activity: DPPH, 0.34 mg/ml; ABTS, 0.036 mg/ml; and ORAC, 22.58 �mol
Trolox equivalents (TE)/ml. These values are comparable to well-known antioxidant
standards (32–34). A potential concern was that the presence of laccases could interfere
with the ABTS assay. In order to verify that laccases were not present in our system, we
tested for their presence in S. himantioides. We found no laccase activity (Fig. S2).

We hypothesized that the increased xerocomic acid may also have photoprotec-
tive properties. To test this, we employed the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide] assay to evaluate the protective effect of xerocomic
acid on cytotoxicity in the HEK293 cell line and compared it with �-carotene, which is
known to have a photoprotective effect (Fig. 6). Exposure of HEK293 cell lines to UV-B
radiation without xerocomic acid resulted in 76% (Fig. 6a, white bar). Interestingly,
xerocomic acid displayed strong photoprotective properties at all the concentrations
tested (Fig. 6a, yellow bars). Remarkably, at 0.1 mM, the xerocomic acid pigment
protected HEK293 cell lines from harmful UV-B radiation, leading to a viability of
99% � 5.0%. Xerocomic acid showed even stronger photoprotective properties than
�-carotene at the same concentrations.

Although xerocomic acid leads to increased viability in the presence of UV-B, it may
have detrimental effects when UV-B is not present. In order to evaluate the potential
toxic properties of xerocomic acid, HEK293 cells were incubated for 5 h in the presence
of xerocomic acid at different concentrations (0.05 to 0.4 mM) under UV-B-free condi-
tions (Fig. 6b). Results of the MTT assay indicated that xerocomic acid does display mild
cytotoxic effects on nonirradiated HEK293 cells, in comparison to a positive control for
toxicity experiments (FCCP [carbonyl cyanide-4-trifluoromethoxyphenylhydrazone]). At
0.05 mM and 0.1 mM concentrations of xerocomic acid, the viability was reduced
marginally to 97% � 3.9% and 92% � 4.2%, respectively. Even at higher concentrations,
the pigment toxicity was still relatively modest, with 82% � 4.1% (0.2 mM) and
75% � 2.1% (0.4 mM) of viability.

DISCUSSION

Our study shows the morphological and chemical responses of S. himantioides to
controlled intensities of UV-B radiation under in vitro culture conditions. This adds a
new order of fungi to the growing set of observations about how different fungi

TABLE 1 Antioxidant activity of total extracts from in vitro cultures of S. himantioides

Organism or reference standard Treatment

Antioxidant activity (EC50)
(mg/ml)a

DPPH ABTS

S. himantioides Control 8.87 � 0.5 2.80 � 0.4
UV 3.15 � 0.3 0.63 � 0.4

Trolox 0.02 � 0.4 0.03 � 0.4
aEC50, concentration of extract at which 50% of the employed radical was quenched. Values are the means
of results for triplicate experiments � SD.

TABLE 2 Antioxidant activity of xerocomic acid

Pigment or
reference standard Treatment

Antioxidant activitya

DPPH EC50

(mg/ml)
ABTS EC50

(mg/ml)
ORAC
(�mol TE/ml)

Xerocomic acid UV 0.34 � 0.1 0.04 � 0.1 22.58 � 0.63
Trolox 0.02 � 0.2 0.03 � 0.4
aEC50, concentration of extract at which 50% of the employed radical was quenched; TE, Trolox equivalents.
Values are the means of results for triplicate experiments � SD.
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respond to UV radiation. First, we found that the growth rate was substantially lower
upon UV-B exposure. We observed a decrease in the hyphal growth of S. himantioides
at all the intensities tested, with a strong effect already observed with the smallest UV-B
radiation intensity (0.03 mW/cm2). Higher UV-B intensities (0.06, 0.09, and 0.12 mW/
cm2) further depressed the growth, but to a lesser degree. Decreased growth following
UV-B radiation is thought to be a survival strategy employed by some fungi (35) as a
way to channel metabolic efforts toward the biosynthesis of molecules with photopro-
tective abilities. For example, negative effects of radiation exposure on growth param-
eters have been reported for some entomopathogenic fungi such as Beauveria bassiana
(36). Several filamentous fungi have also been shown to have slower growth following
UV radiation (37, 38), including five species from Antarctic environments (39).

Besides the effect on growth rate, we did not observe significant morphological
changes in cell wall thickness of S. himantioides upon UV-B exposure. We did, however,
observe pigmentation changes associated with the UV-B exposure. Electron microscopy
analysis revealed an intense increase in pigment content as well as reallocation of
pigment near the cell wall in response to UV-B radiation. However, cell wall thickness
itself was not affected by UV-B treatment. Other morphological responses may occur,
such as changes in cell size. Indeed, the results of the electron microscopy experiments
(Fig. 2) are consistent with a decrease in cell size in UV-B-exposed S. himantioides.
However, further experiments and larger numbers of assays are needed to address this.
In other fungi, accumulation of carotenoid-derived pigments in hyphae, spores, cyto-
plasm, and cell membranes (40) has been reported. In lichens exposed to UV radiation,
molecules displaying sun-protective properties have been isolated, including lobaric
acid, pannarin, atranorin, gyrophoric acid, epiforelic acids, secalonic acids, mycosporine,
melanin, and carotenoid-derived pigments (9). Analysis of extracts by NMR and mass
spectrometry revealed that xerocomic acid was the main pigment present both before
and after UV exposure, with levels of this pigment substantially higher in cultures
irradiated with UV-B. It is known that mushrooms of the order Boletales biosynthesize
terphenylquinones, pulvinic acids, and shikimate-derived pigments (27, 41). Variegatic
and xerocomic acids are exclusively present in the order Boletales (42), but the effect
of UV radiation on changes in pigmentation was previously unknown.

Traditionally, microorganisms counteract the harmful effect of UV radiation by
activating metabolic pathways that produce molecules with antioxidant and photo-
protective properties (41). In fungi, compounds with photoprotective abilities play a
crucial role in neutralizing ROS (43). Previous reports have shown that pulvinic acid
derivatives display antioxidant properties. For example, a previous study showed that
norbadione A, which has a chemical structure containing two subunits similar to
xerocomic acid, exhibits antioxidant bioactivities (28). Thus, we proceeded to inves-
tigate the antioxidant and photoprotective properties of total extracts and xero-

FIG 6 Effect of xerocomic acid on HEK293 cell viability. (a) HEK293 cells exposed to UV-B (0.12 mW/cm2) in the presence of
increasing concentrations of xerocomic acid or �-carotene as a positive control. The bar labeled UV represents cells without
pigment. (b) HEK293 cells not exposed to UV-B radiation (control plate) but with the same increasing concentrations of
xerocomic acid or �-carotene. FCCP (10 �M) was used as a positive control for toxicity. The results are expressed as a
percentage of the result for untreated, unexposed cells, with triplicate experiments for each treatment. The following symbols
indicate results that were considered statistically significant: �, P � 0.05; ��, P � 0.01; and ���, P � 0.001 (versus the control);
*, P � 0.05; **, P � 0.01; and ***, P � 0.001 (versus UV-B treatment).
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comic acid isolated from cultures of S. himantioides under in vitro conditions.
Consistently, the antioxidant properties of this extract and the pigment were
quantified to be high by means of all three assays used. The 50% effective
concentration (EC50) of methanolic extract from mycelia exposed to UV-B radiation
rendered values of 3.15 mg/ml and 0.63 mg/ml for DPPH and ABTS, respectively. In
contrast, extracts from nonirradiated cultures displayed low antioxidant activities,
8.87 � 0.5 mg/ml (DPPH) and 2.80 � 0.4 mg/ml (ABTS). The antioxidant activity
cannot be due to a confounding effect from the presence of laccase, since we found
that S. himantioides was unable to oxidize ABTS in a screening assay for laccase
production, consistent with the lack of laccase-related metabolic pathways in other
related brown-rotting fungi (44). Thus, the difference in antioxidant strength can be
attributed to the increased amounts of xerocomic acid present in the cultures of S.
himantioides that were exposed to UV radiation. The antioxidant activities displayed
by S. himantioides are even higher than those found in other in vitro studies of fungi
(Cordyceps) exposed to UV radiation (45, 46). Antioxidant properties of other
Boletales fungi have been investigated in previous reports, but not under in vitro
conditions (47–51). Melanin and carotenoid derivatives are a family of compounds
with strong antioxidant activity (52). However, xerocomic acid displayed better
antioxidant properties than fungal melanin compounds (53), demonstrating the
notable potential of this pigment as a new antioxidant agent.

In addition, the photoprotective ability of xerocomic acid was evaluated on HEK293
cells. We found that xerocomic acid was able to protect this cell line from UV radiation
more efficiently than �-carotene, which was used as a positive control. Carotene
derivatives act as light filters and thus prevent oxidative stress, but we also observed
that in the presence of UV radiation, this pigment decreased cellular viability at all
concentrations tested. The photoprotective properties of �-carotene and other antiox-
idants (lycopene, vitamins E and C, and carnosic acid) are known for their ability to
protect against photoaging in primary cultures of human dermal fibroblasts irradiated
with UV (54). In our investigation, xerocomic acid was better tolerated by HEK293 cells
and showed only modest cytotoxicity even at high concentrations (0.2 and 0.4 mM).
Remarkably, at all the concentrations tested, xerocomic acid proved to protect HEK293
cells from UV radiation without causing cytotoxicity. These features indicate exciting
potential for this pigment as a new antioxidant and photoprotective agent. It has been
reported that vulpinic acid, an analogue to xerocomic acid, did not show cytotoxic
effects on nonirradiated HaCaT cells (MTT cell viability assay [55]). Interestingly, vulpinic
acid prevented almost all the toxic effects of UV-B radiation and was found to be more
protective and promising than �-tocopherol, which was used as a positive control.

In summary, we report the morphological and chemical adaptive responses of S.
himantioides, under in vitro conditions, in the presence of controlled intensities of UV-B
radiation. A decrease in growth rate, but no change in cell wall thickness, was observed
following UV-B exposure. Moreover, xerocomic acid was shown to have substantial
antioxidant and photoprotective abilities. Thus, our results suggest that upon UV-B
exposure, S. himantioides decreases its hyphal growth rate and uses this energy instead
to increase the biosynthesis of xerocomic acid, which is allocated near the cell wall. This
metabolic switch likely allows xerocomic acid to efficiently defend S. himantioides from
UV radiation through its antioxidant and photoprotective properties. These findings
suggest that xerocomic acid is a promising UV protecting agent and should therefore
be investigated in depth in the near future.

MATERIALS AND METHODS
Chemicals. 2,2=-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-

2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2=-
azobis(2-amidinopropane)dihydrochloride (AAPH), fluorescein, �-carotene, and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Dulbecco’s modified
Eagle’s medium (DMEM), Dulbecco’s phosphate-buffered saline (DPBS), fetal bovine serum (FBS), and
penicillin-streptomycin were purchased from Thermo Fisher Scientific. Acetonitrile and water were HPLC
grade. All chemicals were analytical grade. A high-quality reference of xerocomic acid was obtained from
the in-house compound library at Leibniz Institute of Plant Biochemistry (donated by W. Steglich, Ludwig
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Maximilian University of Munich). Reagents were used without further purification. Milli-Q-grade water
was used during the entire process.

Sample collection. S. himantioides, from the order Boletales, was collected from decomposing wood
in a native Chilean forest in the Bíobío region (Zona Central) of Chile (36°50=15�S, 73°01=30�W) in autumn
2014. Species identification was based on both macroscopic and microscopic features as well as DNA
sequence (described below), by comparison with references. The reference material has been deposited
in the fungal collection at the Universidad de Concepcion (accession number CONC-F 1792).

Macroscopic and microscopic identification of S. himantioides. The collected material was
analyzed macroscopically in a fresh state both in situ and in vitro. Macroscopic features, including size,
spore color, and type of fructification, were all positively identified as S. himantioides. Microscopic
observations of fresh material were conducted using a Leitz Dialux microscope (�1,000 magnification,
immersion objective; Leitz, Wetzlar, Germany) equipped with a camera (56). Microscopic features, such
as septate hyphae, presence of fibulae, and hyphal size, were also congruous with S. himantioides.

Isolation and cultures of fungi. Culture preparation was performed as previously described (30).
Mycelial cultures of S. himantioides were derived from the spore print of a fruiting body. The strain was
kept on a petri dish (90-mm diameter) containing potato dextrose agar (PDA) medium composed of
4 g/liter potato extract, 20 g/liter dextrose, and 15 g/liter agar, with the pH adjusted to 5.6. The mycelium
used for inoculation was taken from the surface of the agar medium, and the piece of mycelium from
the agar (4 by 4 mm) was inoculated onto the liquid medium. The liquid culture fermentation was
maintained in 2-liter flasks containing potato dextrose broth (PDB) medium without shaking at 24°C for
25 days.

Molecular identification of S. himantioides. DNA was extracted from pure mycelium cultures using
potato dextrose agar (PDA), according to CTAB methodology (57). The region corresponding to the
internal transcribed spacer (ITS) was amplified via PCR using the primers ITS1F (5=-CTTGGTCATTTAGAG
GAAGTAA-3=) and ITS4 (5=-TCCTCCGCTTATTGATATGC-3=) (58). PCR conditions were as follows: 94°C for
4 min, followed by 30 cycles at 94°C for 40 s, 60°C for 40 s, and 72°C for 1 min, and then a final elongation
at 72°C for 10 min. The PCR products were sequenced by Macrogen (Korea), and the sequence was
deposited in GenBank (accession number MK694772). A BLASTn search of the sequence against the NCBI
database (59) results shows 98% to 99% identity with other S. himantioides ITS sequences.

UV-B radiation of in vitro cultures. A petri dish containing culture medium was subjected to UV-B
radiation. The intensity was determined using a radiometer equipped with an external sensor. The range
was 290 to 390 mm (PCE-UV34), and the measurements were given in mW/cm2 using a fluorescent UV-B
broadband TL lamp (Philips TL 20 W/12 RS SLV) (16). The UV-B intensities were 0.03, 0.06, 0.09, and 0.12
mW/cm2 for 3 h over 25 days for evaluation of hyphal growth. Cultures that were not exposed to UV-B
radiation were considered control experiments (60).

In vitro cultures of S. himantioides were subjected to UV-B radiation once the hyphae of such cultures
reached 3 mm in length (39). Petri dishes were covered with a transparent film to avoid cross-
contamination and stored in an incubator at 25°C between radiation experiments.

The effect of radiation on secondary metabolites of S. himantioides was studied using high-intensity
UV-B energy (0.12 mW/cm2), which is similar to the UV-B radiation levels in the south of Chile (61, 62).
In vitro cultures were performed using 2-liter flasks that were kept at 25°C for the entire experiment. In
order to standardize the radiation surface, the culture medium was transferred to rectangular glass
containers in which the UV-B radiation was applied with a lamp placed at a distance of 35 cm from the
cultures. The radiation method was as before: 3 h per day, over 15 days. Mycelial cultures that were not
exposed to UV-B radiation were grown in parallel as control experiments.

Evaluation of hyphal growth and inhibition rate of S. himantioides. The effect of UV-B radiation
on the radial mycelial growth was determined by measuring the spread of S. himantioides along the petri
dish in four directions using a caliper and a magnifying glass (63). These measurements were done in
triplicate, every other day, using a digital caliper until mycelia covered the entire petri plate (25 days).
Using the obtained measurement data (in mm), the hyphal growth rate and inhibition percentage were
calculated for all four UV-B intensities and a linear regression was fit to calculate the growth rate
(mm/day) for the four different UV-B intensities (64). The inhibition percentage was calculated for days
5, 15, and 25, as well as for control experiments. The equation used has been previously described (65):

%Inhibition �
growth of control � growth of sample

growth of control
� 100

Transmission electron microscopy. Mycelium samples were obtained from solid culture medium of
S. himantioides after the 25-day radiation treatment. Morphological changes were studied by fixing
mycelium samples with paraformaldehyde (2%, vol/vol) containing 2.5% glutaraldehyde– 0.1 M phos-
phate buffer (pH 7.2) for 4 h at 23°C. After the fixation stage, samples were subjected to dehydration and
resin inclusion (66). Fifty transversal sections were measured in four directions to determine the width
(mm) of the hyphal cell wall for each UV-B radiation treatment. Data were plotted as histograms using
Origin Pro 6.1. A JEOL JSM 1200EX-II (1994) transmission electron microscope was used.

Acquisition and purification/fractionation of total extracts. Total extracts were obtained from
each of the in vitro cultures of S. himantioides subject to different intensities of UV-B radiation. Cultures
were filtered, and yields were calculated (mg/liter). Broth cultures were extracted with ethyl acetate
(three times, 250 ml each time), and the extract was concentrated until dry using a rotatory evaporator
(Heildolph Unimaz 2010).
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The crude extract of S. himantioides containing pigments was subjected to flash chromatography
using Sephadex LH-20 with acetone and methanol in a 4-to-1 ratio as the eluent. All fractions containing
pigments were collected and further purified using HPLC.

NMR analysis. One-dimensional (1H, 13C) nuclear magnetic resonance (NMR) spectra were obtained
from an Agilent VNMRS 600 system at 25°C. The pure compounds were dissolved in acetone-d6 (99.96%
deuterated), and spectra were recorded at 599.83 MHz (1H) and 150.84 MHz (13C), respectively. The
structure of xerocomic acid was elucidated on the basis of spectroscopic analysis and chemical evidence
(67).

Preparative HPLC for isolation of pigments. Fractions containing pigment (68 mg) were further
purified using preparative HPLC. The HPLC purification was performed on a Varian ProStar RP HPLC
system with a LiChroCART 250-10 column and LiChrospher 100 RP-18 (10 �m) carrier (Merck, Darmstadt,
Germany), using H2O (A) and CH3CN (B) as eluents (linear gradient, 0 to 22 min, 2% to 100% B, flow rate
of 4 ml min	1), yielding xerocomic acid.

HPLC-MS analysis. Each sample (2 �l) was loaded on a Hypersil GOLD column (C18, inside diameter
of 2.1 mm, length of 50 mm, particle size of 1.9 �m; Thermo Fisher Scientific) using a Dionex 3000
ultra-HPLC (UHPLC), equipped with a WPS-3000 TRS autosampler, an LPG-3400RS binary pump, a
TCC-3000RS column oven, and a DAD-3000 photodiode array detector (Thermo Fisher Scientific, Bremen,
Germany). The eluents A and B were water and acetonitrile, respectively, both containing 0.1% (vol/vol)
formic acid. After a 4-min isocratic step (5% eluent B), analytes were eluted at a flow rate of 150 �l/min
at 30°C in a linear gradient to 100% eluent B in 15 min. The column effluents were introduced on-line
in an Orbitrap Elite mass spectrometer via a HESI source (Thermo Fisher Scientific, Bremen, Germany). The
instrument was operated in the negative ion mode and controlled by Xcalibur software (Thermo Fisher
Scientific, Bremen, Germany).

Antioxidant assays. Three different assays, a free-radical scavenging DPPH assay, the ABTS radical
cation scavenging assay, and the ORAC assay, were used to evaluate the antioxidant potential of fungal
extracts. Each experiment was done in triplicate, and mean values were taken.

DPPH assay. The DPPH free-radical method is an antioxidant assay based on an electron transfer
process, which gives a strong purple color in methanol (47). The free radical is stable at room
temperature but can be reduced in the presence of an external antioxidant molecule, rendering a
colorless methanol solution. Thus, the DPPH assay provides a rapid protocol to evaluate antioxidants by
spectrophotometry (47). The antioxidant activities of the extracts and xerocomic acid were measured on
the basis of the scavenging activity of the DPPH free radical. One hundred eighty microliters of 100 �M
DPPH solution in methanol was mixed with 20 �l of methanolic extracts of various concentrations (0.25,
0.5, 1.0, 2.0, 4.0, and 8.0 mg/ml) and 20 �l xerocomic acid (10, 20, 40, 60, 800, and 100 �g/ml),
respectively. Trolox was used as a standard (68). Trolox is a water-soluble antioxidant derived from
vitamin E that is commonly used as a standard antioxidant for antioxidant assays (69). The antioxidant
capacities of extracts and xerocomic acid, given by the percent inhibition of the DPPH free radical, were
compared with the values rendered by Trolox. The percent inhibition by extracts and xerocomic acid was
calculated using the following formula:

DPPH scavenging activity ( % ) �
(Acontrol � Asample)

Acontrol
� 100

where Acontrol is the absorbance of the solvent plus DPPH at 515 nm and Asample is the absorbance of the
sample plus DPPH at 515 nm.

The EC50 (mg/ml) was determined as the effective concentration in which the DPPH radicals are 50%
quenched. Absorbance measurements were taken using an ELX800 microplate reader (BioTek Instru-
ments, Inc., Winooski, VT) at 515 nm.

ABTS assay. The ABTS assay is based on the inhibition of the absorbance of the radical cation of
ABTS, which has a characteristic long-wavelength absorption spectrum showing a maximum at 734 nm
(70). Stock solutions of 3.75 mM ABTS and 1.23 mM potassium persulfate (K2S2O8; Merck KGaA, Darm-
stadt, Germany) were mixed and stored in the dark at 30°C overnight. The resulting solution was then
diluted in methanol until 0.6 � 0.05 of absorbance (734 nm) was reached. Twenty microliters of meth-
anolic extracts of various concentrations (0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mg/ml) and 20 �l of xerocomic
acid (10, 20, 40, 60, 800, and 100 �g/ml) were mixed with 180 �l of ABTS solution. Trolox was used as the
standard (71). The percent inhibition was calculated using the following equation:

ABTS scavenging activity ( % ) �
Acontrol � Asample

Acontrol
� 100

where Acontrol is the absorbance of the solvent plus ABTS at 734 nm and Asample is the absorbance of the
sample plus ABTS at 734 nm.

The EC50 (mg/ml) was determined as the effective concentration in which the ABTS radicals are 50%
quenched. Absorbance measurements were taken using an ELX800 microplate reader (BioTek Instru-
ments, Inc., Winooski, VT) at 734 nm.

ORAC assay. The oxygen radical absorbance capacity (ORAC) assay was performed according to
previously described protocols (72). In brief, this is an assay that measures antioxidant activity and is
based on a hydrogen atom transfer (HAT) mechanism (73). This assay entails a competition reaction
between antioxidants and a fluorescence probe for a radical, usually a peroxy radical generated from
AAPH. Trolox is used, in a separate experiment, as an antioxidant standard since it quenches the peroxy
radical formed from AAPH, protecting the fluorescein from radical decay. A calibration curve is generated
using Trolox, and samples are compared to these data. Specifically, 1 mg/ml of xerocomic acid was
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dissolved in dimethyl sulfoxide (DMSO). Phosphate buffer (0.075 M) was used as a blank. ORAC values of
xerocomic acid were calculated using a calibration curve prepared with Trolox (5 to 30 �M). One hundred
fifty microliters of fluorescein working solution (11 � 10	2 �M) was mixed with 25 �l of the sample. The
resulting solution was incubated at 37°C for 30 min. Then, 25 �l of AAPH (600 mM) was added to each
well. The plate was then immediately transferred to the plate reader, and the fluorescence was measured
every minute for 35 min. The final ORAC values were calculated using the regression equation between
the Trolox concentration and the area under the curve (AUC), with ORAC values expressed as Trolox
equivalents (TE) per milliliter of sample (�mol · TE/ml).

Toxicity and photoprotective properties on HEK293 cells. The effect of xerocomic acid on the
viability of HEK293 cells and photoprotection after UV-B irradiation was assessed by an MTT colorimetric
assay.

Xerocomic acid for biological assays (sample preparation). Stock solutions of dry xerocomic acid
(100 mM) were prepared in Dulbecco’s phosphate-buffered saline (DPBS) and stored at 	4°C until
analysis. Dry xerocomic acid (100 mM) was dissolved in DPBS and used as a stock solution. For the
following assays, extracts were subjected to two serial dilutions in DPBS (1 and 10 mM), reaching the
following concentrations: 0.05, 0.1, 0.2, and 0.4 mM (55).

Cell culture. Human embryonic kidney cells (HEK293; American Type Culture Collection [ATCC],
Manassas, VA, USA) were employed as model cells since they are epithelium adherent, like normal human
keratinocytes, but much easier to handle. HEK293 cells were grown in DMEM supplemented with fetal
bovine serum (5%), horse serum (5%), and penicillin and streptomycin (1%) and kept in a thermoregu-
lated incubator at 37°C with 5% CO2. To evaluate viability, cells were plated at a concentration of 30,000
cells/well and used after reaching 80% confluence.

Photoprotective activity. In order to investigate the cytotoxic effects of UV-B irradiation on HEK293
cells, and the photoprotective properties of xerocomic acid, cell viability was evaluated using an MTT
assay, which reflects cellular metabolic activity. A modified protocol from previous work was used (55).
Two microplates per assay were prepared to evaluate the photoprotective activity of xerocomic acid. At
80% confluence, the medium was replaced by normal external solution (NES). The HEK293 cells were
treated with 0.05, 0.1, 0.2, and 0.4 mM xerocomic acid in DPBS and incubated for 30 min. One of the
microplates was irradiated with 0.12 mW/cm2 using a UV-B broadband TL fluorescent lamp (Philips TL
20 W/12 RS SLV) for 1 min, and then the lamp was turned off for 5 min; this was repeated three times.
The lamp was positioned 35 cm from the microplate, and the absorbance was recorded after 4 h. The
second microplate containing the xerocomic acid was incubated in the dark during the entire experi-
ment. It was not exposed to UV-B and was considered a negative control. In one microplate, NES was
replaced by DMEM supplemented with 10% fetal bovine serum �-carotene as a positive control. Cellular
viability was determined by the MTT assay.

Cell viability assay. Cell viability was assessed on the HEK293 cell line (74). The xerocomic acid was
tested for in vitro cytotoxicity, using HEK293 cells, by an MTT assay as previously described (75). Briefly,
cultures were incubated with MTT (5 mg/ml) for 30 min. The precipitated MTT was then dissolved using
isopropanol for 15 min. The absorbance was measured in a NOVOstar microplate reader (BGM, Germany)
at 570 nm for the different experimental conditions, and the viability percentage was calculated as
follows:

%Viability of cells �
(absorbance of sample � absorbance of blank)

(absorbance of control � absorbance of blank)
� 100

Statistical analysis. The effect of UV-B treatments on growth rates (mm/day) was evaluated by
one-way analysis of variance (ANOVA). Tukey’s honestly significant difference test was employed. The fit
to a normal distribution was confirmed via the Shapiro-Wilk and Levene tests. All analyses were
performed using the software GraphPad Prism (GraphPad, CA, USA).

Accession number(s). The DNA sequence for S. himantioides was deposited in GenBank under
accession number MK694772.
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