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ABSTRACT: Grifola gargal Singer and Grifola sordulenta (Mont.) Singer mushrooms are related to Grifola fron-
dosa (Dicks.) Gray, which is well known for its medicinal properties. /n vitro studies were performed to find a
useful guide for optimizing the environmental parameters through biotransformation of lignocellulosic materials and
basidiome development, also considering secondary metabolism-related responses (SMRRs) associated with these
processes and the variability among species and strains; this optimization is necessary to make the mushroom’s indus-
trial cultivation profitable. Morphological features of mycelial cultures revealed that intraspecific variability was of
taxonomic relevance. A low ligninolytic capacity in studied Grifola species was observed when compared with 2
control species: G. frondosa and Ganoderma lucidum. Experiments with nutrient media containing different carbohy-
drate sources indicated that G. gargal mycelia grew better in xylulose and G. sordulenta, in xylulose or cellulose; in
addition, the latter species presented cellobiose dehydrogenase activity. An additional study of SMRRs under different
light conditions (aroma, pigmentation, and morphogenic manifestations) showed that white light was better than blue,
green, or red-filtered light at inducing advanced SMRRs. The results of SMRR stimulation are proposed as useful
guidance for optimizing the environmental parameters for bioprocesses aimed at metabolite production.

KEY WORDS: agar cultures, Andino-Patagonian forests, Grifola, growth differentiation, medicinal and edible
mushrooms

ABBREVIATIONS: CDH, cellobiose dehydrogenase; DCPIP, dichlorophenolindophenol; LiP, lignin peroxidase;

MYPA, malt yeast peptone agar media; SMRR, secondary metabolism-related response

I. INTRODUCTION

Grifola gargal Singer and Grifola sordulenta (Mont.)
Singer (Meripilaceae, Agaricomycetes) mushrooms
have recently been receiving much attention because
of their nutritional content' and their medicinal prop-
erties, including a hypotensive response'; antioxidant
activity?; antioxidant activity in biotransformed wheat
grains, mycelia, and basidiomes**; anti-inflammatory
activity’; amelioration of atherosclerosis®; and anti-
genotoxic properties in biotransformed wheat grains,
mycelia, and basidiomes.” As expected, this new evi-
dence of their medicinal potential was followed by
research on different forms of cultivation.*!! The aim
of'this study was to describe the ligninolytic properties,
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the carbohydrate preferences, and the effect of medium
composition and light quality on the appearance of
secondary metabolism—related responses in the avail-
able strains of G. gargal and G. sordulenta.

Il. MATERIALS AND METHODS
A. Mushroom Sources

G. gargal strain CIEFAP #191 (hereafter referred to
as strain A) and G. sordulenta strain CIEFAP #154
were obtained from CIEFAP-CONICET. Two new
strains (B and G9) of G. gargal were isolated during
field trips undertaken at Lake Lacar (Lanin National
Park, Argentina). Two polypore white-rot fungi
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were used for comparison purposes: Grifola fron-
dosa (of Taiwanese origin, donated by Mushworld,
South Korea) and Ganoderma lucidum strains E47
(Guelph University, Guelph, Ontario, Canada) and
S (Fungi Perfecti, Olympia, WA). The latter species
were considered as positive controls for ligno-
cellulolytic activity and for an appropriate response
to environmental stimulation.'®!> Unless otherwise
specified, the malt yeast peptone agar (MYPA)
medium was used as the growth culture, according
to Postemsky et al.’

B. In Vitro Evaluation of Ligninolytic
Activity

Petri dishes containing MY PA medium in the pres-
ence or absence of gallic acid (5 g/L; Sigma), tannic
acid (5 g/L; Fluka), Poly R-478 (polyvinylamine
sulfonate anthrapyridone, 0.2 g/L; Sigma-Aldrich),
and Azure B (trimethyl thionin, 15.3 g/L; Sigma)
were used for studying the ligninolytic activity, as
described by Levin et al."* Mycelia colony diam-
eters and reactions producing changes in their halos,
together with the secondary metabolism-related
responses (SMRRs) in the mycelia, were recorded
weekly. “Initial SMRRs” include exudates, aroma,
pigmentation, and morphogenic manifestations
in the surface appearance (e.g., pores), whereas
“advanced SMRRs” are aggregated mycelia, pri-
mordia, and lamellae.

C. In Vitro Evaluation of Carbohydrate
Utilization

Basal medium contained in Petri dishes was pre-
pared with 1.7% agar, 0.5 g/LL MgSO,-7H,0, 0.2
g/LMnSO,-5H,0, and 4 g/L asparagine; a mineral
micronutrients complement described by Murashige
and Skoog!* was added separately with 1 g/L of
carboxymethylcellulose, soluble starch, pectin, or
xylulose. Cellobiose dehydrogenase (CDH) activity
was tested by bleaching dichlorophenolindophenol
(DCPIP; 0.015 g/L; Sigma), using sucrose as the
carbon source (10 g/L). Incubation was carried out
in darkness (18 = 1°C). At the end of the trial, the
cellulose utilization was revealed by spraying an
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aqueous solution of 0.3% Congo red; after washing
with 1 N sodium chloride, the halo was measured.
Xylulose, pectin, and starch utilization were dem-
onstrated using the same protocol but ended with
an aspersion of 1% sodium triiodide solution. Data
recorded were the same as those determined for lig-
ninolytic activity (see Section I1.B).

D. Biological Responses to Light

G. gargal (strains A and B) and G. sordulenta were
cultivated in vitro in a growth chamber under con-
trolled temperature, humidity (90%), and photoperiod
in an attempt to mimic natural conditions for the pro-
duction of basidiomes. Temperature cycles of 17°C
(17 hours) and 19°C (7 hours) in darkness were used
to promote vegetative mycelial growth. After full col-
onization (22 days), the temperature was reduced to
5°C for 36 days. Afterward, the experimental units (n
= 6-7) were placed under different light treatments
(white, blue, green, and red light) and a control (dark).
Lights of the colors of the main wavelengths were
used to discriminate the presence of blue, green, or
red receptors; positive responses under dark treatment
indicated that there was no strict receptor requirement
for producing the advanced SMRRs. To do this, either
light irradiation from fluorescent tubes (Philips TLD
36W/54) was used directly (white-light treatment),
or white light was filtered using 4-mm-thick colored
acrylic sheets (Plexiglas). To find the color band
emitted by these materials, an absorption spectrum
was obtained using a spectrophotometer (Pharo 300;
spectral data are available upon request). The photo-
synthetically active radiation was determined using
LICOR equipment and resulted in 4 pmol m2s™" in
the white, 2 pmol m™ s™!in the blue, 3 pmol m2s™!
in the green, and 2 pmol m 2 s 'in the red bands. We
used a thermo-photoperiod comprising 12°C for 10
hours during the day and 2°C at night. Mycelia grow-
ing in agarized media contained in Petri dishes were
grown under these conditions for 34 days, after which
colonies under the same conditions were opened for
ventilation once a week during an additional 3-week
period.

Data were recorded weekly as the number
of colonies presenting either initial or advanced
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TABLE 1: Mycelia Growth in Cultures of Grifola gargal and Grifola sordulenta in Different Phenolic and Dye-
Containing Media

Species and Growth Days (n) to Reach Maximum Mycelial Age of the Crop (Days) at
Strain 5-cm Colony Diameter* Growth Rate (mm/Day) Maximum Growth Rate
M G T A P M G T A P M G T A P
Grifola gargal
Strain A 13Ba 20Bab 38 Cc 21Cb 17Aab 47 28 14 32 36 18 15 58 25 25
Strain B 15Ba 28Cc 62Ed 25Dbc 19Ba 43 19 07 24 30 18 30 58 37 30
StrainG9 14Ba 24BCb — 18BCab17Ba 46 22 — 34 35 8 256 — 25 1
Grifola 14Ba 26BCc 49Dd 21Cb 17Ba 41 25 15 30 32 18 11 58 25 25
sordulenta
Grifola 14Ba 30Cc 24Bb 17Ba 19Bab 36 18 21 29 28 18 7 30 11 15
frondosa
Ganoderma
lucidum
Strain E47 5Aa 9Ab 12Ac 6Aa 6Aa 89 56 47 79 78 15 48 25 25
Strain S 6Aa 9Aab 12Ab 7Aa 7Aa 86 48 44 80 76 7 15 58 25 25
Standard errors (SEs) were calculated with the formula SE,,, = (MS__ /ni)*; SEs for rows (in descending order for each species

error

and strain) were 2.3, 1.8, 1.7, 1.2, 1.4, 0.6, and 0.9; SEs for columns (for M, G, T, A, and P, respectively) were 1.7, 2.1, 1.7, 1.1,
and 1.0. Grifola frondosa and Ganoderma lucidum species (E47 and S strains) were included for a growth-performance comparison.
*Capital letters in columns represent the least squares difference (LSD) of the Fisher exact test between species for the same
media culture. Lowercase letters in the rows represent the LSD of the Fisher exact test between media cultures of the same strain.
Statistical significance is a = 0.05. A, Azure B; G, gallic acid; M, malt yeast peptone agar (control); P, Poly R-478; T, tannic acid.

SMRRs at each stage of growth: vegetative growth,
cold-shock induction, and light treatments.

E. Data Analysis

The mycelial growth rate data were subjected to
1-way analysis of variance, and the differences
were analyzed with the Fisher least significant dif-
ference test (. = 0.05) using Infostat software.'
The maximum mycelium growth rate corresponded
to the inflection point of the growth curve. The >
test and the Fisher exact test (a = 0.05), according
to Lowry,'® were used to compare the number of
experimental units between treatments presenting
initial and advanced SMRRs.

lll. RESULTS AND DISCUSSION

A. In Vitro Evaluation of Ligninolytic
Activity

Table 1 shows the growth characteristics of mycelia
in media containing phenolic and dye compounds.
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Figure 1 shows representative images of the myce-
lial colonies. The time needed for the colonies to
reach a 5-cm diameter in MYPA medium (control)
did not differ between species and strains of Grifola
spp., with maximum mycelia growth rates of 3.6
and 4.7 mm/day. Under the conditions used, a sin-
gle dose of gallic acid reduced the mycelial growth
rate, except in G. gargal strain A and G. lucidum
strain E47; whereas a single dose of tannic acid
reduced the growth rate in all strains. Mycelia of
both G. gargal (strain B) and G. sordulenta began
to grow exponentially 40 and 35 days after inocula-
tion, respectively. Moreover, in both the G. gargal
and the G. sordulenta colonies, in the presence of
Poly R-478 and Azure B there was a lag in the time
required to reach a 5-cm diameter, suggesting that
these strains and species had to adapt their metabo-
lism to thrive when these chemicals were used as
recalcitrant compounds.

Thus, the time needed to obtain the maximum
mycelium growth rate reveals the period of adap-
tation of the mycelium to new substrates. Indeed,
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FIG. 1: Representative images of Grifola gargal and Grifola sordulenta growing in different phenolic and dye-contain-
ing media. Media are malt yeast peptone agar (MYPA), gallic acid medium (G), tannic acid medium (T), poly-R478
(P), and Azure B (A). Incubation times were either 28 days (MYPA medium) or 18 days (phenolic media, Poly-R478,
and Azure B media). A better view of media discoloration is shown in photographs taken from the bottom side of

cultures at 46 days, marked with “(b).”

under the same culture conditions, the mycelia
growth rates were considerably faster in G. frondosa
and G. lucidum, which showed their higher ligni-
nolytic capacity; this was in good agreement with
the reported performance of the biodegradation of
lignocellulosic materials.'®!'>!”!8 On the other hand,
G. gargal and G. sordulenta were able to grow at
lower temperatures despite less ligninolytic activity,
which is an interesting trait to know about during the
cultivation of these medicinal mushrooms in cold

climates.!®!" Table 2 presents traits of the biotrans-
formation abilities and the presentation of initial
SMRRs. G. gargal strains presented a lower bio-
transformation rate than the 2 strains of G. lucidum;
this was revealed by the halos of discoloration in
the gallic acid—enriched media (G. frondosa and G.
sordulenta did not produce any halos).

The subsequent fading process took place
between 30 and 46 days in different ways: centrifu-
gally (G. gargal strains A and B, G. sordulenta, and
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TABLE 2: Biotransformation Ability and Secondary Metabolism—Related Responses Evaluated in Cultures of

Grifola gargal and Grifola sordulenta

Species and Biotransformation of Phenolic and Dye-Containing Media Initial SMRR
Strain
Maximum Age of Crop Age at Fading Discoloring Exudates Aggregates
Rate of Halo (Days) at (Days) Direction (Days) (Days)
Diffusion Maximum
(mm/Day) Halo
Diffusion
G T G T G T AP GTAP MGTA AP MGTA AP
Grifola gargal
Strain A 5.3 5.5 1 7 46 58 30 37 CFNPCFCF — — — — 60 60 — — 60 —
Strain B 4.8 4.5 1 7 30 — 37 37 CF — CF NP — 60 — 46 46 58 37 — 51 37
Strain G9 5.6 4.0 15 7 - — 373%% — — CFCF — 60 — — — — — — 60 —
Grifola — — — — 37 — 37 30 CF — CFNP — 88 — — — — — — — —
sordulenta
Grifola — 6.7 — 7 46 37 37 37 CF NP CF NP 60 256 58 — — — — — — —
frondosa
Ganoderma
lucidum
Strain E47 8.9 5.9 37 37 37 37 NPNPCPCP — — — 58 — — 37 — — —
Strain S 74 6.6 7 7 30 30 37 30 CP NP CP NP 58 — 58 46 — 60 — — 58 —
A, Azure B; CF, centrifugal; CP, centripetal; G, gallic acid; M, malt yeast peptone agar (control); NP, no appreciable pattern; P,

Poly R-478; SMRR, secondary metabolism-related response; T, tannic acid.

G. frondosa); centripetally (G. lucidum strain S),
and across the entire surface without any defined
pattern (G. lucidum strain 47).

With regard to the culture media containing
tannic acid, changes in the color of almost all spe-
cies was considered to be a trait derived from the
presence of phenoloxidases.!*?° G. gargal strain G9
did not grow in this medium, but a halo of color-
ation spread up from the site of inoculation to the
margin of the agar-based culture media, possibly
as a result of the enzymes released from the initial
inoculum—for example, laccase enzymes, which
have been described in previous studies. '

The discoloration process began between 30
and 37 days in G. frondosa and G. lucidum cul-
ture media; it began close to the end of the trial
(day 58) in G. gargal strain A—the one with the
best response in this media. Fading did not occur
in G. gargal strain G9, which did not grow; this
may indicate that fading activity could be controlled
by an enzyme generated de novo that was absent
in the inoculum. The weak growth responses in
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tannic media observed in strains A and B are con-
sistent with previous descriptions of other strains of
G. gargal®

Discoloration of the medium containing Poly
R-478 reveals the activity of ligninolytic enzymes,
that is, laccases, manganese peroxidase, lignin per-
oxidase (LiP), and Azure B medium, which is a good
indicator of the LiP enzyme.'* The discoloration pro-
cess occurred just a week before the observation of
initial SMRRs (day 37). All species tested showed LiP
activity (revealed by Azure B) with different extents
of discoloration. Discoloration occurred centrifugally
in Grifola spp., whereas in the 2 strains of G. lucidum
it occurred centripetally. Concerning the initial
SMRRs, G. gargal strains showed a greater quan-
tity of aggregates, and those of G. lucidum showed
a higher quantity of exudates (Table 2). Finally, all
fungal species and strains grew rapidly in the Poly
R-478 medium. Furthermore, the discoloration time
in cultures with Poly R-478 and Azure B was consis-
tent, supporting the idea that the same active enzyme
occurred in both dye-supplemented cultures.
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B. In Vitro Evaluation of Carbohydrate
Utilization

The study of the most beneficial carbohydrate for
promoting mycelial growth used low concentrations
to obtain a better contrast of the revealed halos of
biodegradation. These preliminary evaluations
showed that G. gargal strain A used starch and
xylulose better, whereas pectin caused more growth
retardation; pectin was, however, the media in which
both strains of G. gargal showed a mycelium with
an apparently denser growth (Table 3). G. gargal
strain B showed the highest rate in the culture media
with pectin and xylulose. The medium with DCPIP
gave a negative result when detecting CDH in both
strains of G. gargal. Working with other strains of
G. gargal, Paredes-Leal®! detected the enzymatic
activity of amylase, cellulase, and urease; lipase and
protease activity was absent.

Cultivation of G. sordulenta in culture media
containing cellulose and xylulose showed the best
responses in mycelial growth rate and in apparent
mycelial density—even more than for G. frondosa
and G. gargal. The formation of an orange halo,
a product of the degradation of the substrate by
CDH, was observed in the medium with DCPIP.
In addition, the presence of initial SMRRs was
associated with color change, suggesting that both
phenomena are related to the induction of secondary
metabolism, which occurs after the amount of easily
available nutrients decreases.

C. Biological Responses to Light

Certain ranges of light wavelengths can stimulate
or inhibit growth and/or SMRRs of the myce-
lium.?? Indeed, Basidiomycota phyla can sense
light through phytochromes, opsins, phototropins,
cryptochromes, and white-collar photoreceptors.
Some SMRRs described in medicinal mushrooms—
for example, Pleurotus ostreatus, Lentinus edodes,
Grifola frondosa, and G. lucidum—include differ-
entiation of vegetative cells, expansion of pileus
growth, and pigmentation of basidiomes.?*?’
Table 4 shows initial and advanced SMRRs to
cold shock (temperature decreased from 18°C to
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5°C) when the colonization of the available surface
area of the nutrient medium was completed.

Before the light treatments were implemented
(after 59 days of cultivation), there were no SMRRs
in 37% of G. gargal experimental units and in 42%
of the G. sordulenta units. In higher Basidiomycetes,
cold shock (among other factors such as nutrient
reduction and age of the culture) produces physi-
ological disturbances that modulate the mycelium
transition from a vegetative to a reproductive state,
and although there were no visible changes in any
experimental units here, it is likely that all fungal
cells induced by cold shock initiated morphogenic
differentiation.

In G. gargal cultures, all light treatments gener-
ated initial and advanced SMRRs. The SMRRs to
light in the 2 strains of G. gargal were greater when
using white light. Nevertheless, they only differed
statistically from those resulting from green light.
With regard to G. sordulenta, no differences were
found between dark or light treatments when com-
paring the number of experimental units presenting
initial SMRRs; however, differences were found
when comparing the advanced SMRRs. Primordia
were observed only after treatments with white and
blue light.

In both species, a lamellar formation emerged
from a mature mycelium on the perimeter of the col-
ony adjacent to the edge of the Petri dish, which at
this stage is interpreted as a response to the gaseous
microclimate being favorable for their induction
(i.e., lower CO, and higher O, concentrations). The
most notable effect was produced with red light on
G. gargal and with white light on G. sordulenta.

Both species had biological SMRRs in the
absence of light, indicating that light is not an indis-
pensable factor for differentiation. It should also be
noted that no phototoxicity symptoms developed
under experimental conditions. Conversely, under
prolonged exposure to white light, the proportion of
SMRRs increased. Even so, there were striking and
unexpected responses; for example, in terms of the
uniformity of responses to the same treatment, some
experimental units had colonies showing a marked
response to light, whereas others did not produce
that kind of response.
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TABLE 4: Secondary Metabolism—Related Responses During the Vegetative Growth Phase and to Cold Shock
and Light Treatments in Grifola gargal strains A and B and in Grifola sordulenta

Treatment Grifola gargal Grifola sordulenta
Strain N No Initial SMRR Advanced SMRR N No Initial SMRR (%) Advanced SMRR
SMRR (%) (%) SMRR (%)
(%) (%)
Ex Ar Pigm Po Agr Lam Lam Prim Ex Ar Pigm Po Agr Lam Lam Prim
P C P C

Vegetatve A 30 57 48 — — — — — — — 3 46 18 — — — 685 — — —
growth B 30 57 43 — — — — — — _

Cold A 3 37 63 — — — 10 — — — 33 42 58 — — — 24 — — —
shock B 30 37 63 — — — — — — _—

White light A 6 0 100 17 100 — 100 100 — 100 6 0 100 — 17 — 67 100 50 83
B 6 0 33 — 83 33 17 83 — 33

Bluelight A 6 0 83 — 100 33 50 100 — — 7 0o 71 14 — 14 100 86 — 43
B 6 0 83 — 83 67 67 83 — 33

Green A 6 0 83 33 33 100 33 100 — — 7 0 71 29 — 86 100 100 29 —
light B 6 0 100 50 — 8 50 67 — —

Red light A 6 O — 33 33 50 83 67 67 — 5 0 100 20 — 100 100 100 — —
B 6 0 50 50 — 83 33 33 33 17

Dark A 6 33 — 50 — 50 33 50 17 17 7 29 14 43 43 43 29 — — —
(control) B 6 100 — 83 — — _— _ _ _

N indicates number of samples. Agr, aggregates; Ar, almond aroma; Ex, exudates; Lam C, central lamellae; Lam P, perimetric
lamellae; Pigm, pigmented mycelium; Po, pigmented pores; Prim, primordia; SMRR, secondary metabolism-related response.

The genomic study of fungi in combination
with new molecular biology tools will allow deeper
insight into the photobiological phenomena in the
fungi kingdom; such knowledge may have important
practical implications in both mushroom cultivation
and in obtaining useful metabolites such as certain
nutraceutical, cosmetic, and flavoring compounds.?

IV. CONCLUSIONS

The macroscopic and microscopic characteristics
of G. gargal and G. sordulenta cultivated in nutri-
ent agar and the variability found among strains
was described and compared. /n vitro studies using
different nutrient media revealed some traits of the
ligninolytic enzymatic activity and preferences of
the principal carbohydrate sources in G. gargal and
G. sordulenta. In the study of in vitro SMRRs, meta-
bolic changes were detected in the physiological

phases under different light conditions. The results
obtained in this study will help to guide the optimi-
zation of bioprocesses for the production of mycelia
and/or mushrooms with medicinal properties, as
well as secondary metabolites, through submerged
or solid-state fermentations.
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