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ABSTRACT
Use of nanoparticles (NPs) in several commercial products has led to emergence of novel
contaminants of air, soil and water bodies. The NPs may exhibit greater ecotoxicity due to
nano-scale dependent properties over their bulk counterparts. The present investigation
explores the effect of in vitro supplementation of TiO2, silica and silver NPs on radial growth
and ultrastructural changes in the hyphae and spores of two mushroom genera, Ganoderma
lucidum and Volvariella volvaceae. A concentration dependent decrease in radial growth on
NP amended potato dextrose agar medium was recorded. However, in comparison to con-
trol, there was decrease in radial diameter on supplementation with TiO2 NPs while an
increase was recorded for silica and silver NPs amendments as compared to their bulk salts
at same concentrations after 48h of incubation. Optical microscopy studies showed decrease
in the number of spores while increase in spore diameter and thinning of hyphal diameter
on NPs supplementation. Scanning electron microscopy analysis of fungal growth showed
presence of deflated and oblong spores in two fruiting strains of Ganoderma while
Volvariella exhibited decreased sporulation. Further, hyphal thinning and branching was
recorded in response to NP amendments in both the test mushrooms. Enhancement of pro-
tein content was observed on NP compared to bulk supplementation for all cultures, con-
centrations and hours of incubation except for TiO2 NPs. Likewise, bulk and NP
supplementations (at 100mg L�1) resulted in enhanced laccase activity with occurrence of
laccase specific protein bands on SDS-PAGE analysis.
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1. Introduction

Nanoparticles (NPs), 0-D nanomaterials (NMs),
have potential applications in electronics and com-
mercial products, including imaging and medical
apparatus [1], fabrics and cosmetics [2,3]. Most NPs
that are currently in use are of transition metals,
silicon, carbon (CNTs), and metal oxides (zinc diox-
ide and titanium dioxide) [4]. Among these, the
major commercial applications include the use of
photocatalytic titania NPs for fabricating self-clean-
ing window panes and other construction materials,
silver NPs (AgNPs) in home appliances, paints, tex-
tiles and personal care products [1,5] and silica NPs
for development of novel construction materials, in
pharmaceutics and in energy and electronics [6].
This has culminated to release of these NPs in the
open, dynamic systems like air, soil and water eco-
systems. The environmental exposure on release of
these novel materials may result in myriad of inter-
actions in air, soil, or aquatic ecosystems leading to

cascade of detrimental impacts. For instance, TiO2

is chemically stable in dark but absorbs in UV
region of EM spectrum inducing some chemical
reactions due to photocatalytic properties [7].
Similarly, nanoscale silicon exhibits unique size-
dependent optical properties (multi-colour emission,
non-photobleaching characters), are amenable to
surface functionalization [6] and exhibit interaction
with biological molecules in comparison to semi-
conductor nanoparticles [7]. It is, therefore, desir-
able that the environmental risks posed by NPs due
to their aberrant mobility and reactivity and thus
nano-ecotoxicity aspects must be determined using
effective quantitative analytical methods [8].

Microorganisms are one of the most sensitive
group of unicellular to multicellular organisms that
can be utilized as the indicators for assessing the
ecotoxicity of the xenobiotics. Among these, group
fungi are comprised of multicellular filamentous
microbes and include basidiomycetes encompassing
several mushroom species. The mushrooms are key
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scavengers which play unique and prime role in
geochemical recycling of the elements [9] and there-
fore, can be a potential candidate to assess the eco-
toxicity impacts of the nanomaterials. Alteration in
the physiology and metabolism showcased as mor-
phological changes in these fungi in presence of
transition/heavy metal/non-metal/metal oxide salts
and their nanoparticles can be useful to interpret
extent of toxicity of engineered NPs. The exposure
to heavy metal in ionic form or their NPs may alter
the total protein content and enzyme profile besides
initiating expression of novel stress-signalling, -com-
bating or -neutralizing proteins on exposure [10,11].

Here, we have tested the response of two mush-
room fungi, Ganoderma lucidum (Order
Polyporales) and Volvariella volvaceae (Order
Agaricales) belonging to two different orders and
families. G. lucidum, Lingzhi or Reishi mushroom
(of pharmaceutical significance in oriental medi-
cine), voraciously grow on wood logs [12] while the
genera Volvariella is an edible paddy straw mush-
room which possesses both nutritional and medi-
cinal properties. Due to their preference for a
lignocellulose substrate, both genera exhibit greater
lignocellulase activities and decompose decayed
wood and paddy straw substrates, respectively. The
lignocellulolytic activity involves “laccase (EC
1.10.3.2)” enzyme which permits depolymerization
of highly polydispersed polyphenolic lignin to small
compounds [13]. The versatility of the laccase
enzyme complex mandates its environmental appli-
cation including agri-waste management and decon-
tamination of cyclic organic xenobiotics. Therefore,
these two fungi have a brighter potential for success
in bioremediation due to their bioprospecting prop-
erties. The aim of this study was to investigate the
growth rate, ultrastructural changes in the hyphae
and spore besides the biochemistry particularly pro-
tein content of G. lucidum and V. volvaceae in
response to bulk salt and nanoparticle stress of
titanium, silver and silicon elements. However, a
broader objective was to observe the tweaking of
expression of the laccase enzyme or other related
proteins with application of bulk and nano-scale
formulations of the three test elements.

2. Materials and methods

2.1. Chemicals

The prepared media, potato dextrose agar was pur-
chased from Hi-Media Laboratory Chemicals Pvt.
Ltd, Mumbai, India. The commercial titania (TiO2),
silica (SiO2) and silver (Ag) nanoparticles were pur-
chased from Sisco Research Laboratory Pvt. Ltd.,
Mumbai, India.

2.2. Microbial cultures

The microbial cultures, G. lucidum (two each of
fruiting [GL-I and GL-II] and non-fruiting strains
[GL-III and GL-IV]) and V. volvaceae were pro-
cured from the Mushroom Research Complex,
Department of Microbiology, Punjab Agricultural
University, Ludhiana, Punjab, India. These were
maintained on potato dextrose agar (PDA) medium
at 30 �C± 1 �C.

2.3. Culturing conditions and stereomicroscopy

The PDA media were supplemented with bulk salts
of Titanium, silver and sodium besides the aqueous
nanoparticle sols of titanium dioxide, silver and sili-
con dioxide at five different working concentrations
of 0, 25, 50, 75 and 100mg L�1. The plated medium
was inoculated with a 5mm mycelium disk punched
from fresh culture and incubated at 30 �C± 1 �C for
four days. The colony growth or the radial diameter
was measured using Macroviewer (Leica MZ 60,
Wetzlar, Germany) equipped with CCD camera
(Leica DFC290) at four different time intervals, i.e.,
24, 48, 72 and 96 h of incubation.

2.4. Optical research microscopy

The mycelial growth scrapped from agar media after
96 h of incubation was stained with lactophenol cot-
ton blue stain. The fungal growth was placed on a
clean glass slide. A drop of the lactophenol cotton
blue stain was placed on the slide. Using a sterilized
needle, the fungal growth was teased and the cover
slip was placed cautiously avoiding insertion of any
air bubble. The prepared slides were observed for
the number and shape of spores and spore and
hyphal diameter at 200X and 400X magnifications
using optical research microscope (Leica DM5000B).

2.5. Scanning electron microscopy

The fungal biomass/hyphae were processed for SEM
studies by chemical fixation using 2.5% cacodylate
buffered glutaraldehyde as primary fixative at 4 �C
for 24 h [14]. The hyphal biomass was then washed
with 0.1M cacodylate buffer thrice for 15min each
at 4 �C to wash off the primary fixative. Secondary
fixation was performed with 1% osmium tetraoxide
for 2 h at 4 �C. The excess secondary fixative was
washed with 0.1M cacodylate buffer three times for
15min each at 4 �C. Later, the hyphal biomass was
dehydrated using graded ethanol series (30%–100%)
for 10min each followed by drying in Critical Point
dryer (Polaron 3000E, East Sussex, United
Kingdom). The dried samples were placed on alumi-
num stub using double sided carbon tape and
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sputter coated with gold in Ion Sputter coater
(Hitachi E-1010; Hitachi, Tokyo, Japan). The sput-
tered samples were viewed under SEM (Hitachi s-
3400N; Hitachi, Tokyo, Japan) at 15 kV accelerating
voltage in secondary electron (SE) analysis mode.

2.6. SEM-Energy dispersive spectroscopy

The SEM-EDS was performed to ascertain the pres-
ence of Ti, Si and Ag elements on the surface of the
hyphae by using EDS module (Thermo Noran
System Six; Thermo Fisher Scientific, Walthum,
MA, USA) attached with SEM. The hyphal biomass
was processed as discussed above. The EDS analysis
was performed in whole surface spectra and point
and shoot spectra modes. The latter involved taking
10–15 regions/points of interest on the surface to
obtain % atom and % weight occurrence of elements
on the sample surface.

2.7. Total soluble protein content of the test
mushroom cultures

The effect of the test culture(s)-nanoparticle inter-
action on the total soluble protein content was
determined using standard Lowry’s method [15].
The mycelia growth of hyphal cultures (G. lucidum
four strains and V. volvaceae) was scrapped from
the agar surface and then crushed in liquid nitrogen
using sterilized pestle mortar. The extract obtained
was mixed with phosphate buffer, precipitated with
chilled acetone and was used for estimation of the
protein content.

2.8. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

The SDS-PAGE of the crude proteins was per-
formed in polyacrylamide gel to fractionate proteins
according to their molecular weight by using mass
standard. This will be a useful indicator to help in
determining the similarity between strains of fun-
gus [16].

2.9. Laccase enzyme activity

Laccase estimation was carried out as per the
method of [17] with some modifications [18]. One
mL of enzyme extract was added to 3mL of buf-
fered guaiacol in spectrophotometer cuvette, mixed
and tube was placed in UV-Vis spectrophotometer
(SL-159, ELICO Ltd., Hyderabad, India) immedi-
ately. Change in absorbance was recorded for every
15 s upto 120 s at 495 nm. The constant change in
absorbance was plotted for laccase activity. An
increase in OD by 0.01 in 60 s was taken as one
unit. Enzyme activity was expressed as unit/mL cul-
ture filtrate or units/mL enzyme extract.

2.10. Statistical analysis

The data was subjected to analysis of variance
(ANOVA) using generalized linear model procedure
of SAS (Version 9.2; SAS Inst., Cary, NC, USA).
The two mushroom genera, concentration of the
chemical/NP formulation used and hours of incuba-
tion were analyzed as per the split plot design [19].
The treatment differences were determined using
Fisher’s protected LSD method at p� 0.05.

3. Results

3.1. Effect of titanium, silicon dioxide and silver
NPs on radial growth

The stereomicroscopy studies on radial hyphal
growth of the mycelium of the four strains of G. luci-
dum and one strain of V. volvaceae grown on PDA
medium supplemented with bulk salts and NPs of Ti,
Si and Ag at five different concentrations (0, 25, 50,
75 and 100mg L�1) (Table 1) were conducted. The
different concentrations of the bulk/nano-formula-
tions supplemented in PDA media had caused statis-
tically non-significant increase/decrease in the radial
growth of the five test cultures except for silver
nitrate and sodium silicate (bulk salt sources). The
hours of incubation affected the radial growth of the
test cultures for all the three types of bulk salts and

Table 1. Analysis of variance for concentrations, hours of incubation and different sources for the radial growth of test
mushroom cultures.

Source Degree of Freedom

p-value

Ti Bulk TiO2 NP AgNO3 Bulk Silver NP Sodium silicate Bulk Silica NP

Cultures 4 <0.0001 0.1514 0.4818 0.9397 0.3161 0.2542
Error a 4
Concentrations (Concs) 4 0.2513 0.8346 <0.0017 0.5053 <0.0001 0.9352
Culture�Concs 16 <0.0001 0.4856 0.8076 0.9945 0.4299 0.5775
Error b 20
Hours of incubation 3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Culture�hours 12 <0.0001 0.0660 0.4828 0.2265 0.8080 0.0094
Concs�hours 12 <0.0001 0.0005 <0.0001 0.0003 <0.0001 0.0016
Culture�Concs�hours 48 <0.0001 0.9986 1.0000 1.0000 1.0000 0.9999
Error c 75

Bold values indicate the probability values for level of significance of sources of variation.
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NP amendments used. Several interactions also
affected the radial growth of test fungi with respect
to bulk and nanoformulation amendments. The bulk
salt supplementation of Ti element exhibited a dual
interaction for culture� concentration, Ti (bulk) and
Si NPs for culture� hours besides all amendments
exhibited concentration� hours interactions. Only Ti
(bulk) source exhibited triple interaction for
culture� concentration� hours.

A variable response was recorded for the fruiting
and non-fruiting strains of G. lucidum on Ti bulk
salt supplementation in PDA media (Table 2,
Supplementary Figure 1). A numerical decrease in
radial growth diameter was observed for GL-I at 24,
48 and 96 h of incubation for 75, 25 and 100mg
L�1 working concentrations. However, the other
fruiting strain, GL-II exhibited numerical decrease
till 4th day of incubation while a numerical increase
in diameter was observed post 48 h of incubation
for 50, 75 and 100mg L�1 amendments. The non-
fruiting strains (GL-III and GL-IV) behaved quite
differently among each other. A numerical decrease

was recorded till 3rd and 4th day of incubation at
25, 75 and 100mg L�1 respectively for GL-III while
a numerical increase till 96 h of incubation was
recorded in 100mg L�1 treatment for GL-IV. A
statistically higher radial diameter was observed for
25 and 50, 75 and 100mg L�1 concentrations at 72
and 24 h of incubation, respectively, for V. volva-
ceae. Highest increase in radial diameter was
observed for TiO2 NPs at 100mg L�1 for GL-I,
75mg L�1 for GL-III and Volvariella for 25mg L�1

working concentrations post 4th day of incubation
(Supplementary Table 1). Similarly, GL-I and
Volvariella exhibited increased radial growth at
100mg L�1 concentration while GL-III at 25mg L�1

at 96 h of incubation while the radial growth of GL-
II and GL-IV was inhibited by AgNP amendment.
Silver nitrate bulk salt supplementation resulted in
decrease in the radial hyphal growth of all the five
test fungal cultures (Supplementary Table 2). The
silica NP supplementation decreased the radial
growth of GL-II, GL-IV and Volvariella in a concen-
tration dependent manner post 4 days of incubation.

Table 2. Effect of supplementation of five different concentrations of TiO2 bulk on radial growth of Ganoderma lucidum and
Volvariella volvaceae at every 24 h of incubation till day four.

Cultures
Conc

(in mg L–1) Hrs Mean (±) SE Cultures Conc Hrs Mean (±) SE Cultures
Conc

(in mg L–1) Hrs Mean (±) SE

GL-I 0 24 318.5 ± 44.7 GL-III 0 24 391.9 ± 6.9 Vol 0 24 301.3 ± 1.3
48 348.9 ± 53.6 48 631.3 ± 16.2 48 353.8 ± 26.2
72 530.7 ± 64.4 72 921.0 ± 17.9 72 736.3 ± 125.0
96 1024.0 ± 76.3 96 1437.1 ± 10.6 96 1147.8 ± 76.5

25 24 312.7 ± 10.2 25 24 383.8 ± 3.8 25 24 303.2 ± 5.7
48 345.1 ± 1.3 48 625.7 ± 3.2 48 314.5 ± 14.4
72 566.3 ± 2.5 72 930.2 ± 7.7 72 1195.3 ± 29.0
96 1043.9 ± 6.3 96 1441.5 ± 3.8 96 1197.8 ± 27.4

50 24 323.9 ± 1.3 50 24 403.2 ± 6.9 50 24 325.7 ± 5.6
48 380.7 ± 9.4 48 641.9 ± 0.6 48 325.3 ± 4.0
72 642.8 ± 10.0 72 926.3 ± 16.2 72 515.4 ± 19.8
96 1091.3 ± 15.0 96 1422.0 ± 18.1 96 875.8 ± 2.0

75 24 308.2 ± 5.7 75 24 390.7 ± 14.4 75 24 331.9 ± 1.9
48 402.5 ± 12.5 48 616.3 ± 15.0 48 316.3 ± 11.2
72 610.1 ± 17.5 72 910.1 ± 3.8 72 540.7 ± 18.1
96 1140.1 ± 13.7 96 1402.3 ± 0.4 96 933.8 ± 31.3

100 24 286.9 ± 13.1 100 24 419.5 ± 23.2 100 24 306.3 ± 0.0
48 339.4 ± 21.9 48 630.1 ± 15.0 48 303.2 ± 3.2
72 527.6 ± 11.2 72 920.0 ± 38.3 72 499.5 ± 68.1
96 1009.4 ± 20.6 96 1442.7 ± 76.2 96 1354.5 ± 97.0

GL-II 0 24 332.5 ± 12.5 GL-IV 0 24 404.3 ± 12.0
48 390.0 ± 30.0 48 610.7 ± 18.1
72 617.7 ± 33.8 72 929.4 ± 8.1
96 1113.3 ± 30.8 96 1457.5 ± 22.7

25 24 309.5 ± 3.2 25 24 404.4 ± 3.1
48 360.7 ± 26.8 48 515.1 ± 141.3
72 550.1 ± 46.2 72 916.3 ± 33.8
96 1031.3 ± 42.5 96 1434.7 ± 51.8

50 24 320.2 ± 8.6 50 24 419.4 ± 1.9
48 397.6 ± 20.0 48 603.8 ± 0.0
72 650.8 ± 70.6 72 912.0 ± 1.8
96 1153.9 ± 77.5 96 1465.2 ± 1.1

75 24 325.1 ± 7.6 75 24 410.8 ± 4.4
48 378.2 ± 6.9 48 582.5 ± 37.5
72 633.9 ± 10.0 72 940.2 ± 26.3
96 1136.4 ± 11.1 96 1519.0 ± 11.4

100 24 318.3 ± 6.9 100 24 405.7 ± 9.3
48 421.9 ± 1.9 48 615.7 ± 6.9
72 642.6 ± 38.8 72 973.8 ± 7.5
96 1133.8 ± 18.7 96 1510.7 ± 51.8
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However, the sodium silicate supplementation
decreased the radial hyphal growth for all the five
test cultures (Supplementary Table 3).

3.2. Effect of NPs on spore count and spore/
hyphae diameter

The optical research microscopy studies have
revealed the variable effect of supplementation of
NPs/bulk salts of Ti, Si and Ag on spore number,
spore and hyphal diameter of G. lucidum and V.
volvaceae cultures (Table 3). The highest number of
spores were reported in GL-II on supplementation
of SiNPs (97.0) followed by AgNPs (85.0). However,
the highest spore diameter was observed in GL-II
culture grown on TiO2 NP supplemented PDA
media (21.77 lm) while maximum hyphal diameter
was recorded for V. volvaceaeþTiO2 NPs treatment
(10.45 lm) (Table 3, Supplementary Figure 2). The
supplementation of both bulk and nanoparticle for-
mulations of the three elements resulted in forma-
tion of no spores in GL-III while negligible
sporulation was observed in GL-IV.

A numerical increase in the hyphal diameter was
recorded for all the cultures on supplementation of
NPs of TiO2, Si and Ag except GL-IV for Ag NP
amendment in contrast to their respective bulk salts.
However, gradual thinning of the hyphae was
recorded with respect to the respective control cultures
(Figure 1, Supplementary Table 4). Along with hyphal
thinning another morphological variation was
observed i.e., extensive branching of hyphae which
increased on NPs supplementation. Therefore, at
higher concentration, the networking of mycelia was
enormous which indicates a physiological alteration in
the fungal cells in the presence of NPs.

3.3. SEM-Energy dispersive X-ray spectroscopy
(SEM-EDS)

The SEM-EDS studies of the surface of the hyphal
mass showed difference in the % weight and %

atom composition of various elements. The charac-
teristic peaks appeared for the supplemented test
elements, Si (1.740 keV for Ka x-ray lines), Ag
(2.984 and 3.348 keV for La and Lb X-ray lines) and
Ti (4.510 keV for Ka x-ray lines). The higher %
atom occurrence of Si, and Ag and Ti was recorded
on NPs supplemented potato dextrose broth com-
pared to their bulk counterparts indicating specific
adsorption of NPs on hyphae (Table 4).

3.4. Total soluble protein content of the test
mushroom cultures

The total soluble protein content recorded after
96 h of incubation of the test mushroom cultures
in the presence of bulk salts as well as NPs was
observed to vary significantly (Table 5). All the
test cultures varied significantly on amendment
of the bulk and nanoformulations of the three
test elements except silver nitrate bulk salt treat-
ment. A significant variation in protein content
with respect to working concentrations was
recorded for test cultures for all the three element
amendments (both bulk and NP) (Supplementary
Figure 3). The dual interaction of cultur-
e� concentration was statistically significant for
Ti bulk and silver nitrate salt amendments. The
highest protein content was recorded for
Ganoderma GL-III in the presence of Ti bulk salt
at 100mg L�1 and GL-II in TiO2 NPs at 100mg
L�1 treatment (Supplementary Table 5).

Similarly, irrespective of the test cultures, sodium
silicate supplementation resulted in decrease in the
total hyphal protein content in a concentration
dependent manner except at 100mg L�1 working
concentration for GL-II culture. However, the silica
NPs supplementation resulted in drastic increase in
the total protein content with highest average con-
tent at 50mg L�1 concentration. The maximum
average protein content irrespective of the concen-
tration of the salt/NP supplementation was exhibited

Table 3. Effect of supplementation of bulk salts and nanoparticles of titanium dioxide, silica and silver on spore number,
spore and hyphal diameter of Ganoderma lucidum and Volvariella volvaceae.

Parameter

GL-I GL-II GL-III GL-IV V. volvaceae

Bulk NP Bulk NP Bulk NP Bulk NP Bulk NP

Titanium
No. of spores 3.0 ± 4.30 1.0 ± 4.30 17.0 ± 1.30 13.0 ± 1.07 0.00 ± 0.00 0.00 ± 0.00 1.00 ± 0.05 0.50 ± 0.01 15.0 ± 0.001 17.0 ± 0.50
Spore diameter (lm) 10.58 ± 1.68 11.45 ± 1.16 11.87 ± 1.23 21.77 ± 4.80 0.00 ± 0.00 0.00 ± 0.00 1.27 ± 0.11 0.37 ± 0.02 11.27 ± 1.35 3.82 ± 1.27
Hyphae diameter (lm) 4.71 ± 1.22 5.60 ± 0.58 4.85 ± 1.30 5.98 ± 1.00 4.17 ± 1.03 5.11 ± 1.37 2.50 ± 0.97 3.91 ± 0.50 7.31 ± 2.05 10.45 ± 3.29
Silicon
No. of spores 15.0 ± 7.02 35.0 ± 2.56 17.0 ± 1.75 97.0 ± 17.02 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.55 0.10 ± 0.15 2.0 ± 1.02 5.0 ± 3.74
Spore diameter (lm) 7.13 ± 1.68 8.61 ± 0.50 2.21 ± 0.31 1.72 ± 0.47 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.07 0.70 ± 0.04 3.47 ± 1.80 2.80 ± 0.76
Hyphae diameter (lm) 2.77 ± 1.06 4.66 ± o.74 2.73 ± 0.55 3.27 ± 1.03 3.04 ± 0.33 3.45 ± 1.09 3.27 ± 0.08 3.68 ± 0.05 5.93 ± 1.68 8.97 ± 1.12
Silver
No. of spores 45.0 ± 15.95 42.0 ± 10.05 22.0 ± 5.33 85.0 ± 22.55 0.00 ± 0.00 0.00 ± 0.00 1.0 ± 0.05 1.0 ± 0.13 8.50 ± 2.65 4.20 ± 1.05
Spore diameter (lm) 10.54 ± 2.36 9.42 ± 1.75 3.39 ± 0.97 1.43 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 2.17 ± 0.50 2.00 ± 0.10 10.50 ± 2.55 4.02 ± 1.22
Hyphae diameter (lm) 3.72 ± 0.83 5.47 ± 1.11 4.38 ± 0.56 5.02 ± 1.15 4.13 ± 0.54 5.60 ± 1.25 5.38 ± 0.67 4.87 ± 0.11 7.37 ± 1.75 8.59 ± 2.55
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by GL-III (2199.68 mg g�1) and GL-II (2020.58 mg
g�1) for Ti bulk salt treatment. V. volvaceae and G.
lucidum GL-I exhibited highest average protein con-
tents for AgNO3 salt and silver NPs respectively
(Supplementary Table 5).

3.5. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of the crude protein extract

The crude protein samples were fractionated and
resolved as protein bands by SDS-PAGE to observe
any variation in the banding pattern of proteins of

Figure 1. Scanning Electron micrographs showing the effect of supplementation of bulk salts of titanium, silver and silicon
elements on spore and hyphae of Ganoderma lucidum and Volvariella volvaceae. (i), (ii) and (iii) Ganoderma (GL-II) for bulk salts
of Ti, Si and Ag; (iv), (v) and (vi) Ganoderma (GL-IV) for bulk salts of Ti, Si and Ag; and (vii), (viii), (ix), (x), (xi) and (xii)
Volvariella for bulk salts of Ti, Si and Ag respectively (Magnification 1.00 k).

Table 4. Occurrence of Ti, Ag and Si elements on the surface of hyphal biomass in the test mushroom cultures as obtained
through SEM-EDS spectroscopy.

Supplementation type

GL-II GL-IV V. volvaceae

C Ti Si Ag C Ti Si Ag C Ti Si Ag

TiO2 Bulk 64.43 0.04 – – 68.16 0.14 – – 64.09 0.04 – –
TiO2 NPs 68.26 0.09 – – 71.31 0.18 – – 68.65 0.11 – –
Silver nitrate 84.34 – – 0.04 79.74 – – 0.53 49.52 – – 0.08
Silver NPs 84.51 – – 0.11 75.13 – – 0.68 61.08 – – 0.32
Sodium silicate 83.12 – 0.16 – 89.67 – 0.07 – 68.93 – 0.28 –
Silica NPs 83.51 – 0.24 – 89.81 – 0.13 – 69.21 – 0.34 –
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different test strains of G. lucidum and of V. volva-
ceae. Two to seven bands were observed in the sam-
ples with slight variation in the banding pattern
among the G. lucidum and V. volvaceae. The pro-
teins with average molecular weight of 66.0 kDa,
45.0 kDa, 35.0 kDa, 40 kDa and 28.0 kDa were
observed in the SDS-PAGE gel (Supplementary
Figure 4).

3.6. Laccase enzyme activity

Irrespective of the test cultures, supplementation of
all three elements, Ti, Si and Ag resulted in highest
mean average increase in the laccase activity at
100mg L�1 concentration for both bulk and NP for-
mulations (Table 6). Similarly, irrespective of elem-
ent concentrations used, the highest average laccase
activity was recorded for GL-II for Ti (bulk), Si and
Ag (both bulk and nano-formulation) and
Volvariella for TiO2 NPs. The highest laccase activ-
ity was observed for Ganoderma lucidum (GL-III)
(0.384U mg�1) followed by V. volvaceae in presence
of 100mg L�1 TiO2 bulk salt (0.368U mg�1). An
increasing trend down the concentration was
observed for laccase activity for both bulk salt and
nanoparticles of the three elements, i.e., laccase
activity increased with the increasing concentration
of the test salt/nanoparticle formulation used though
at lower concentration of 25 and/or 50mg L�1 a
decrease in activity can be observed w.r.t con-
trol treatment.

4. Discussion

This is the first report on qualitative morphological
and physiological variations of two test mushroom
cultures; G. lucidum and V. volvaceae on exposure
to two physical states i.e., as bulk and nano-scale
formulation of three elements viz., titanium, silicon
and silver. Our study accentuates that bulk salts and
their nanoformulations behaved differently regard-
ing the radial hyphal growth of the test cultures.
The objective of testing the effect of nanoparticles of
titanium dioxide, silver and silica is their rampant
use in several commercialized cosmetics and phar-
maceuticals products. Therefore, the release of these

nanoparticles in open system as soil ecosystem may
culminate to negative effects on soil microbiota par-
ticularly the detrimental effects on soil beneficial
microbes which are required to be discerned. As
given in the results section, the supplementation of
bulk silicon and silver sources resulted in the
decrease in the radial growth of all the test fungi in
a concentration dependent manner. Only bulk Ti
supplementation resulted in significant increase in
radial growth for GL-IV at 100mg L�1 and for V.
volvaceae at 25 and 50, 75 and 100mg L�1 concen-
trations at 72 and 24 h of incubation, respectively. A
similar numerical increase in radial diameter of G.
lucidum fruiting and non-fruiting strains has been
reported by Goyal et al. [20] in response to 10mg
L�1 supplementation of bulk selenium salt.

The spore number was decreased by NP supple-
mentation of the Ti and Ag bulk formulations for
four Ganoderma strains and GL-I and Vovariella,
respectively. The hyphal diameter increased for bulk
supplementation of Ti, Ag and Si elements w.r.t
their NP formulations. In consensus to our results,
Goyal et al. [20] have recorded concentration
dependent gradual decrease in hyphal diameter in
response to Se bulk supplementation. The spore
diameter decreased for all the test elements among
five cultures except a numerical increase for GL-I
and GL-II on Ti bulk application. However, a sig-
nificant decrease in spore diameter has been
reported for 20 and 25mg L�1 Se application [20].

In general, the protein content of the test mush-
room cultures was decreased by application of Si
and Ag bulk formulations while their respective
NPs have increased the protein content. The trend
was observed to reverse for the Ti element with
higher protein content in bulk over the respective
NP amendments. Apart from the total protein con-
tent, the extracellular laccase enzyme activity was
also observed to be affected by the bulk and NP
supplementations of the three elements. The lac-
case activity was observed to be increased by sup-
plementation of Ti and Ag bulk formulations in
the test mushroom cultures while a numerical
increase in nano Si over the bulk Si supplementa-
tion was recorded. The application of heavy metal
in ionic forms derived from their soluble salts has

Table 5. Analysis of variance for concentrations of bulk and nanoformulations of three elements and total protein content of
Ganoderma lucidum and Volvariella volvaceae.

Source Degree of Freedom

p-value

Ti Bulk Ti NP AgNO3 Bulk AgNP Sodium silicate Bulk Silica NP

Cultures 4 0.0001 0.0004 0.0854 0.0001 0.0451 0.0013
Error a 4
Concentrations (Concs) 4 <0.0001 0.0119 0.0005 0.0148 0.0004 <0.0001
Error b 40
Culture�Concs 16 <0.0001 0.0638 <0.0001 0.1360 0.3030 0.5755

Bold values indicate the probability values for level of significance of sources of variation.
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been reported to enhance laccase formation/activity
[10,21,22]. Contrary to our results, Galhaup and
Haltrich [23] have reported Ag, Cd, Hg and Zn
metals to be ineffective in enhancing laccase forma-
tion in Trametes pubescens. Copper, for instance,
has been reported to enhance the laccase produc-
tion. The solid-state fermentation experiments by
Tychanowicz et al. [24] exhibited improvement in
the laccase production by Pleurotus pulmonarius
on copper supplementation. Similarly, P. ostreatus
laccase activity was observed to be increased by the
addition of 1–5mM Cd [25]. The positive impact
of the NPs for enhancement in the laccase activity
has been documented [26]. They showed both syn-
thesis and stabilization or capping of gold nanopar-
ticles by laccase enzyme. Therefore, a significant
increase in the laccase activity was reported due to
formation of the laccase-Au nanoparticle nanobio-
conjugate in presence of visible light [26]. The
heavy metal/NP amendment stress may also result
in formation of novel proteins. Few protein bands
appeared in the SDS-PAGE analysis of our study
may be related to the formation of peroxidase
enzyme complexes which are the key enzymes
involved in combating the heavy metal and other
abiotic stress management in eukaryotes [22].

Nanomaterials particularly metal/metal oxide/
non-metal oxide nanoparticles are increasingly
being used as active ingredients of several cosmet-
ics and other products. After use, the NPs may
contaminate the soil and water resources which
may be detrimental to the native soil bacteria and
fungi. As mushrooms are the fungal genera having
important role in decomposition and nutrient
cycling, therefore, the concentrations of M/MO/
NMO NPs detrimental to this indicator group
must be deduced. The three NP supplementations
resulted in numerical decrease in radial diameter
of fungal colony in presence of TiO2 and Ag NPs
at 100mg L�1 while the radial growth increased
by supplementation of silica NPs at 25 and
100mg L�1 concentrations. The NP amendment
also resulted in formation of new proteins which
appeared as novel bands on SDS-PAGE of the
crude protein extract of the G. lucidum and V.
volvaceae strains.
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Table 6. Effect of supplementation of bulk salts and nanoparticles on laccase enzyme activity (IU mg�1) of Ganoderma luci-
dum and Volvariella volvaceae at 96 h of incubation.

Source Concentration (in mg L–1)

Mushroom cultures

MeanGanoderma GL-I Ganoderma GL-II Ganoderma GL-III Ganoderma GL-IV V. volvaceae

TiO2 Bulk 0 0.126 ± 0.029 0.223 ± 0.029 0.104 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.137 ± 0.033
25 0.127 ± 0.023 0.1390 ± 0.023 0.0540.023 0.0390.023 0.0950.023 0.09 ± 0.038
50 0.141 ± 0.022 0.143 ± 0.022 0.13 ± 0.022 0.045 ± 0.022 0.124 ± 0.022 0.116 ± 0.032
75 0.161 ± 0.035 0.209 ± 0.035 0.218 ± 0.035 0.055 ± 0.035 0.149 ± 0.035 0.158 ± 0.038
100 0.210 ± 0.06 0.231 ± 0.06 0.384 ± 0.06 0.071 ± 0.06 0.368 ± 0.06 0.252 ± 0.042

Mean 0.153 ± 0.027 0.189 ± 0.027 0.178 ± 0.027 0.063 ± 0.027 0.172 ± 0.027
TiO2 NPs 0 0.126 ± 0.029 0.223 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.104 ± 0.029 0.137 ± 0.018

25 0.072 ± 0.013 0.072 ± 0.013 0.041 ± 0.013 0.092 ± 0.013 0.108 ± 0.013 0.077 ± 0.020
50 0.055 ± 0.027 0.084 ± 0.027 0.045 ± 0.027 0.128 ± 0.027 0.164 ± 0.027 0.095 ± 0.015
75 0.081 ± 0.024 0.131 ± 0.024 0.085 ± 0.024 0.17 ± 0.024 0.172 ± 0.024 0.127 ± 0.09
100 0.140 ± 0.022 0.194 ± 0.022 0.095 ± 0.022 0.205 ± 0.022 0.182 ± 0.022 0.163 ± 0.09

Mean 0.094 ± 0.017 0.14 ± 0.017 0.075 ± 0.017 0.144 ± 0.017 0.146 ± 0.017
Sodium silicate 0 0.126 ± 0.029 0.223 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.104 ± 0.029 0.137 ± 0.010

25 0.105 ± 0.021 0.143 ± 0.021 0.063 ± 0.021 0.164 ± 0.021 0.131 ± 0.021 0.121 ± 0.011
50 0.112 ± 0.022 0.161 ± 0.022 0.085 ± 0.022 0.184 ± 0.022 0.163 ± 0.022 0.141 ± 0.08
75 0.121 ± 0.026 0.211 ± 0.026 0.093 ± 0.026 0.188 ± 0.026 0.169 ± 0.026 0.156 ± 0.010
100 0.125 ± 0.019 0.216 ± 0.019 0.147 ± 0.019 0.193 ± 0.019 0.181 ± 0.019 0.172 ± 0.09

Mean 0.117 ± 0.020 0.19 ± 0.020 0.099 ± 0.020 0.171 ± 0.020 0.149 ± 0.020
Silica NPs 0 0.126 ± 0.029 0.223 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.104 ± 0.029 0.137 ± 0.009

25 0.121 ± 0.028 0.188 ± 0.028 0.052 ± 0.028 0.163 ± 0.028 0.122 ± 0.028 0.129 ± 0.010
50 0.14 ± 0.026 0.203 ± 0.026 0.071 ± 0.026 0.171 ± 0.026 0.154 ± 0.026 0.147 ± 0.008
75 0.157 ± 0.022 0.208 ± 0.022 0.094 ± 0.022 0.178 ± 0.022 0.161 ± 0.022 0.159 ± 0.018
100 0.194 ± 0.025 0.212 ± 0.025 0.096 ± 0.025 0.206 ± 0.025 0.168 ± 0.025 0.175 ± 0.017

Mean 0.147 ± 0.024 0.206 ± 0.024 0.084 ± 0.024 0.169 ± 0.024 0.141 ± 0.024
Silver nitrate 0 0.126 ± 0.029 0.223 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.104 ± 0.029 0.137 ± 0.017

25 0.071 ± 0.019 0.154 ± 0.019 0.092 ± 0.019 0.063 ± 0.019 0.093 ± 0.019 0.094 ± 0.019
50 0.078 ± 0.021 0.175 ± 0.021 0.141 ± 0.021 0.108 ± 0.021 0.131 ± 0.0121 0.126 ± 0.012
75 0.083 ± 0.041 0.284 ± 0.041 0.144 ± 0.041 0.117 ± 0.041 0.149 ± 0.041 0.155 ± 0.027
100 0.091 ± 0.040 0.296 ± 0.040 0.175 ± 0.040 0.172 ± 0.040 0.16 ± 0.040 0.178 ± 0.026

Mean 0.089 ± 0.028 0.226 ± 0.028 0.132 ± 0.028 0.117 ± 0.028 0.127 ± 0.028
Silver NPs 0 0.126 ± 0.029 0.223 ± 0.029 0.109 ± 0.029 0.127 ± 0.029 0.104 ± 0.029 0.137 ± 0.018

25 0.015 ± 0.019 0.088 ± 0.019 0.042 ± 0.019 0.107 ± 0.019 0.055 ± 0.019 0.061 ± 0.019
50 0.068 ± 0.028 0.183 ± 0.028 0.062 ± 0.028 0.132 ± 0.028 0.071 ± 0.028 0.103 ± 0.011
75 0.132 ± 0.025 0.193 ± 0.025 0.082 ± 0.025 0.142 ± 0.025 0.084 ± 0.025 0.126 ± 0.06
100 0.135 ± 0.017 0.199 ± 0.017 0.117 ± 0.017 0.154 ± 0.017 0.126 ± 0.017 0.146 ± 0.013

Mean 0.095 ± 0.021 0.177 ± 0.021 0.082 ± 0.021 0.132 ± 0.021 0.088 ± 0.021
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