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ABSTRACT

Microorganisms are essential for maintaining ecosystem balance, and understanding their response to
toxic pollutants is important in assessing the potential environmental impacts of such releases. In this
study, the response to the heavy metal cadmium and the potential defense or adaptive mechanisms of the
widely used white-rot fungus, Phanerochaete chrysosporium, were investigated. The results indicated that
cadmium causes plasma membrane damage, including rigidification of lipids, a decrease in H*-ATPase
activity, and lipid peroxidation. The cellular death may be mediated by oxidative stress with mitochon-
dria membrane potential (MMP) breakdown and reactive oxygen species (ROS) formation. Parts of the
cells were able to survive by activating antioxidant defense systems (antioxidant agents and enzymes).
Extracellular synthesis of cadmium crystal particles was observed after exposure to dissolved cadmium
ion, which is probably another detoxification mechanism in which the dissolved metal is precipitated,
thus reducing its bioavailability and toxicity. These physiological responses of P. chrysosporium to cad-
mium together with the defense mechanisms can provide useful information for the development of

fungal-based technologies to reduce the toxic effects of cadmium.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The use of microorganisms in bioremediation has been exten-
sively studied. Phanerochaete chrysosporium, a white-rot fungus,
has been found to be efficient in treating wastewater containing
heavy metals and toxic organic pollutants because of its unique
ability to degrade xenobiotics and bioabsorb heavy metals [1-3].
However, the ability of P. chrysosporium to remove pollutants varies
substantially with the types of pollutants and reaction conditions
[3-5]. Moreover, its colonization and bioactivity depend largely on
the types of pollutants and reaction conditions [1,6].

Generally, the objects disposed by P. chrysosporium are often
toxic. For example, cadmium, a non-essential heavy metal widely
present in the environment, is one of the most toxic environmental
pollutants to all living cells [ 7]. Extensive studies have revealed that
cadmium is toxic to aquatic plants at all levels—cellular, physiolog-
ical, biochemical, and molecular [8]. The uptake and accumulation
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of cadmium in plant usually causes ROS burst by displacing Fe
from proteins and inhibiting the electron transport chain in the
mitochondria, as well as by inhibiting antioxidative systems in liv-
ing cells. The excess ROS generated reacts with lipids, proteins, and
pigments, and finally results in membrane damage and enzyme
inactivation [9,10]. Other symptoms of cadmium toxicity include
growth inhibition, proteins and DNA oxidation, and ultrastruc-
tural changes [8,11].In the microorganism bioremediation research
field, cadmium is also regarded as one of the most toxic heavy
metals. Our previous study also demonstrated cadmium reduced
protein production and enzymatic activities (lignin peroxidase and
manganese peroxidase) of P. chrysosporium [3].

The toxic effects of pollutants affect microbial physiological
changes, bioactivity, and colonization, resulting in decreased treat-
ment ability [6] and limiting the development and popularization
of biological treatment technologies. Therefore, understanding the
response of P. chrysosporium to toxic pollutants stress in the
medium is essential. Previous studies on cadmium removal using P.
chrysosporium have provided some useful information on the rela-
tionship between fungal activities and cadmium removal [12,13].
Our previous study also reported that P. chrysosporium can bind
Cd?2* ions by its mycelium and extracellular polymeric substances
and remove them from wastewater [5]. However, information on


dx.doi.org/10.1016/j.procbio.2014.01.014
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2014.01.014&domain=pdf
mailto:zgming@hnu.edu.cn
mailto:gqchen@hnu.edu.cn
dx.doi.org/10.1016/j.procbio.2014.01.014

590 A. Chen et al. / Process Biochemistry 49 (2014) 589-598

the physiological responses of P. chrysosporium under cadmium
stress is still limited. In particular, the effects of cadmium stress
on the resistance, and adaptive responses of P. chrysosporium have
not yet been reported in the literature.

In view of this, the main purpose of the present study was to
explore cadmium toxicity in P. chrysosporium using physiologi-
cal measurements. This study investigated the oxidative damage
induced by cadmium and the defense mechanism of P. chrysospo-
rium against these stresses. To assess physiological responses, we
investigated plasma membrane fluidity, H*-ATPase variation, and
oxidative damage following exposure to cadmium because these
variations can be used as indicators of microbial fitness and survival
[14]. In addition, the antioxidative responses or defense mecha-
nisms were evaluated.

2. Materials and methods
2.1. Strain and treatment

The P. chrysosporium strain BKMF-1767 (CCTCC AF96007) used
in this study was obtained from the China Center for Type
Culture Collection (Wuhan, China). Stock cultures were main-
tained on malt extract agar slants at 4°C. Spores were gently
scraped from the agar surface and blended in sterile distilled
water to obtain a spore suspension. The spore concentration was
adjusted to 2.0 x 108 spores/ml. Aqueous suspensions of fungal
spores were inoculated into Kirk’s liquid culture medium [15] in
500-ml Erlenmeyer flasks. Flasks containing 8 x 106 spores were
incubated at 37°C in an incubator. After 2 days of growth in
liquid culture, the mycelia were treated with various concen-
trations of Cd(NOs3), for 24 h. The mycelia were then harvested
and washed twice with ultrapure water for further analysis. All
chemicals used in this study were at least of analytical reagent
grade.

2.2. Plasma membrane H*-ATPase activity assay

The plasma membrane was obtained according to the meth-
ods described by Perlin et al. [16]. Plasma membrane H*-ATPase
activity was determined as the amount of P; released by hydroly-
sis of ATP in the reaction mixture [17]. Released phosphate comes
from the hydrolysis of ATP by ATPase in plasma membrane, as
well as by apyrases and alkaline phosphatases, which are resistant
to the inhibitors for mitochondrial ATPase (sodium azide), vac-
uolar ATPase (potassium nitrate), acid phosphatase (ammonium
molybdate) and plasma membrane ATPase (Na3VO,). Accordingly,
H*-ATPase activity in plasma membrane was determined as the
difference between the activities in the presence and absence
of the inhibitor Na3VO,4. Plasma membrane H*-ATPase activity
was measured using 5ml disposable plastic tubes with 24 .l of
purified plasma membrane and 500 .l of reaction mixture con-
taining 50 mM 2-(N-morpholino)ethanesulfonic acid adjusted to
pH 5.7 with Tris, 5mM magnesium sulfate, 50 mM potassium
nitrate, 5mM sodium azide, 0.2 mM ammonium molybdate, and
1wl of water or inhibitor (0.1 M NazVOy). After 3 min of incu-
bation at 30°C, the assay was started by adding 10l of 0.1 M
Na,ATP. Color was developed for 10 min, and the absorbance at
690 nm was measured in a UV-vis spectrophotometer (Model
UV-2550, Shimadzu Company, Tokyo, Japan). A calibration curve
for phosphate was obtained for amounts of phosphate from 0.5
to 0.01 wmol supplied in a 0.1 M solution of NaHPO,4 as stan-
dard. One unit of activity corresponded to 1pmol P; released
per min. The specific activity was expressed in units per g pro-
tein.

The protein concentration was determined by colorimetrically
using a UV-vis spectrophotometer (Model UV-2550; Shimadzu
Company, Tokyo, Japan) at 595 nm according to the method of
Bradford [18] using bovine serum albumin as a standard.

2.3. Membrane fluidity determination

Fluidity of the plasma membrane was determined according
to a previously described method [19]. Briefly, 282 mM mannitol
(pH 7.2) and 50 wM 8-anilino-1-naphthalene-sulfonic acid (ANS)
were added into the assay medium. An appropriate volume of
plasma membrane preparation was then added to the medium to
ensure that the amount of protein was identical in every determi-
nation. After 1 min of ANS addition and mixing, the fluorescence
intensity was recorded at 22°C using a fluorescence spectrom-
eter (FluoroMax-4; Horiba Scientific, Tokyo, Japan). Fluorescence
intensity was inversely proportional to membrane fluidity.

2.4. Cell viability assay

Cell viability was assessed using the MTT assay according to Luo
et al. [20] with some modifications. MTT is a yellow water-soluble
tetrazolium dye that is reduced by living cells to a water-insoluble
purple formazan. The conversion of the MTT into purple form-
azan occurs only in living cells with active mitochondria and is
directly proportional to the number of viable cells. Briefly, 0.2 g
P. chrysosporium pellets were mixed with 1 ml MTT solution (5 g/I)
and incubated at 50 °C. The reaction was stopped by adding 0.5 ml
hydrochloricacid (1 M) to the mixture. The mixture was centrifuged
(10,000 x g, 5min), the supernatant was discarded, and the pel-
lets were agitated in 6 ml propan-2-ol for 2.5 h. The centrifugation
process was repeated and the absorbance of the supernatant was
recorded at 534 nm. In the test, an antioxidant agent (vitamin C,
0.1 mM) was used to explore the compensating effects against to
cadmium toxicity.

2.5. ROS generation

The degree of ROS generation induced by cadmium was deter-
mined using a fluorometric indicator, 2,7-dichlorodihydro-
fluoresceindiacetate (H,DCF-DA), as previously described
[21]. H,DCF-DA could be transformed into 2,7-dichlorodi-
hydrofluorescein (H,DCF) by intracellular esterase if they enter
cells. When intracellular ROS generated, 2,7-dichlorofluorescein
(DCF) would be converted from H;DCF. Thus we measured the
fluorescence intensity of DCF, which indicated the extent of
ROS generation. Before cadmium exposure, the cells were incu-
bated with H;DCF-DA (5 wM) in incubation medium for 2 h. The
H,DCF-DA was then removed, and the mycelia were treated with
the indicated cadmium concentrations. The medium was then
removed, and the cells were washed with phosphate-buffered
saline (PBS). Fluorescence was measured using a fluorescence
spectrometer (FluoroMax-4; Horiba Scientific, Tokyo, Japan) with
filters for excitation at 485 nm and emission at 525 nm.

2.6. Membrane lipid peroxidation and integrity assay

The cadmium-induced membrane liquid peroxidation was
estimated by measuring the concentrations of malondialdehyde
(MDA), which is a cytotoxic product of lipid peroxidation and an
indicator of free radical production and consequent tissue dam-
age. The harvested P. chrysosporium were homogenized in 10%
trichloroacetic acid and centrifuged at 10,000 x g for 15 min. The
supernatant was boiled with thiobarbituric acid for 20 min. The
heated supernatant was centrifuged at 5000 rpm for 5 min, and the
absorbance was measured at 532 and 600 nm [22].
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The membrane integrity of the cells exposed to cadmium stress
was measured using the fluorescent dye propidium iodide (PI).
When the cell membrane was intact, PI could not move across
the membrane to intercalate with nucleic acids. However, PI could
enter cells and stain nucleic acids if the integrity of the cell
membrane was compromised when the cells were under stress
[23]. The PI stock solution (1 mg/ml) was prepared by dissolving
PI into PBS and stored at 4°C before use. The stain was diluted
with PBS to a final concentration of 50 p.g/ml, and samples were
immersed for 20 min and then rinsed in PBS before imaging under
a fluorescence microscope (BX-61; Olympus, Tokyo, Japan).

2.7. Mitochondrial properties

Mitochondrial fractions were isolated using the method of suc-
cessive differential centrifugation [24]. P. chrysosporium cells were
homogenized in an ice-chilled extraction medium consisting of
0.4 M mannitol, 50 Mm Tris-HCIl, 10 mM EDTA, 0.1% (w/v) bovine
serum albumin, and 0.05% (v/v) B-mercaptoethanol at pH 7.4.
The homogenate was centrifuged at 600 x g for 10 min, and the
supernatant was re-centrifuged at 10,000 x g for 30 min at 4°C.
The sediment was then washed twice with the above extraction
medium for further use.

The freshly prepared mitochondria were resuspended in an
assay medium containing 0.25M sucrose, 2mM HEPES, 0.5 mM
KH;POy4, and 4.2 mM sodium succinate at pH 7.4. The mitochon-
drial membrane potential (MMP) was detected using a specific
MMP-dependent fluorescent dye (Rhodamine 123)[25]. For steady
measurements, mitochondrial fractions were incubated with Rh
123 at a final concentration of 1 mg/ml for 30 min at 25°C in the
dark. Mitochondrial fractions were then harvested and washed
twice with the above extraction medium. The Rh 123 fluores-
cent images were captured using a spectrofluorometer (excitation,
505 nm; emission, 510-530 nm). The membrane permeability and
cytochrome c/a ratio of the isolated mitochondria were measured
following Tonshin et al. [26].

2.8. Antioxidant analyses

The antioxidative enzyme activity was measured by harvesting
the cells by centrifugation and homogenization in 0.05 M PBS (pH
7.8). The homogenate was centrifuged at 15,000 rpm at4 °C, and the
supernatant was used for the enzyme assay. The superoxide dis-
mutase (SOD) and catalase (CAT) activities were measured as pre-
viously described [27]. Peroxidase (POD) activity was detected by
monitoring the oxidation of guaiacol at A479 nm. The final reaction
mixture contained 1.0 ml 0.05 M PBS (pH 7.0), 0.8 ml 0.2% guaiacol,
and 1.0 ml 0.3% H,0,. The reaction was initiated by 0.2 ml enzyme
sample. One unit of POD activity was defined as the increased
absorbance of 0.01 at A47¢ nm/min under assay conditions.

Glutathione content was determined using 5,5-V-dithiobis-(2-
nitrobenzoic acid)-glutathione disulfide according to the method
described by Rehman and Anjum [28]. Briefly, the mycelia were
rinsed with phosphate buffer (0.1 M, pH 7.0) plus 0.5mM EDTA
and sonicated. The sample was sonicated for 3s in intervals of
8s with the output power of 400 W. The sonication was carried
out for a total time of 5 min for each sample. The suspension was
centrifuged at 14,000 x g for 10 min, and the supernatant was
used for estimating the concentration of glutathione. Reduced glu-
tathione (GSH) was estimated by adding 2.0 ml of reaction buffer
to 0.5ml of the above aliquot, followed by addition of 0.5ml of
3 mM 5-dithio-bis-(2-nitrobenzoic acid). After 5min, absorbance
was recorded at 412nm. In the same tube, 100wl of 0.4 mM
NADPH and 2 pl glutathione reductase were added. After 20 min,
optical density was measured at 412 nm for the determination of

total glutathione. The amount of glutathione disulfide (GSSG) was
calculated by subtracting GSH from total concentrations.

2.9. SEM and EDX analyses

A scanning electron microscope (SEM) was used to obtain sur-
face information and examine the morphology of P. chrysosporium.
The samples exposed to Cd(NOs), for 24 h were harvested by fil-
tration, washed with distilled water, and then dried in a freeze
dryer (FD-1; Boyikang, Beijing, China). The dry mycelial pellets
were imaged using an SEM (FEI QUANTA-200; Holland FEI Com-
pany, Holland) equipped with an energy dispersive X-ray (EDX).
Micrographs were obtained and the corresponding EDX spectra
were recorded.

2.10. TEM and XRD analyses

The mycelium pellets (exposed to cadmium for 24 h) were har-
vested by filtration and washed with distilled water. The cadmium
crystal particles still attached to the mycelia were dispersed in
water by ultrasonication. For TEM, a drop of aqueous solution con-
taining cadmium crystal particles was placed on a carbon-coated
copper grid and air-dried. Transmission electron micrographs were
obtained using a TEM (H-800, Hitachi, Japan). For XRD analysis,
the freeze-dried mycelium pellets (exposed to cadmium for 24 h)
embedded with cadmium crystal particles were powdered. The
pattern was recorded using an automatic X-ray diffractometer
(D/MAX2550VB+, Rigaku Corporation, Japan).

2.11. Data analysis

Data are expressed as the means 4+ SE of three independent
experiments. Statistical evaluation of the results was determined
by Tukey post hoc test. Differences were considered to be signifi-
cant at p<0.05.

3. Results
3.1. Action of cadmium on cellular viability

The effect of cadmium exposure on the viability of P. chrysospo-
rium was investigated by incubating P. chrysosporium with different
concentrations of cadmium (1-500 wM) for 24h. The results
showed that cadmium reduced cell viability even at the lowest
concentration (Fig. 1). This trend was particularly noticeable at
higher cadmium concentrations (50-500 uM). Death occurred in
approximately 74% of the total cells at higher cadmium concentra-
tion (100 or 500 wM). The death induced by 100 wM cadmium was
reversed, in part, by adding vitamin C, an antioxidant agent.

3.2. Changes in plasma membrane fluidity and H*-ATPase activity

The membrane fluidity of P. chrysosporium under cadmium
stress was estimated by determining the fluorescence intensity of
the probe (ANS) detected in the plasma membranes. A lower inten-
sity indicates faster molecular motion, indicating higher plasma
membrane fluidity. As shown in Fig. 2A, the membrane fluidity
decreased with an increase in cadmium concentration (indicated
by the high fluorescence intensity). Maximum fluorescence inten-
sity was observed at the highest cadmium concentration, which
was approximately 6.8-fold that of the control. The fluorescence
spectrum of each sample is shown in Fig. S1 (Supplementary Fig.
S1).

Similar to membrane fluidity, plasma membrane H*-ATPase
activity decreased in a concentration-dependent manner after
exposure to cadmium (Fig. 2B). Higher concentrations of cadmium
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Fig. 1. Effect of cadmium exposure on the cell viability of P. chrysosporium. “Vit. C”
refers to vitamin C. Columns labeled with different letters are significantly different
at p<0.05.

caused distinct inhibition of H*-ATPase activity. The greatest inhi-
bition of ATP hydrolysis (as much as 90%) was observed in plasma
membranes treated with 500 wM cadmium, while 1 M cadmium
induced 25% inhibition of ATP hydrolysis.

3.3. ROS generation and membrane damage

Results of the H;DCF-DA dye test showed that ROS formation
was a significant response after cadmium exposure (Fig. 3). The
intracellular ROS increased with cadmium concentration when
concentrations remained low (1-10 wM). However, the intracel-
lular ROS levels in P. chrysosporium treated with higher cadmium
concentrations (50-500 wM) was even lower relative to that of the
control. Interestingly, ROS generation was partly revised by addi-
tion of vitamin C under the same cadmium treatment conditions.

Lipid peroxidation was evaluated by measuring the MDA level as
described in Section 2.6. Fig. 4 shows the representative MDA con-
tent in P. chrysosporium cells under various cadmium treatments.
The elevated MDA levels suggest that metal ions stimulate the
free radical-generating capacity of the microorganism; however,

A f
| [ Intensity

Relative Fluorescence Intensity (% of control)

Control 1 10 50

100 500
Cadmium concentration (LM)

10
—— Control 250
ALY,
....... 10 UM . 2004
84 ---- SOIJM N g
100 uM S 1504
500 uM g
2 S Vit.C £ 10
O 69 --—-100pmevite - 8
o ) o s0q
g RN .
? 4 z/ A N N 0‘ Control 10 50 100 500 Vit.C 100+Vit.d
g _ ’ N . Cadmium concentration (M)
g .
£
24
0 T T T T -
500 520 540 560 580 600

Wavelength (nm)

Fig. 3. Fluorescence intensity reflects ROS generation of P. chrysosporium after cad-
mium exposure. Figure inset shows the ROS level of each treatment respect to
control. “Vit. C” refers to vitamin C. Different letters mean significance of difference
between the treatments (P<0.05).

this elevation was not always observed. At lower concentrations
(1-10 M), cadmium increased the MDA content after exposure for
24 h. A significant increase in MDA content was particularly noted
in the cells treated with the lowest cadmium concentration (1 wM).
On further increasing the cadmium concentration, however, the
MDA content became lower than that of the control. Therefore,
two other control groups (P. chrysosporium exposed to cadmium
for 2 h at the incubation time of 2 days and 3 days, respectively)
were used to explore the difference (Fig. 4). Elevated MDA levels
were observed at higher cadmium concentration (100-500 M)
in the two control groups compared to that of a lower cadmium
concentration (0-50 wM). The results from these three groups cou-
pled with the cell viability result shown in Fig. 1 suggested that
long-term exposure to high concentrations of cadmium led to over-
production of ROS, causing chronic damage and cell death.

The damage and integrity of the plasma membrane was
determined using the membrane permeability stain (PI stain). A
Pl-positive nucleus strongly indicates loss of membrane integrity.

ap
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Fig. 2. (A) Fluorescence intensity representing the plasma membrane fluidity of P. chrysosporium exposed to various cadmium concentration. Fluorescence intensity was
inversely proportional to membrane fluidity. (B) Plasma membrane H*-ATPase activity of P. chrysosporium after exposed to the indicated cadmium concentration for 24 h.

Different letters denote significant differences between treatments (p <0.05).
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Fig. 4. Cadmium induced MDA content in P. chrysosporium. (1) a 2-day-old culture was treated with cadmium and further cultivated for 24 h; (2) a 2-day-old culture was
treated with cadmium and further cultivated for 2 h; (3) a 3-day-old culture was treated with cadmium and further cultivated for 2 h. Images reflect the plasma membrane
intensity of P. chrysosporium cell for (A) control and (B) 100 wM cadmium for 24 h. Different letters indicate significant differences between the treatments (p <0.05).

Fig. 5. The bar graph shows mitochondrial properties changes induced by cadmium. Images reflect the mitochondrial membrane potential alteration of P. chrysosporium cell
for (A) control and (B) 100 wM cadmium for 24 h. Different letters indicate significant differences between the treatments (p <0.05).
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The Images in Fig. 4 represent that P. chrysosporium cell showed
stronger red fluorescence after exposure to cadmium for 24h
compared with control (un-exposed), which indicates a loss of
membrane integrity seriously. Consistent with the cell viability
assay, ROS formation, and lipid peroxidation, the results of PI stain-
ing showed that exposure to 100 WM cadmium for 24 h led to
obvious cell damage and death (Fig. 4).

3.4. Alteration of mitochondrial properties

As shown in Fig. 5, cadmium reduced the MMP level (the bar
graph). This phenomenon was particularly observed when cells
were exposed to high concentrations of cadmium. The images show
that living cells in the control were strongly stained by Rh-123 (high
MMP), whereas weak Rh-123 staining (low MMP) was observed in
the cells treated with 100 WM cadmium for 24 h. Concomitantly,
cadmium-induced cytochrome c (Cyt c) release from mitochondria
was also observed, which was evident from the decrease in the
cytochrome c/a ratio. The mitochondrial membrane permeability
markedly increased after cadmium exposure (Fig. 5).

3.5. Quantification of antioxidants

Antioxidant enzymes have been considered the first line of
defense in response to oxidative stress [29]. In the present study,
we monitored the activities of SOD, CAT, and POD, which have
been reported to be important in the oxidative stress defense in
fungi [30]. As shown in Fig. 6, the activity of SOD in P. chrysospo-
rium exposed to cadmium was similar to that of MDA, as described
above. When cells were exposed to cadmium for 24 h, enhanced
SOD activity was observed only at lower cadmium concentrations
(1-10 wM). When cells were exposed for only a short time (2 h),
enhanced SOD activity was noted at all tested cadmium concentra-
tions. The CAT and POD activities were lower than those of the con-
trol after 24 h of cadmium exposure, except in the case of the lowest
cadmium concentration (1 wM; Fig. 7). The SOD, CAT, and POD
activities were significantly responsive to the cadmium concentra-
tion in the medium. Generally, a lower concentration of cadmium
or short-time exposure increased the activities of these enzymes.
In contrast, addition of cadmium at larger lethal doses or exposure
over a long period failed to induce these enzymes. Therefore, the
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Fig. 6. Cadmium induced SOD activity in P. chrysosporium. (1) a 2-day-old culture
was treated with cadmium and further cultivated for 24 h; (2) a 2-day-old culture
was treated with cadmium and further cultivated for 2 h; (3) a 3-day-old culture
was treated with cadmium and further cultivated for 2 h. Different letters indicate
significant differences between the treatments (p <0.05).

induction of antioxidant enzyme activities is essential for cells to
acquire the ability to overcome oxidative stress to some extent.

The changes in GSH and GSSG in response to cadmium expo-
sure were also evaluated (Fig. 8). The concentrations of GSH
increased from 72.8 wM/g protein to 110.1 wM/g protein at cad-
mium concentration from O wM to 50 M, and changed little with
further increases in cadmium concentration. However, an oppo-
site trend was observed for GSSG. The GSH/GSSG ratio increased
with increasing cadmium concentrations from 1 to 10 uM,
and then began to decline with further increases in cadmium
concentrations.

3.6. Extracellular biosynthesis of metallic crystal particles

SEM images of the native and cadmium-treated fungi are shown
in Fig. 9. The surface of the native fungus was smooth and clear,
without any adsorbed particles (Fig. 9A). The mycelium after

POD activity (U/g)

100 500
Cadmium concentration (UM)

Control 1 10 50

Fig. 7. The variation of CAT and POD activities in P. chrysosporium after exposure to cadmium for 24 h. Different letters indicate significant differences between the treatments

(p<0.05).
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Fig. 8. Effect of cadmium exposure on the GSH and GSSG in P. chrysosporium. Dif-
ferent letters indicate significant differences between the treatments (p <0.05).

incubation with cadmium was very different from that before incu-
bation. The outline of the mycelium was not clear, and a large
quantity of cadmium adhered to the surface of the mycelium, which
appeared as many particles indicated by red arrows in Fig. 9B and C.

The EDX spectrum was used to analyze the elemental composition
of the particles as indicated in Fig. 9C. The obvious cadmium peak
in Fig. 9D suggests binding of cadmium ions to the surface of the
biomass.

In order to further study the physicochemical properties of the
particles observed in Fig. 9, TEM and XRD were used to clarify the
characteristics. The TEM image (Fig. 10) shows that the cadmium
particles were not uniform in size and shape. Some aggregation of
the particles could also be observed. This could be related to the
preparation technique that deposited the particles onto the copper
grid. The average size of the particles estimated from the image
was in the 10-30 nm range, which does not agree with the size
estimated by SEM (Fig. 9C and D). This phenomenon shows that the
particles seen in SEM pictures are probably clusters of several small
particles with different sizes. As discussed, amino acids or proteins
might play a role in this aggregation process. Further studies were
carried out using XRD, an effective method for investigating the
microstructure of crystalline or amorphous materials, to confirm
the crystalline nature of the coarsened particles. The XRD pattern
obtained is shown in Fig. 11. The XRD pattern exhibits four intense
peaks at 20 values o0f 26.98°,31.25°,44.78°, and 53.06°, which could
be indexed to the (111), (200), (220), and (311) facets of the
cubic phase CdS, respectively (JCPDS Powder Diffraction File no.
65-8873). The PDF card indicated that the crystal particles were

Fig. 9. SEM-EDX images show biosynthesis of cadmium crystal particles by P. chrysosporium during exposure to 0.1 mM Cd(NOs3),. Panel A show a SEM image of native
mycelium; panel B (x1000) and C (x2000) shows a SEM image of P. chrysosporium mycelium and the biogenic crystal particles, pointed by red arrows; panel D depicts the

EDX spectrum of the crystal particles in the image as indicated.
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Fig. 10. Transmission electron micrographs of cadmium crystal particles with scale
bar 50 nm.

(111)

Intensity (a. u)

10 20 30 40 50 60 70 80
2 theta (degree)

Fig. 11. XRD pattern of fungus sample impregnated with cadmium crystal particles.

in line with the face centered cubic crystal lattice having unit cell
parameters: a=b=c=5.720 belonging to space group Fm-3m (225).
These results indicate that the cadmium-binding particles observed
in this study were extracellular biosynthesis of cadmium crystal
particles.

4. Discussion
4.1. Cadmium-induced oxidative damage and cell death

The plasma membrane is the first live line of defense against
changes in physicochemical parameters; therefore, its integrity and
functionality is of the utmost importance [14]. It can be considered
the first “living” structure that is a target for heavy metal toxicity
[31]. The present results of the effects on plasma membrane fluidity
and H*-ATPase activity support the view that the immediate target
of Cd?* is the cell membrane. In contrast to the control, the plasma
membrane of the cadmium-treated group showed rigidification.
Such damage could result from various mechanisms, including
oxidation and cross-linking of protein thiols, inhibition of key
membrane proteins such as H*-ATPase, or changes in the composi-
tion of membrane lipids [31]. Reduction in the H*-ATPase activity

in the plasma membrane by cadmium treatment is consistent
with this view. The direct effects of cadmium treatments on the
lipid composition of membranes have been reported [32], and
these might directly impact membrane permeability. Our study
also proved that mitochondrial membrane permeability markedly
increased after cadmium exposure (Fig. 5). These results suggest
that cadmium produces changes in the fatty acid composition of the
phospholipid fraction of the plasma membrane. However, changes
in the fluidity of the plasma membrane after cadmium treatment
cannot be attributed solely to changes in the fatty acid composi-
tion because the presence of cadmium-binding proteins has been
reported, and this increase in rigidity might be a consequence
of complex protein-lipid interactions in the plasma membrane
[33].

The H*-ATPase activity decreased with increasing cadmium
concentrations. This was probably attributable to an alteration in
membrane fluidity and lipid composition, the binding of Cd2* to
the —SH groups of the proteins, or Ca2* replacement at essential
sites of cell membranes [34]. The interaction between cadmium
and membrane constituents such as lipids and/or proteins might
result in the alteration of membrane fluidity which, in turn, affects
the activities of membrane-bound enzymes [35]. H*-ATPase is the
only proton pump operating in the plasma membrane and plays
a central role in the regulation of ion homeostasis. lon transport
across the plasmalemma is known to be dependent on the elec-
trochemical gradient generated by plasma membrane H*-ATPase;
therefore, regulation of this enzyme could play an important role
under cadmium stress conditions.

The cell viability analysis showed that cadmium exposure
induced cellular death, which was partially reversed by vitamin
C (an antioxidant agent). Previous studies revealed that vitamin
C exhibited a beneficial role in the alleviation of cadmium toxic-
ity through mitigating cadmium induced oxidative stress [36,37].
Vitamin C scavenges ROS by rapid electron transfer and there by
acts as an important antioxidant defence against oxidative damage
[38]. Thus, the presence of vitamin C partially mitigated cadmium
induced cell death. The results also indicated that cadmium induces
cell death in P. chrysosporium via the induction of ROS, eventu-
ally leading to oxidative stress. Cadmium at lower concentrations
(1-10 nM) induced ROS generation, compared to that in the con-
trol (Fig. 3). The induction of ROS in cells could be mediated by
alterations in the mitochondria, because cadmium is known to
breakdown MMP. The breakdown of mitochondrial potentials were
evident at doses of 10 and 500 wM cadmium, while ROS formation
was detected at lower doses (1-10 wM). These results most proba-
bly indicate that ROS formation occurs or is detectable before the
toxic effects on mitochondrial function that lead to the breakdown
of mitochondrial potentials. Similar results were observed by L6pze
et al. [21] in cortical neurons. There was a remarkable decrease in
cell viability accompanied by mitochondria membrane-potential
breakdown at higher cadmium concentrations. The decrease in Cyt
c/a and increase in mitochondria membrane permeability indicate
mitochondrial membrane breakdown. Cyt c is released after mito-
chondrial membrane permeabilization and leads to the induction
of apoptosis [39].

Moreover, cadmium inhibits the mitochondrial electron-
transfer chain, leading to the accumulation of semi-ubiquinone,
which enables it to transfer one electron (e~) to molecular oxy-
gen to form superoxide radicals [40]. The free radical production,
in turn, leads to lipid peroxidation [41]. The data in Fig. 4 indicate
that this oxidative stress induced by cadmium is manifested by
two effects: concentration- and time-dependent effects. For short-
term exposure (2h), the extent of lipid peroxidation increased
with increases in cadmium concentration. Long-term exposure of P.
chrysosporium under higher cadmium concentrations resulted in an
even lower MDA level in the cells, which might be due to the sharp
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decrease in cell viability. Exposure of cells to high cadmium concen-
trations resulted in the accumulation of ROS; however, when the
ROS levels exceeded the ability of P. chrysosporium to adapt, cellu-
lar damage occurred, resulting in cell death and lysis and decreased
MDA detection [42].

4.2. The defense mechanism

The generation of cadmium-induced ROS stimulated the pro-
duction of antioxidant agents and enzymes to protect cellular
components from damage. Our results showed that the changes
in SOD activity in P. chrysosporium exposed to cadmium exposure
were similar to those of MDA content. SOD activity was well corre-
lated with MDA levels (r;2=0.972 and r,2 = 0.976) (Supplementary
Fig. S2) at cadmium concentrations from 1 to 100 wM under short-
term exposure (2h) after incubation of cells for 48h and 72h.
However, when the ROS levels exceeded the ability of the antioxi-
dant system to cope with them, cellular damage occurred, indicated
by the lower SOD activity and MDA level at higher cadmium con-
centration exposure for 24 h compared to that in the control. The
SOD and CAT activities at a cadmium concentration of 1 wM were
higher than those of the control, and the other tested concentra-
tions suggested that some parts of cells was resistant to cadmium.
Basha and Rani [43] suggested that upregulation of enzyme produc-
tion might be a defense mechanism, providing a first line of defense
against cadmium toxicity before the induction of metallothionein
synthesis.

In addition to the above antioxidant enzymes, the intracellu-
lar concentration of GSSG increased with increase in cadmium
concentration from 10 wM to 500 M, and the GSH/GSSG ratio
exhibited a bell-shaped response at a maximum dose of 10 uM
cadmium. This is most probably because of the depletion of
reduced glutathione in the reaction of ROS and the rapid increase
in GSSG [44], which indicates the importance of glutathione in
detoxification and the potential of P. chrysosporium to tolerate cad-
mium stress. Our results are in accordance with those of Gharieb
and Gadd [45] who reported direct evidence for the involve-
ment of glutathione in cadmium detoxification in Saccharomyces
cerevisiae.

The SEM images, EDX analysis coupled with the TEM and
XRD analysis suggest that cadmium crystals were synthesized
extracellularly by P. chrysosporium. Previous studies have shown
an intimate association of extracellular proteins with spheroidal
aggregates of biogenic metal nanocrystals [46]. Microbially derived
extracellular proteins can limit the dispersal of biogenic nanoparti-
cles and stabilize metal ions [47]. The complexation of heavy metals
by extracellular polymeric substances and their precipitation on
microbial cell surfaces could also protect the cells against heavy
metal inhibition [48,49]. Therefore, the formation of cadmium
crystal particles by P. chrysosporium is probably a detoxification
mechanism to immobilize dissolved cadmium, and thus reduce its
bioavailability and toxicity.

In summary, cadmium induces cellular death in some P.
chrysosporium cells. The mechanism involves induction of mito-
chondrial cadmium toxicity with the breakdown of MMP and
formation of ROS. ROS in turn induces plasma membrane
damage. Some cells survive by activating antioxidant agents
and biosynthesizing extracellular crystal particles to reduce the
bioavailability and toxicity of cadmium. The results of this study
might be useful for understanding the physiological responses of
fungi exposed to environmental toxins. Further studies combin-
ing genomic/proteomic analysis and patch-clamp measurements
are required to understand the genetic expression and signal
transportation mechanism associated with these physiological
responses.
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