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The white-rot fungi Phanerochaete chrysosporium have been widely applied in heavy metal
bioremediation, which commonly results in a stress exposure. Exposure studies showed that Cd
bioaccumulation triggered H,0, generation. Thereafter, the H,0,, as signal molecules, activated the
enzymatic antioxidant response in the case of the conjunction of SOD and CAT. High levels of R (SOD/CAT)
were found initially under Cd exposure, and then a significant decline occurred in time-course Cd
exposure. Antioxidant activities also provided an alternative as an indication of the existence of
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Cadmium activities. This finding potentially has implications for the understanding of tolerance behavior and
Toxicity detoxification mechanisms, which is beneficial to expand the application of P. chrysosporium in
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bioremediation biotechnology.
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1. Introduction

Heavy metals, such as cadmium, lead, copper, chromium, and
arsenic, are widely occurring environmental pollutants. Among
these, cadmium (Cd) is listed as a priority pollutant by the US
environmental protection agency, due to its high water solubility,
without known biological function, high toxicity and easy
enrichment in food chain and pose a threat to human beings
(Pérez-Chaca et al., 2014; Balestri et al., 2014; Xu et al., 2012a).
Biosorption is an emerging cost-effective and ecofriendly technol-
ogy that utilizes microorganisms to remove, transform, or stabilize
a variety of heavy metals. Many workers have reported the
application of Phanerochaete chrysosporium (P. Chrysosporium) in
biosorption of heavy metals, in the case of high efficiency and low
cost (Xu et al., 2012b, 2013; Igbal and Edyvean, 2004; Ceribasi and
Yetis, 2001). The biosorption capacity of P. chrysosporium partly
depends on their ability to survive potentially toxic treatments.

* Corresponding author at: Hunan University, College of Environmental Science
and Engineering, College of Environmental Science, Changsha 410082 China. Tel.:
+86 731 88822754; fax: +86 731 88823701.

E-mail addresses: zgming@hnu.edu.cn (G. Zeng), huangdanlian@hnu.edu.cn
(D. Huang).

http://dx.doi.org/10.1016/j.ecoleng.2014.11.060
0925-8574/© 2014 Elsevier B.V. All rights reserved.

Studies carried out in different microorganisms have revealed that
Cd is strongly toxic and causes growth inhibition and even cell
death (Chen et al., 2008). Recent studies further reported that
metals such as iron, copper, cadmium, chromium, lead and
mercury exhibited the ability to produce reactive oxygen species
(ROS), resulting in oxidative stress alteration of calcium homeo-
stasis and DNA damage (Klaunig et al., 1998).

The question as how microorganisms may defend themselves
against heavy metals is therefore receiving increasing attention. It
has been widely reported that exposure to heavy metals led
microorganisms to develop a series of defense mechanisms,
including antioxidant defenses (Cadenas, 1997; Mishra et al.,
2006). Fungi, like many other microorganisms, rely on antioxidant
defense mechanisms to protect against oxidative damage (Chagas
et al., 2008; Pacini et al., 2013). However, scarce study is underway
to determine the antioxidant response under heavy metal
exposure in P. chrysosporium. In order to prove the importance
of using antioxidants in heavy metal detoxification, pertinent
biochemical detoxification mechanisms contributing to stress
tolerance is necessary to understand.

To understand tolerance and maximize the potential applica-
tion of P. chrysosporium in bioremediation, it is essential to
understand the toxicity of the heavy metals and the detoxification
mechanisms of P. chrysosporium. The present research work was
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therefore focused on Cd induced H,O, generation and the
antioxidant response of P. chrysosporium on the metabolic and
physiological level compared for cells cultured at Cd concen-
trations of 0, 20, 50 and 100 ppm. We further investigated the
feasibility of the antioxidant mechanism of P. chrysosporium to Cd
exposure, with particular attention given to the constitution and
response of superoxide dismutase (SOD) and catalase (CAT).
Meanwhile, effect of Cd on the antioxidant activity of P.
chrysosporium was determined by detection the variations in total
antioxidant activity (TAA) and radical scavenging activity (RSA).

2. Materials and methods
2.1. Strain and chemicals

The P. chrysosporium strain BKMF-1767 (ATCC 24,725) was
purchased from the China Center for Type Culture Collection
(Wuhan, China) and maintained by subculturing on potato
dextrose agar (PDA) slants at 4°C. All reagents used in the
experiment were of or above analytical reagent grade.

2.2. Exposure to Cd

Spore suspensions of P. chrysosporium were prepared in the
sterile distilled water at a concentration of 2.0 x 10® cellmL™".
Liquid cultures, consisted of 100 mL growth medium as described
by Kirk et al. (1986) were inoculated with 2 mL the defined spore
suspensions with desirable concentrations of Cd. For the toxicity
experiments, Cd in the mixture was controlled at the concentration
of 0, 20, 50 and 100 ppm via the addition of Cd(NOs3),-4H,0. All
experiments were conducted under constant stirring at 30 °C and
120 rpm and performed in three culture replicates.

At the selected time intervals, P. chrysosporium biomass was
collected and weighted, washed three times in 20 mL phosphate
buffer solution (PB, 0.05M, pH 7.0) solution, and then homoge-
nized in 10 mL of phosphate buffer solution (PB, 0.05M, pH 7.4).
The homogenate was centrifuged at 10,000 rpm at 4 °C for 10 min,
and the supernatant was filtered by 0.45 pm filter membranes and
collected for further use. Removal of Cd was determined by detect
the residual Cd in the growth medium by an atomic absorption
spectrometer (AAS, Agilent 3510, USA). The concentrations of the
Cd in the prepared P. chrysosporium extracts were tested to
evaluate the bioaccumulation level of Cd.

2.3. H>0, generation detection

During the chronic exposure time, the ROS and H,0, genera-
tion, were frequently measured. H,0, was detected according to
H,0, assay kit purchase from Beyotime institute of biotechnology.

2.4. Enzymatic antioxidant responses detection

Briefly, CAT activity was assayed by measuring the rate of
decrease in H,O, (100 mM) at 240 nm by UV-vis spectrophotom-
eter (UV-2250, SHIMADZU, Japan). 0.1 mL extract was added to
2.5mL PB solution (50 mM, pH 7.4), the reaction was started by
addition of 0.5 mL H,0,. CAT activity was monitored through H,0,
consumption. Data were expressed in Umgprot~! (Nemmiche
et al.,, 2007). The biological activities of SOD were tested in
supernatants according to Marklund and Marklund (1974) by
quantifying the inhibition of superoxide-dependent pyrogallol
(PAPG) self-oxidation with the addition of P. chrysosporium
extracts. One SOD unit is defined as the enzyme quantity that
inhibits the autoxidation of PAPG by 50%. The reaction mixture
contained 2.5mL Tris-HCl buffer solution (100 mM, pH 8.2),
0.15 mL PAPG (10 mM) and 0.1 mL P. chrysosporium extracts. After

intensive mixing, the variation in absorbance of the mixture was
recorded via ultraviolet spectrophotometer at 320 nm for 3 min.
Meanwhile, R (SOD/CAT) was defined as the ratios of enzyme
activity between SOD and CAT. Protein concentrations were
measured by the Bradford method (Bradford, 1976) using bovine
albumin as the standard.

2.5. Antioxidant activity analysis

Antioxidant activity estimation was characterized as TAA, O,*~
and °*OH RSA (Liu et al., 2014). Total antioxidant activity of P.
chrysosporium extracts were conducted by measuring the variation
in absorbance of ABTS®* solution at 734 nm vs time for 3 min after
the addition of 100wl P. chrysosporium extracts. The ABTS®*
solution was prepared via the dilution of 2,2’-azino-bis(3-ethyl-
benzthiazoline-6- sulfonic acid) (ABTS) in acetate buffer to the
absorbance of 0.70 (£0.02) at 734 nm using a UV-vis spectropho-
tometer. Meanwhile, the inhibition ratio between autoxidation and
oxidation rate of pyrogallic acid, at the absence and presence of P.
chrysosporium extracts, was detected to determine the 0O,°~
scavenger activity. *OH scavenger activity was performed by
orderly mixing 1.5mM FeSO;, 6 mM H;0,, 20mM sodium
salicylate and P. chrysosporium extracts, and then incubated for
30min in dark. The *OH scavenger activity was conducted by
calculation the variation in absorbance at the absence and
presence of P. chrysosporium extracts at 562 nm.

2.6. Statistical analysis

All of the above analytical experiments were done in triplicate,
and the results were analyzed as the mean value with the standard
deviation. Correlation and regression analyses were carried out
using the regression program in SPSS software (SPSS 18.0,
Germany). All reported error bars represent one standard error
of the arithmetic mean.

3. Results
3.1. Cd uptake and bioaccumulation in P. chrysosporium

P. chrysosporium has been identified as an effective bioremedi-
ation agent for its biosorption and degradation ability. Cd
concentration curves shown in Fig. 1a demonstrated that Cd
contents in all tested concentrations declined in the early
calculation stage (first 4 days). As the concentration of Cd
increased, there was a concomitant increase in Cd removal
efficiency. It was mainly because that the initial concentration
supplied a kind of important driving force, to overcome the
existing mass transfer resistance of Cd, simultaneously reinforce
the active uptake of P. chrysosporium (Xu et al, 2012b).
Concomitantly, the disappearance of Cd was accompanied with
a gradual bioaccumulation of Cd in P. chrysosporium. In all tested Cd
concentrations, Cd bioaccumulation increased in relation to the Cd
content of the growth medium as shown in Fig. 1b. A large increase
in Cd bioaccumulation occurred in P. chrysosporium grown at high
Cd concentration (100 ppm), while Cd contents increased slightly
at concentrations of 50 ppm Cd. Interestingly, there was a distinct
decrease in Cd contents after 6d of growth at 20 ppm Cd, which
might be ascribed to the active efflux mechanism.

3.2. Cd-induced H>0, accumulation in P. chrysosporium

It is known that Cd exposure is inevitably connected with an
internal oxidative stress, even though Cd is a non redox-active
element (May et al., 1998). The excessive production of ROS, via
consumption of oxygen and antioxidants result in a so-called
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Fig. 1. Cd uptake (a) and bioaccumulation of Cd (b) in P. chrysosporium exposed to
20, 50, 100 ppm Cd. Data are means of three replicates (+SD). Vertical bars show
standard deviation.
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Fig. 2. Time-course of intracellular H,0, accumulation in P. chrysosporium exposed
to 0, 20, 50 and 100 ppm Cd; the inserted Fig.(b) showed the significant correlation
between accumulated Cd contents and H,0, during the whole growth stage.

oxidative burst, is one of the cellular toxicity. In the present study,
real-time of Cd-induced oxidative stress in forms of H,O0, was
quantified in P. chrysosporium (Fig. 2). It is apparent that H,0,
plummeted after 4d of growth, in addition to an unexpected
increase at 12d. After 24d of growth, H,O, in all the tested

concentrations tends to be similar at a detectable level. Obviously,
H,0, accumulation was strongly induced with Cd at the initial
growth stage (4 d). H,O, were induced by 1.98, 4.12 and 7.58 fold in
the presence of 20, 50 and 100 ppm Cd at 4 d while compared with
the control samples (Fig. 2a).

To find out the data basis of this increased H,0, accumulation,
correlation between the Cd content and H,0, content is
demonstrated in Fig. 2b. The high Cd concentration presumably
led to an increased oxidative stress relative to that during normal
metabolism, subjecting the fungi to a ROS-rich environment. Such
an oxidative event might be induced in a regulated fashion by the
activation of Cd bioaccumulation, in the case of positive correlation
between intracellular Cd contents and H,0, (Fig. 2b, R* =0.6907).

3.3. Cd induced enzymatic antioxidant response in P. chrysosporium

As shown in Fig. 3a, Cd treatment initially triggered the
activation of SOD activities. SOD activities increased with
prolonged Cd exposure and generally proportional to the levels
of the stress. Particularly, SOD in P. chrysosporium treated with
100 ppm Cd increased significantly compared with those found in
controls till at the end of the experiment. At 12 d, the activity of
SOD reached maximum at 100 ppm Cd (19.07 U mg prot™'). In
contrast to SOD, CAT activities were initially suppressed under Cd
exposure. At 4d, Cd-induced relative changes in CAT activity were
—20.61%, —43.12% and —89.61%, respectively, while compared with
controls. After 6d of growth, increase in CAT activity has been
found in Cd-exposed P. chrysosporium, which is supposed to be an
adaptive trait possibly helping to overcome the damage to cell
metabolism by reducing toxic levels of H,0,. However, unlike SOD,
CAT activities elevated remarkably exposed to low concentration
Cd (20ppm), while the induction was less pronounced in P.
chrysosporium exposed to Cd at 50 and 100 ppm (Fig. 3b). CAT
activity was calculated at the value of 0.38, 1.36, 0.58 and
0.96 Umgprot~! at 0, 20, 50 and 100ppm Cd, respectively.
Meanwhile, the stimulation synthesis of those antioxidants
possibly performed a prior role as an adaptive response to heavy
metals, rather than initially participating in antioxidant activities.
Therefore, time-adaptive antioxidants aggravate an imbalance in
ROS and antioxidant levels, in turn triggers oxidative stress in cells
initially (Fig. 3b).

3.4. Cooperation of SOD and CAT as antioxidant network response to
cd

To better understand Cd-induced oxidative effects and detoxi-
fication mechanisms in P. chrysosporium, we calculated the ratio
between SOD and CAT activity during the Cd exposure (Fig. 4).
Relative high values of R (SOD/CAT) have been observed at 2d,
companied with high levels of H,0, initially (Figs. 2 and 4), which
is recognized as a key intracellular messenger at subtoxic levels in
certain important signal pathways. A gradual decrease in R (SOD/
CAT) has been found significantly dependent on Cd, their
concentration and the time of exposure, contributing to a
remittent in H,O, accumulation (Fig. 4a). The positive correlation
between the ratio R (SOD/CAT) and H,0-, (R?=0.8617, p=0.0134) in
P. chrysosporium was further observed in Fig. 4b, indicating the
cooperation of SOD and CAT in H,0, regulation in P. chrysosporium.

3.5. Cd induced variation in antioxidant activities

Metabolic activation significantly increased the potency of the
fungi response to Cd. To find out whether the observed alleviation
in oxidative stress is dependent on the antioxidant defense of P.
chrysosporium, quantitative estimates of the antioxidant capacity
and radical scavenging activity are necessary. As a first step
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towards an assessment of volume-related activities of defense exhibited admirable antioxidant activity and radical scavenging
enzymes and antioxidant activity in healthy P. chrysosporium were activity. As examples, the P. chrysosporium extract after 4d of
calculated (Fig. 5a). It was obviously that P. chrysosporium exposure could scavenge almost 56.91% and 35.29% of 0,°~ and
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*OH, respectively. At 12 d, total antioxidant and radical scavenging
activity tend to peak values, accompanied with the high SOD and
CAT activities.

In a second modeling step, a situation was envisaged under Cd
exposure (as indicated for 4,12 and 24 d of Cd-treatment in Fig. 5b).
Indeed, the antioxidant activities were influenced by time and Cd
exposure. TAA showed largest changes after Cd-exposure. When
the fungi were grown under Cd exposure conditions, a significant
strengthen of TAA was predicted, which is consistent with the
alleviation in oxidative stress. The O,°" scavenging activity was
significantly correlated to the Cd levels, especially short-term
exposure, due to the preferential dismutation of O,°~ by initial
stimulation in SOD. Positive linear correlations were found
response to various Cd levels (Fig. 5c), given that the P.
chrysosporium exhibited a Cd-dependent antioxidant response at
all of the tested concentrations.

4. Discussion

Apparently, exposure to Cd led to increases in Cd bioaccumu-
lation and H,0, production at all tested Cd concentrations
(Figs. 1 and 2). Generally, the natural ROS play an essential role
in normal functioning as important signaling molecules modulat-
ing the activity of specific defense enzymes (Pinto et al., 2003).
Under physiological steady state conditions, H,0, existed in
biological cells at low but measurable concentrations in P.
chrysosporium (Fig. 2, controls). However, Cd-induced NADPH
oxidase production has been reported, which function as multi-
component enzymes, and use electrons derived from intracellular
NADPH to generate O,*~ from O, (Cuypers et al., 2010), result in
ROS generation and signaling to the onset of cellular protection
mechanisms. Besides, some experiments also confirmed the
generation of (non-radical) H,O, and oxidative stress under Cd
exposure which itself in turn may be a significant source of radicals
via Fenton chemistry (Valko et al., 2006; Watanabe et al., 2003).
Detection of ROS species in aqueous media is challenging, as their
half-lives, depending on the media, could be as short as 10~ s for
*OH, 10765 for RO* (Khachatryan et al., 2011). It is also difficult to
detect the occurrence of the 0O,°" in P. chrysosporium, most
probably in consequence of the presence of high SOD activity
therein, which enzymatically converts O,°~ to O, and to the less-
reactive species H,0,. Therefore, we choose H,0, as biomarkers for
reactive oxygen stress. As expected, pronounced H,0, accumula-
tion was proportional to Cd bioaccumulation levels in P
chrysosporium (Fig. 2b, R?=0.6907).

In response to toxic levels of heavy metals, a cell may develop
metal resistance systems in an attempt to protect sensitive cellular
components. When oxidative stress occurs, cells attempt to
counteract the oxidant effects and maintain redox balance by
activation of antioxidants. This potential for heavy metal toxicity
has forced attention on its early evolution to develop metal ion
homoeostasis factors and antioxidant determinants (Jaleel et al.,
2008; Shi and Zhu, 2008). In P. chrysosporium, treatment with Cd
initially resulted in increased SOD activities. SOD appears to be
crucial for protection of fungi with elevated levels of ROS as well as
an increased tolerance, which has been deemed to be the first
defense mechanism against ROS, catalyzes the disproportionation
of 0,*” to O, and H,0,. However, the up-regulation of SOD is
implicated in combating oxidative stress, due to the findings that
induction of SOD also results in the activation of H,0, in the case of
the O,°~ elimination. Such a situation inevitably leads to the
formation of H,0, (Scott et al., 1987). Thereafter, promoted
activation of CAT occurred, contributing to H,0, scavenging.
Catalase, existing as the peroxisomes in nearly all aerobic cells,
serves to protect the cell by catalyzing H,O, without the
production of free radicals. The mechanisms of catalysis process

of CAT has not been precisely clarified yet, but possible pathway,
similar as cytochrome c peroxidase, has been proposed, based on
the monomer structure which containing a heme prosthetic group
and one NADH molecule. The catalytic process is reported to occur
in two stages (Morita et al., 1994; Bhaduri and Fulekar, 2012):

H,0, + Fe(Ill)-E — H,0 + 0 = Fe(IV)-E(+) (1)

H,0, + 0 = Fe(IV)-E(+) — H,0 + Fe(Ill)-E + 0, (2)

where Fe-E represents the iron center of the heme attached to the
enzyme (E).

Accordingly, H,0, might play important roles in the defense
system, acting as intermediate signaling molecules and cellular
messenger for the induction of antioxidant systems (Egan et al.,
2013). It is recently reported that antioxidant defenses tend to
operate as a balanced and coordinated system, a whole array of
enzymes is therefore needed for the regeneration of the active
forms of the antioxidants (Sies et al., 2005). The capacity to
regenerate other antioxidants is driven by the redox potentials of
the (Red/Ox) couple, correlating to increased levels of ROS and/or
disturbed activities of enzymatic antioxidants (Valko et al., 2006).
Analysis of CAT activities showed that low Cd exposure (20 pm)
contributed to a 1.17-fold of increase in CAT activity (18 d). A likely
explanation for the lower induction ratio of 100 ppm Cd to CAT is
that the high level of Cd resulted in the elevated SOD activity,
which promoted increased H,O, formation derived from SOD
catalyze reaction, further aggravated the CAT depletion. Therefore,
in contrast to induction of SOD or CAT, H,0, acted as signal
molecules induced the antioxidant network in the conjunction of
SOD and CAT balance. Our results declared that H,O, concen-
trations were proportional to R (SOD/CAT), due to the signaling
trait of H,O, to the onset of cellular protection mechanisms
(Fig. 4b, R>=0.8617). In this case, H,0, was probably of enzymatic
origin considering the low concentration in the system and
initiated the various H,0, derived antioxidants. In fact, prolonged
Cd exposure induced SOD and CAT activities have been found
compared with samples without Cd (Fig. 3) and thus were shown
to be well acclimatized to the Cd-exposed environment. It is
reasonably deduce that cells may trigger two different mecha-
nisms to regulate their intracellular ROS concentrations and
oxidation/redox balance: one that will enable the fine modulation
of low levels of ROS for signaling purposes, and one that will enable
the scavenging of excess ROS. A fast decomposition of H,0, has
been found after 4d of incubation representing an important
adaptive response to withstanding adverse conditions with
pronounced CAT activities. As a result, despite the intense initial
stress, the cells exhibited hypertolerance to Cd exposure in late
exponential phase, with waning of stimulation ratios in H,0,
accumulation.

Furthermore, bioassays based on antioxidant activities can
provide more information about the response of P. chrysosporium
coping with adversity environments during environmental appli-
cation. Indeed, maintenance of a high antioxidant capacity in cells
has been linked to increased tolerance against different kinds of
environmental stress, due to the ability to ROS scavenging.
Promoted levels of cellular antioxidants therefore allow cells to
acclimatize to ROS under Cd stress, resulting in the decrease of
H,0,. It is tempting to speculate that the observed increase of
antioxidant activities after Cd-exposure might be necessary to the
provocative antioxidant responses. Enhanced levels of cellular
antioxidant activity could allow cells to acclimatize to ROS under
Cd stress, contributing to the alleviation of oxidative stress in P,
chrysosporium. It also provided an alternative as a better indication
of the existence of oxidative stress upon Cd exposure via coupling
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ROS level with the change in activity of antioxidant systems and
antioxidant responses.

5. Conclusions

In conclusion, heavy metal stress is one of the major problems
affecting efficiency of environment microbiology. Our results
suggest that Cd bioaccumulation in P. chrysosporium promotes
H,0, generation, and then triggers a consecutively signal
transduction of antioxidant response as antioxidant network
cooperation with SOD and CAT. SOD enzymes work in conjunction
with CAT, based on the positive correlations between H,0,
accumulation and R (SOD/CAT) (R?>=0.8617). Cd exposure also
promoted antioxidant activities in P. chrysosporium, attributed to
the hypertolerance of P. chrysosporium to Cd. Distinct remission
H,0, accumulation was consequently found after an adaptive
antioxidant response in P. chrysosporium. Results from this study
will serve as useful references for the physiological responses of
fungi to metal exposure during environmental application.
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