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ARTICLE INFO ABSTRACT

Keywords: Microorganism biotransformation of sulfamethazine (SMT) in aqueous environments is a major concern, espe-
Cadmium cially considering their exposure to coexisting SMT and heavy metals. Phanerochaete chrysosporium (P. chrysos-
SUIfametha_Zin‘? porium) is a more concerned Cadmium (Cd) and SMT hyper accumulation specie. This study, referring to me-
Co-contamination tabolic mechanisms and application, was performed to investigate the single and combined effects of Cd-SMT,
ileostii:izrmatmn including toxicity, resistance, as well as the accumulation and biotransformation by P. chrysosporium. The results

revealed that Cd-SMT co-contamination caused increasing active oxygen accumulation, and the number of an-
tioxidant enzyme and non-enzymatic antioxidants were higher than that under the stress of their individual
pollution. It was found that P. chrysosporium accumulated high levels of Cd with the increment of 6.98-23.96%
induced by Cd-SMT co-contamination compared to under the stress of Cd individual pollution. What's more, the
addition of Cd reduced the toxicity of SMT to P. chrysosporium. The decrease of malonaldehyde and the increase
of protein also proved that P. chrysosporium held enormous potential to fit in the co-contaminated environment,
and to remediate the co-contaminated water especially in the long-term treatment. These results undoubtedly
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contribute to the development of fungi-based technologies and the applications of P. chrysosporium in realistic
environment rather than laboratory simulation environment.

1. Introduction

Sulfonamide antibiotics (SAs) which are widely used by humans and
veterinary medicine are of great concerns because of their frequent
detections in soils and groundwater. It has been reported that the
concentrations of SAs in manure reached 900 mgkg™' [1]. Sulfona-
mides appear frequently in the effluents of sewage treatment plant with
concentrations reported to be 6ugL~! in Germany, 290 ugL~! in
Switzerland, 395-575 pg L.~ ! in Georgia, USA, and 0.06-0.21 ug L™ ! in
Colorado, USA [2-4]. Moreover, evidences showed that the half-life of
SAs is 9.6-833 d, therefore the time duration of SAs is too long in the
water and sediment of environment and they also pose potential risks to
aquatic species, plants and human being [5,6]. Sulfamethazine (SMT), a
kind of SAs, is highly hydrophilic (octanol water partition coefficient:
SMT log K,,, = 0.27) even in neutral form. It shows a good performance
in inhibiting the enzymatic reaction in bacteria, via deferring the
synthesis of an important coenzyme para-aminobenzoic acid and da-
maging the function of product purines and pyrimidines [7]. Heavy
metals (HMs) are another matter of concern for their damage on eco-
system and living organisms [8,9]. Cadmium (Cd) is a highly toxic
metal which can easily enrich in food chain and dissolve readily in
water by natural processes and anthropogenic activities. It can be easily
accumulated in crops, and further cause numerous symptoms and
pathologies of animals and humans, such as neurological effects and
endocrine dyscrasia [10,11].

Environmental behavior of individual contaminant is a popular
topic in laboratory investigation [12-14]. But the research of co-con-
tamination is a more practical issue with the development of industry
and the acceleration of urbanization. Therefore, combined pollution has
become an important developing direction of environment science. In
realistic environment, various pollutants always co-exist and even react
with each other to make the environmental pollution diversified and
complicated. Therefore, as typical pollutants in the environment, heavy
metals-antibiotic combined pollutant, especially Cd-SMT combined
pollutant, got popularly attention nowadays.

Data from the literature indicate a greater tolerance of white rot
fungi (WRF), which are capable of not only degrading SAs but also
immobilizing of HMs via unique extracellular oxidative enzyme sys-
tems, cell wall cation exchange, extracellular chelation with organic
acids and intracellular bioaccumulation [15,16]. Kim et al. [17] dis-
covered that O-methyltransferases in WRF can accelerate SAs de-
gradation by converting the major inhibitors OH-SAs into non-toxic
methylated phenolic ones. Rodriguez et al. [18] made a point that WRF-
laccase system can promote the degrading efficiency of SAs to 75%. Li
et al. [19] proved that the addition of WRF can increase the Cd removal
rate from 44.85 to 80.36%. These findings also signaled that WRF
possessed potential ability to biotransform HMs-SAs co-contamination.
Their high tolerance protects them from the high-level concentrations
of organic pollutants and HMs so that their enzyme system could
function normally in harsh environments. Phanerochaete chrysosporium
(P. chrysosporium) is a more concerned Cd-SMT combined pollutant
hyper accumulation species of WRF [20,21]. The main removal me-
chanisms were (i) biosynthesis of phytochelatin (PCs) and me-
tallothioneins (MTs) in cells, (ii) phosphate and polyphosphate meta-
bolisms, (iii) chelate with malate and oxalate, (iv) the functional group
added to the reactants by CYP450 monooxygenases, such as hydroxyl,
carboxyl, or an amine group, and (v) metabolism product conjugated by
non-specific extracellular oxidizing agents such as sulfates, glucur-
onides, glucosides, and glutathione (GSH) [22].

Toxicity and resistance effects, which produced in the interaction
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process, are closely related to the biotransformation efficiency of pol-
lutant. Most attention has been paid toward the extracellular enzymes,
the generation of reactive oxygen species (ROS) and free radical
scavenging capacity. These indicators are more beneficial to assess
practicability of one biotechnology and reveal the deep mechanisms in
transformation process of xenobiotics. In this study, we not only in-
vestigated the biotransformation performance of Cd-SMT combined
pollutant by P. chrysosporium, but also detected the toxicity and re-
sistance indicator, such as ROS, malonaldehyde (MDA), catalase (CAT),
superoxide dismutase (SOD) and polyphenol oxidase (PPO), to uncover
the underlying mechanisms induced by HMs and antibiotics. Therefore,
the objectives of this study were to provide insight into the bio-
transformation pathway of combined pollutant and to enhance the
application and practical value of biotechnology in real environment.

2. Materials and methods
2.1. Microorganism, chemicals, and media

The fungus P. chrysosporium strain ATCC-24725 was obtained from
China Center for type Culture Collection (Wuhan, China). Fungal cul-
tures were maintained on potato dextrose agar (PDA) slants at 4 °C, and
then transferred to PDA plates at 37 °C for 3 days. The spores on the
agar surface were gently scraped and blended in the sterile distilled
water as spore suspension. The spore concentration was measured by a
microscope with a blood cell counting chamber and adjusted to
2.0 x 10° CFU per mL.

The analytical standard of sulfamethazine (99%, w/w) was pur-
chased from Sigma-Aldrich. Analytical reagent grade FeSO4, K3Fe(CN)g,
Na,HPO, and NaH,PO, were obtained from Sinopharm Chemical
Reagent Co., Ltd. China. Tert-butanol (TBA), 2,7-dichlorodihydro-
fluoresceindiacetate (DCFH-DA), hydroxylammonium chloride, 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), pyrogallic
acid (PAPG), 5,5-Dithiobis-(2-nitrobenzoic acid) (DTNB), tri-
chloroaceti-cacid (TCA), bovine serum albumin (BSA) and sulfanilic
acid were purchased from Aladdin Chemistry Co., Ltd. China.
Acetonitrile and methanol were of HPLC grade and obtained from
Merck KgaA. Ultrapure water (resistivity of 18.2 MQ cm) was used
throughout the experiments.

2.2. Experimental design

Liquid-state conditions were selected to simulate the real aqueous
environment. 5.0 mL of aqueous spore suspension of P. chrysosporium
was inoculated into 250 mL Erlenmeyer flasks containing 100 mL Kirk’s
liquid culture medium [23] for 3 days. Controlled the final SMT level at
0, 10, 30 and 50mgL~"' (G1), the final Cd level at 0, 10, 50 and
100 mg L~! (G2) and the final Cd-SMT combined pollutant level at O,
10-30, 50-30, 100-30, 50-10 and 50-50 mg L™t (G3), respectively.
1.0 g P. chrysosporium wet biomass was mixed with 50 mL aqueous so-
lution at various initial Cd and SMT concentrations. Finally, the mixture
was incubated in a constant temperature incubator with a constant
speed of 120 rpm at 30 °C for 72 h. Sampling was performed after 6, 12,
16, 24, 36, 48, 60 and 72 h. The preparation method of cell free extract
was shown in Supplementary information (SI) in detail.

2.3. Quantitative analysis by HPLC

The SMT concentration in samples was monitored by an Agilent
high-performance liquid chromatography (HPLC) Series 1100 (Agilent,
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Waldbronn, Germany) equipped with an auto-sampler and a UV-Vis
detector. The UV detector was set at 268 nm and the Zorbax SB-C18
column (4.6 X 250 mm, 5 mm) was used in SMT detection. The column
oven temperature was set to 25 °C. The injection volume was 50 pL and
the initial eluent flow rate was 1 mL min~'. Mobile phase A was com-
posed of 80% HPLC grade methyl alcohol, and mobile phase B was 20%
HPLC grade acetonitrile. All samples were measured twice and the data
were averaged for further data processing [24].

2.4. Oxidative stress estimation

To determine the MDA concentration, TBA reaction was used ac-
cording the method of Dhindsa et al. with slight modifications [25]. An
assay for proteins depends on the reaction of Coomassie brilliant blue
G250 in dilute acid [26]. The modified TBA method was used to de-
termine -OH [27]. TBA-reactive substances (TBARS) were used to
render the results. The intracellular content of O,-~ was estimated by
measuring the formation of NO,~ modified by Oracz et al. [28]. The
degree of ROS generation was performed by a fluorometric indicator
H,DCF-DA, as previously introduced by Chen et al. [29]. The specific
method was detailed in SI. In addition to the traditional methods, the
electron spin resonance (ESR) was used to detected the radical species,
and DMPO (pH = 7.4, 40 mM phosphate buffer) was used as the spin
trap reagent in this study. The EPR spectra was obtained at room
temperature by a JES-FA 200 spectrometer (Japan), with a resonance
frequency of 9.20 GHz, microwave power of 0.998 mW, modulation
frequency of 100 kHz, modulation amplitude of 2.0 G, center field of
3465, sweep width of 100 G, time constant of 30 ms [30].
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2.5. Resistance system assessment

Ellman's reagent, containing 0.6mM DTNB, 5mM EDTA and
120 mM phosphate buffer solution (PBS), was used to estimate non-
protein thiols (NP-SH) by absorbance measurement at 412nm [31].
Hydroxyl radical scavenging activity was indicated by Smirnoff and
Cumbes method [32]. CAT in 0.2 mL intracellular extraction buffer was
determined by 2 mL 100 mM PBS (pH = 7.4) at 240 nm, and 0.5 mL of
100 mM H,O0, was used as the initiator [33]. SOD activity was de-
termined by quantifying the inhibition of pyrogallol self-oxidation [34].
The specific method was detailed in SI.

2.6. Data analysis

Data were presented as the means of three replicates, and the
standard deviations were used to analyze the experimental data.
Statistical analyses were performed using the software package SPSS
18.0 (SPSS Inc, Chicago, IL, USA). Data on the toxicity and resistance
experiment and removal experiment in P. chrysosporium were subjected
to one-way analysis of variance (ANOVA) tests, followed by Duncan’s
test (p < 0.05), to determine the significance of the differences be-
tween the treatments.

3. Results and discussion

3.1. Reactive oxygen species generation under Cd-SMT stress of P.
chrysosporium

ROS is always seen just like an initiator of oxidative stress and the
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Fig. 1. Concentrations of O,+ — (A) and -OH (C) exposed to a range of 0-100mg L.~ ! Cd and 0-50 mg L.~ SMT for 48 h, and time-cause of O,- — (B) and -OH (D)

variation under Cd 50 mgL ™!, SMT 30 mg L~ ! and Cd 50-SMT 30 mg L~ " in P. chrysosporium
the values followed by different letters in the same figure differ significantly (p < 0.05).
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most common ones of them are superoxide (Oz- ™), the hydroxyl radical
(-OH) and hydrogen peroxide (H,O,). Heavy metals, in addition to
binding to aromatic amino acid residues in enzyme molecules, can
cause oxidative damage of proteins by the induction of oxidative stress
associated with the production of ROS [35,36]. The productions of free
radicals were shown in Fig. 1. It was observed that, at 48 h, G3 (Cd-SMT
combined contamination) presented the highest yield of O, ~. Next to
which was G2 (Cd treatment alone) and the lowest production was
detected in G1 (SMT treatment alone), as shown in Fig. 1A. Apparently,
as the concentration of xenobiotics increased, O+~ content increased
in all experimental group. The results indicated that: (i) the production
of O, ™ could be stimulated by a higher concentration of xenobiotics,
and (ii) Cd-SMT combined pollutant can bring about a higher level of
O, ~ content than their individual contaminant. The concentration of
O,- " in all groups reached the highest level at 16 h, with the con-
centration of 2.19, 2.41 and 2.51 mmolg_l, except for the control
(Fig. 1B). Then most of them decreased and finally reached the level
which was similar to the control. This phenomenon was possibly due to
the two steps reaction: (i) in the beginning of the period, veratryl al-
cohol generated under the stress of xenobiotics was oxidized to cation
radical by lignin peroxidase, then the cation radical oxidize oxalate to
CO,- ~, and after that CO5- ~ convert O, to O, ~ [37], and (ii) in later
stage, the production of SOD was increased in P. chrysosporium, which
can convert O,-~ to hydrogen peroxide, so that the concentration of
O,-~ was decreased. What's very interesting is that, after 60h, the
concentration of O,+~ in P. chrysosporium induced by Cd 50-SMT
30mgL~! combined pollution dropped rapidly and the value was
lower than that under the stress of Cd 50 mgL ™! and SMT 30 mgL ™!
individually, which was opposite to the prior phenomenon. The pos-
sible reason is that a higher enzyme activity was stimulated by the more
virulent combined pollutant. These resistant mechanisms in P. chry-
sosporium may account for the decrease of O,-~ content. This phe-
nomenon was what we also called the hormesis, which caused by
overcompensation effect.

The -OH with an oxidation potential of 2.8 eV, is the most reactive
species among all ROS. It is particularly unstable and will react rapidly
and non-specifically with most biological molecules [38]. The con-
centration of -OH was evaluated by measuring the absorbance of the
extract, and the concentration of free radicals was proportional to the
absorbance. Fig. 1C showed the absorbance corresponding to the con-
centration of -OH. It was obvious that the productions of -OH in G3
was a little higher than G1 and G2, and at the same concentration of
30mgL ™' and 50 mg L™}, the absorbance of G2 was higher than that of
G1. A majority of them fit the rules that the concentration of -OH in-
creases with increasing content of xenobiotics, except Cd 50-SMT
30mg L~ ! and Cd 50-SMT 50 mg L™ . The concentration of -OH in the
former was higher than that of the latter, with absorbance of 0.182 and
0.164, respectively. As it happens for all systems, the highest con-
centration of -OH was observed at 24 h which was a little later than
O,-~ (Fig. 1D). One of the reasons is obvious: A portion of hydrogen
peroxide converted by O,- ~ was catalyzed by Fe?>* and then generated
-OH. Therefore, the increase of -OH is often accompanied by the de-
crease of O,- . The following two reasons mainly contributed to the
generation and growth of -OH: (i) Fenton reaction: H,0, is reduced by
Fe®* to produce -OH, and (ii) Haber-Weiss reaction: Fe** is reduced to
Fe?* by O,-~, and the generated Fe?™ possesses the ability to reduce
H,0, to -OH in return [39,40]. The concentration of -OH decreased
after 36 h on account of the intracellular defensive system, that was
what we also called hydroxyl radical scavenging activity. And it would
be discussed in greater detail in SI.

The ESR is a more direct way to detect the radical species and
DMPO is one of the most efficient oxygen-radical spin trap to detect
hydroxyl radical because of the high sensitivity and recognition degree
[41]. The ESR spectra also indicated some distinct and interesting re-
sults. As shown in Fig. 2A, four-line spectrum were formed with an
intensity ratio of 1:2:2:1, which were characteristic peak of -OH
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radicals adducted to DMPO. The intensity of the 2nd peak can be used
for quantification of -OH production, with g = 2.005, ay = 14.96 G,
ayg = 14.78 G. The intensity of signal represents the concentration of -
OH in P. chrysosporium. After 24 h treated, the signal intensity appeared
to differ apparently. The intensity of the sample treated by Cd-SMT
combined pollutant was the highest one in all group, which was a little
higher than that induced by 50mgL~! Cd and much higher than that
treated with 30mgL~! SMT. This phenomenon indicated that the
production of -OH was easier to stimulated induced by Cd-SMT com-
bined pollutant rather than under the stress of the other individual
pollutant, and the yield was higher under the stress of Cd rather than
SMT. This phenomenon was consistent with the result detected by TBA,
which scrupulously revealed the changes of physiological index and the
damage mechanisms induced by xenobiotic.

The generation of total intracellular ROS was qualitatively analyzed
by confocal laser scanning microscopy coupled with H,DCF-DA assay to
explore the intracellular oxidative stress of Cd-SMT individual and
combined pollution at 24 h. The green fluorescence intensity represents
the ROS level of P. chrysosporium (Fig. 2B). All samples of experimental
groups presented significant differences compared with the control. The
fluorescence intensity of Cd-SMT combined pollution was much higher
than that under the stress of SMT, and a little higher than that under the
stress of Cd. These phenomena further evidence that Cd-SMT combined
pollutant can bring about a higher level of ROS than their individual
contaminant.

3.2. Antioxidant enzyme activity analysis

Generally, antioxidants, which possess the capacity to terminate the
chain reactions of radical and prevent cell damage from oxidative
stress, can be divided into two categories: antioxidant enzymes and
non-enzymatic antioxidants. In this study, two antioxidant enzymes,
SOD and CAT, have been monitored under the different concentration
at different time. SOD is a kind of enzyme that catalyze the breakdown
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Fig. 2. EPR spectra (A) and confocal laser scanning microscopy images (B) of P.
chrysosporium induced by 30mgL~' SMT, 50mg L~ ! Cd and Cd 50-SMT
30mgL~" respectively. The control group was free from xenobiotics stress.
Scale bars are 10 pm.
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of the superoxide anion into oxygen and hydrogen peroxide [42].

As shown in Fig. 3A, the SOD activities under different xenobiotics
stresses were distinctly different with the identical concentrations, and
the increase of its activity induced by Cd-SMT combined pollution was
obviously higher than other individual pollution. For example, the SOD
activities under the stress of Cd 50-SMT 30 mg L~ ! (46.62 Umg ') was
higher than that under the stress of Cd 50 mgL ™! (40.79 Umg ") and
SMT 30 mg L' @3 5.92Umg_1) at 48h, and its activities under the
stress of Cd 30-SMT 30 mgL ™' (44.17 Umg ™ ') was higher than that
under the stress of Cd 30mgL~" (38.85Umg ') and SMT 30mgL ™.
The activity of SOD in P. chrysosporium gradually increased in all
samples and the activity of three experimental groups presented a sig-
nificant increase as compared to the control. After 36 h, the SOD ac-
tivities of three experimental groups reached the highest level which
was 50.47, 44.05 and 38.29 U mg~! respectively. But the control
peaked at 48 h with 30.35 U mg ™! SOD activities (Fig. 3B). Obviously,
the uptrend of SOD activity was consistent with the downtrend of O5+ ~
content. That is to say: at the initial time, the concentration of O,- "~
was increased due to xenobiotics exposures, but the SOD activity was
stimulated by these stresses and finally scavenged the free radical to
alleviate the oxidative damage of cell.

The function of CAT is catalyzing the conversion of hydrogen per-
oxide to water and oxygen [43]. A low concentration of xenobiotics can
also stimulate CAT activities compared to the control, but the CAT
activity was inhibited under 100 mg L ™! Cd stress (Fig. 3C). At the same
concentration, this index induced by SMT was apparently higher than
that induced by Cd, and the ration was about 2.15-1.22 at the variation
of 30L"' mg to 50mg L. What is also obvious is that Cd-SMT com-
bined pollution reduced the CAT activity as compared to their in-
dividual pollution in every sample of G3. However, data in Fig. 3D
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display that, before 36 h, the CAT activity under Cd 50-SMT 30 mgL~*
stress was higher than that under Cd 50 mgL ™! stress. This phenom-
enon indicated that combined pollution can make P. chrysosporium re-
active and induce strong stress response at initial time, but toxicity
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increases with time which leads to the decrease of CAT activity. In
particular, CAT activity reached a maximum value at 60 h in all samples
which was 24 h later than SOD activity. This phenomenon may attri-
bute to the accumulation of hydrogen peroxide, which was produced in
SOD catalysis reaction, and can stimulate CAT generation to alleviate
hydrogen peroxide-induced oxidative damage.

3.3. Non-enzymatic antioxidants analysis

Thiols which contains carbon-bonded sulfhydryl group are im-
portant non-enzymatic antioxidants. They can react with olefin, epikote
and many kinds of heavy metals, and play an essential role in in-
tracellular antioxidant system by the conversion of reduction state (R-
SH) and oxidation state (RSSR) [44]. They can be oxidized to disulfide,
sulfenic, sulfinic and sulfonic. The existent forms and valence of sulfur
atoms in sulfhydryl groups referring the biochemical reaction in mi-
croorganisms was shown in Fig. 4 [45]. T-SH consists of two main parts:
(i) protein thiols (P-SH), manly containing metallothionein, thioredoxin
and GSH peroxidase, and (ii) NP-SH, including PCs, GSH, y-glutathione
cysteine and cysteine. In addition to the ROS detoxification, GSH also
can react with Cd to form a kind of chelate cadmium-bis-glutathionate
(Cd-GS,) which has two characteristics of structure: (i) thiol groups can
react with Cd®* but amino groups cannot; (ii) y-Glu residue is not re-
lated to the formation of metal-hydro sulphonyl chelate [46]. In this
study, the concentration of TSH and NP-SH were measured to de-
termine the effect of non-enzymatic antioxidants under Cd-SMT in-
dividual and combined stress. In addition, the concentration of P-SH
was calculated by subtracting the NP-SH from T-SH concentrations.

As shown in Fig. 5A, the addition of both Cd and SMT to the culture
medium led to significant increases in the concentrations of SH com-
pounds. What's more, the higher concentration of xenobiotics, the
larger value of both T-SH and NP-SH can be seen to some extent, except
for the group under the stress of Cd 100 mgL. ™! and SMT 50 mgL ™",
because too high concentrations of xenobiotics will destroy the regular
intracellular resistance system. Furthermore, the levels of SH com-
pounds, induced by Cd-SMT combined pollution, were significantly
higher than those of control and individual pollution groups. P. chry-
sosporium grown in medium without any xenobiotics had a T-SH con-
centration 1.05-1.45 times lower than that of G3, and had a NP-SH
concentration 1.56-1.72 times lower than that of G3. The yield of T-SH
and NP-SH was significantly affected by exposure time as shown in
Fig. 5B. The concentration of SH compounds of control reached the
peak value at 12h (35.50 umol g~ * of T-SH and 11.57 umol g~ * of NP-
SH) and the other arrived at the maximum value at 16 h which were
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higher than the control, then all of them constantly decreased as ex-
posure time went on. The decrease of T-SH from 45.0 to 21.9 umol g~ *
under 30mgL~! SMT was observed from 16 to 72h. Similarly, the
decrease under 50 mg L.~ ! Cd was from 47.0 to 26.2 umol g, and the
T-SH under Cd 50-SMT 30 mg L~ ! was from 49.0 to 27.0 umol g~ *. This
phenomenon suggested that: (i) Cd and SMT stimulate the synthesis of
thiols in cells especially NP-SH, while the concentration of P-SH rela-
tively have a little change, and (ii) SH compounds may also be involved
in Cd-SMT combined and individual detoxification in P. chrysosporium.
Other researches on GSH induced by HMs in microorganisms also de-
monstrated that the biosynthetic pathway of GSH can easily affected by
HMs exposure and other oxidative stress [47].

3.4. Effects of Cd-SMT stress on cellular damage of P. Chrysosporium

Heavy metals and antibiotic accumulated intracellularly can cause
serious damages by thiol-binding and protein denaturation replacing,
primary displacement of essential metals involved in biological reac-
tions, or a secondary effect of oxidative stress [48]. MDA is one of the
peroxidation products of membrane lipids. Its concentration indicates
the peroxidation degree of lipids and the damage degree of cell mem-
brane [49]. According to this study, low concentration of Cd hardly
caused the increase of the value of MDA compared with the control
treatment in hypha. But the amount of MDA increased as Cd con-
centration increased: Cd concentration of 100 mgL ™' leads the MDA
concentration to 0.005 pmol g~ 1 (Fig. 6A). Similar tendency can also be
observed for a concentration variation of MDA under SMT stress.
However at the same concentration, the MDA value under SMT stress
was higher than that under Cd stress, and the ratios of these two trials
were around 2.31-1.56 (30-50 mg Lt pollutant). Furthermore, the
MDA value of G3 was obviously lower than G1 and G2. From Fig. 6B,
the highest MDA content was found at 60 h in all trials except for the
control which peaked after 36 h, while a slight decrease occurred at
later stage. At the initial time, the MDA content under the stress of Cd
was slightly higher than that under the stress of SMT, but the phe-
nomenon was opposite with the gap of growth rate increasing after
exposed 16 h. As well the MDA content of G3 still maintained the lowest
level among all groups at every point in time.

Protein content is an auxiliary pointer to determine cellular growth
behavior and damage of P. chrysosporium. Since the absorption of a
protein-pigment conjugate at 595 nm varies with protein content over
the concentration range 0-1000 ugmL ™}, Agos was taken as the eva-
luation standard during this protein analysis experiment [50]. At 48 h,
the concentration of protein was the lowest under the condition of
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Fig. 5. Concentrations of P-SH and NP-SH (A) exposed to a range of 0-100 mg L.~* Cd and 0-50 mg L ™! SMT for 48 h, and time-cause of that (B) accumulation under
Cd 50mgL~"', SMT 30mgL~" and Cd 50-SMT 30mgL ™" in P. chrysosporium. The bars represent the standard deviations of the means (n = 3), and the values

followed by different letters in the same figure differ significantly (p < 0.05).
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accumulation under Cd 50 mgL ™!, SMT 30 mgL ™" and Cd 50-SMT 30 mg L~ in P. chrysosporium. The bars represent the standard deviations of the means (n = 3),
and the values followed by different letters in the same figure differ significantly (p < 0.05).

50mgL~! SMT rather than 100mgL~! Cd (Fig. 6C). With the con-
centration of SMT increased, protein content decreased in G1, which
was similar to the relationship between the concentration of Cd and
protein in G2. But in combined pollutant group, the trend was a bit
more different. The protein content reached the highest point at Cd 50-
SMT 30 mg L™, which was higher than Cd 50-SMT 10 mgL~" and Cd
30-SMT 30 mg L.~ ! group, potentially due to the bidentate complex way
of Cd and SMT [51]. As shown in Fig. 6D, the growth rate of protein in
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control was revving up before 60 h, while that in experimental groups
was conspicuously suppressed after 24 h. Still, the protein content in all
group were continuously growing after 72h. This phenomenon in-
dicated that P. chrysosporium can exist under Cd-SMT individual and
combined stress. And among three experimental groups, Cd 50-SMT
30mgL~' was the most suitable and lower toxicity for P. chrysos-
porium. The protein content of each experimental group was lower than
the control, owning to two possible reasons: (i) xenobiotics inhibited
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Fig. 7. Time-cause of Cd (A) and SMT (B) biotransformation efficiency under Cd 50 mg L™, SMT 30 mg L.~ ! and Cd 50-SMT 30 mg L~ in P. chrysosporium. The bars
represent the standard deviations of the means (n = 3), and the values followed by different letters in the same figure differ significantly (p < 0.05).
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the growth of P. chrysosporium, (ii) protein structure were damaged
under the stress of xenobiotics. Proteins are the main targets of free
radicals and other oxidants both in extracellular and intracellular re-
actions. It was estimated that 50-75% free radicals were scavenged by
protein among all kinds of macromolecules.

The agents that cause the cellular damage are known as free radi-
cals, which are unpaired molecules. Free radicals are constantly trying
to steal electrons from unsaturated fatty acids, which are an important
component of cell membrane phospholipids, and associated with cell
membrane stability [52]. Then other new free radicals were generated
constantly from chain reaction. These free radicals can change the
morphology and function of membrane-type proteases, membrane re-
ceptors and ionic channel, and finally cause the damage and senescence
of fungi cell. Therefore, the cell damage indexes of P. chrysosporium
growth rose at the beginning then dropped later under the normal
conditions, while different kinds of xenobiotics addition aggravated this
damage in varying degrees and delayed peak time which potentially
related to stimulate the resistance system in fungi cells. These results
indicated that the oxidative damage of P. chrysosporium membrane li-
pids by Cd-SMT pollutant was more little than individual pollutant, and
the toxicity of P. chrysosporium from high to low is: SMT > Cd > Cd-
SMT combined. That is to say that P. chrysosporium is more adaptable in
combined pollutants system and possesses potential to apply in the real
environment.

3.5. Biotransformation of SMT-Cd by P. chrysosporium

Cadmium accumulation and SMT biotransformation by P. chrysos-
porium has been reported previously [53,54]. Results in this study
showed that P. chrysosporium could not only accumulate Cd and bio-
transform SMT in their individual pollution, but also decrease them in
Cd-SMT combined pollution. As shown in Fig. 7A, a linear increase in
the biotransformation efficiency of Cd with increasing time at first 36 h
was found in P. chrysosporium. A slow decrease of Cd biotransformation
efficiency was then observed from 48 to 72h. While the sustainable
growth can be observed in SMT biotransformation efficiency before
72h, which was shown in Fig. 7B. Furthermore, the promotion of Cd
removal under the condition of Cd-SMT co-contamination was obvious,
but the biotransformation of SMT can be inhibited under the same
condition.

The biotransformation efficiency at 48 h by P. chrysosporium grown
in experimental fluid contaminated with different combinations of Cd
and SMT is shown in Table 1. Data displayed that the biotransformation
efficiency under the stress of 50 mg L~ ! (39.80%) was higher than that
induced by 30 mgL~' Cd (38.36%), which may due that higher con-
centrations supplied a kind of important driving force, to overcome the
existing mass transfer resistance between heavy metals and biomass,
therefore reinforce the active uptake of P. chrysosporium. But when the
initial concentration of Cd reached a very high level (> 50 mgL™1), the
toxicity will inhibit the removal behavior of P. chrysosporium. The ad-
dition of SMT had a positive impact on Cd removal by P. chrysosporium,
which presented the phenomenon that the biotransformation efficiency
of Cd in G3 was higher than that of G2. When the initial concentration
of Cd-SMT co-contamination was 50-50 mg L.~ !, the biotransformation
efficiency of Cd (49.02%) was the highest, and the lowest in G3 was the
one under the stress of Cd100-SMT 30 mg L~! (37.51%). The bio-
transformation efficiency of SMT went down as the concentration in-
creased. But when adding Cd into the initial pollutants with the same
amount, the tendency seemed a little different: (i) the addition of Cd
had a negative impact on SMT biotransformation by P. chrysosporium,
which led to that the biotransformation efficiency of SMT in G1 were
higher than that of G3, and (ii) the biotransformation efficiency of SMT
under the stress of Cd 50-SMT 30 mg L~! (55.07%) was much higher
than that induced by Cd 50-SMT 10mgL~! (35.57%). One possible
explanation for that is SMT as a bidentate ligand can complex with
heavy metals based on a certain proportion.
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Small-molecule transition metal was a kind of wide-used catalysts
due to its unstable electronic. The strong catalytic activity transition
metals, especially Pd, Au, Pt, Ru and Ag have been widely reported. the
Earth-abundant transition metals including Mn, Fe, Co, Ni, Cd and Cu
(“biometals”) have been comparatively underutilized until the past few
years [55]. The addition of Mn?>* and Zn** can promote the hydrolysis
of B-lactam antibiotics by metallo B-lactamases effectively catalytic
reaction. Because the carbonyl and N atom in (-lactam antibiotics
cannot form the conjugated structure, which make it easy to break by
electrophile such as metal catalyst [56]. Nanoscale zero-valent iron was
an effective activator for Fenton-like removal of SMT. It was mainly
responsible for H,O, decomposing to generate radical -OH for the de-
gradation of SMT [57,58]. But the catalytic effect of Cd?* on the bio-
transformation of SMT was limited, and no catalytic hydrogenation
production detected by the FTIR and magnetic resonance imaging
(MRI). The possible reasons were (i) the conjugated structure of SMT
make it more stable than B-lactam antibiotics, and (ii) configuration of
extra-nuclear electron make the catalytic activity of Cd>* not obvious.
Structurally, SMT contains phenylamino group, imino group (NH), and
antisymmetric stretching bands sulphone (O=S=0), which could be
binding sites for metal ions (Fig. 8) [59]. In the infrared spectra of SMT,
the disappearance and significant shift of O=S=0 showed that the
coordination in the Cd complex involved in O=S=O0 reaction but with
weak response [60]. Measuring chemical shift and relaxation time by
MRI is a popular method to determine HMs coordination. Magnetic
resonance scans revealed that there was a possible interaction between
aniline group and metal ion through sulfonamidic (N15) and pyrimidic
(N23) nitrogen atoms (Fig. S2) [61]. What more, in a neutral en-
vironment, SMT mainly exists in the form of SMT® and SMT ™, so that
the covalent bond was the dominant acting force through the N of
pyrimidine ring. Additionally in the acid environment, SMT exists
mainly in the form of SMT* and SMT® without electronegative —NH—
group. Therefore, as a stronger electron donor of SMT, benzene ring
complex with HMs through cation-x interaction.

Summarizing these findings, the removal efficiency of Cd can be
prominently increased under the influence of biosorption by P. chry-
sosporium and complexation. Meanwhile a slight fall of the bio-
transformation efficiency of SMT can be seen in a short-term treatment
except for the ratio of Cd and SMT is close to the coordination site
amounts of SMT. But Cd-SMT co-contamination can reduce the toxicity
of P. chrysosporium, which implies an enormous potential of P. chry-
sosporium to biotransform combined pollution for the long term.

4. Conclusions
Tolerance and biotransformation abilities of P. chrysosporium for Cd-

Table 1

Effect of Cd-SMT Combined Pollution of P. chrysosporium. All the Values are
Means of Triplicates = SD. Different Letters within a Combination of
Treatments Indicate Significant Differences (P < 0.05) among Different
Treatments.

Treatments Biotransformation efficiency
Cd (mg/L) SMT (mg/L) Cd (%) SMT (%)
0 10 62.89 + 1.19a
30 57.54 + 1.92b
50 53.44 + 2.22¢
30 0 38.36 + 1.15¢
30 42.83 + 1.67 bc 46.83 + 0.38d
50 0 39.80 + 1.03 ¢
10 42.58 + 2.19 bc 35.58 + 0.54 e
30 48.51 + 0.52a 55.07 + 1.32 bc
50 49.02 + 242 a 27.65 + 0.04 g
100 0 30.26 + 4.41d
30 37.51 £ 091 ¢ 32.18 + 0.64 f
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Fig. 8. Possible integrate approaches of Cd and SMT in their Co-contamination.

SMT combined pollutant were obviously enhanced by acclimatization.
The concentrations of ROS in hypha were increased under the Cd-SMT
individual and combined stress. Excessive concentrations of Cd and
SMT caused the oxidative damage of fungi cell, with the increasing of
MDA and decreasing of protein. As a response to this phenomenon, the
activities of antioxidant enzyme were stimulated as well. Among them,
the activity of SOD induced by Cd-SMT co-contamination was higher
than that under the stress of their individual pollutant, but the activity
of CAT moved in the opposite direction. Non-enzyme antioxidants also
play an important role, in which the concentration of NP-SH induced by
Cd-SMT co-contamination was higher than that under the stress of their
individual pollutant. These stress responses jointly lead to the minor
damage of fungi cell and higher biotransformation efficiency of Cd-SMT
combined pollutant by P. chrysosporium than their individual pollutant.
In summary, P. chrysosporium bring a promising approach towards
biotransformation of Cd-SMT combined pollutant.
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