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Abstract Bioremediation of areas co-contaminated with
metals and polycyclic aromatic hydrocarbons (PAHs) by
mushrooms has attracted considerable attention in recent
years. In this study, Pleurotus eryngii was introduced for the
removal of Mn and phenanthrene (Phe) from potato liquid
medium (PDL) simultaneously. Effects of Tween 80 and sa-
ponin on P. eryngii growth together with Mn uptake as well as
Phe removal were investigated. Although pollutants had a
negative effect on mycelial morphology and growth,
P. eryngii could still tolerate and remove Mn and Phe. Tween
80 increased removal of Mn and Phe through increase of
P. eryngii growth, Phe solubility, pollutants bioavailability,
and specific surface area of mycelium pellets, moreover, the
activities of manganese peroxidase (MnP) and laccase, which
played an important role on PAHs biodegradation. The maxi-
mal removal of Mn and Phe was achieved (92.17 and 93.85 %
after 15 days incubation, respectively) with 0.6 g L−1 Tween
80. Treatments with saponin markedly inhibited P. eryngii
growth (50.17–66.32 % lower relative to control) due to its
fungistatic activity. Nevertheless, saponin could slightly en-
hance Phe removal through increasing solubility of Phe, and
Phe removal rate varied from 80.53 to 87.06 % in saponin
treatments. Joint stress of Mn and Phe induced a strong anti-
oxidative response, and superoxide dismutase (SOD) activity
decreased in surfactants-treated mycelium compared with

control. Generally, Tween 80 was more suitable for strength-
ening mycoremediation by P. eryngii than saponin, and could
be a promising alternative for the remediation of heavy metals
and PAHs co-contaminated sites by mushrooms.
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Introduction

The contamination of heavy metals and polycyclic aromatic
hydrocarbons (PAHs) in various ecosystems has become a
widespread environmental problem, as the results of agricultur-
al, industrial, and urban activities (Ghorbani and Eisazadeh
2012; Hong et al. 2010; Niu et al. 2013). Toxic metals pollution
can cause severe environmental and human health problems
because of their trophic transfer in organisms, biomagnification
in food chains, and toxic effects on biota (Altomare et al. 1999;
Goodyear and McNeill 1999). Manganese (Mn) is one of the
most widely used metals in the world, which is also an essential
element for the growth and development of humans, animals,
and plants. However, excess manganese in water or food is
dangerous for life being, which can induce health concerns,
esthetic and economic problems, etc. (Diazveliz 2004; Santos-
Burgoa et al. 2001). Due to PAHs’ known toxic, carcinogenic,
and mutagenic properties, 16 PAHs has been listed as priority
pollutants by the US Environmental Protection Agency (US-
EPA) including phenanthrene (Phe) (Haritash and Kaushik
2009). Phe is one of the most abundant PAHs in aquatic envi-
ronments (Bi-Xian et al. 2002; Chen et al. 2004) and able to
accumulate in organisms due to its low molecular weight
(Aksmann and Tukaj 2004).With the rapid urbanization and
industrialization in China, many mixed contaminated sites are
exposed (Yuan et al. 2010). Comparedwith individual pollutant,
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combinations frequently complicate the in situ remediation, and
usually lead more serious toxicity (Mang et al. 2014; Wang and
Brusseau 1995). Therefore, it is a major concern for researchers
to develop eco-friendly and effective approaches to simulta-
neously remedy the co-contaminated sites. Bioremediation has
been suggested to be an efficient, inexpensive, and environmen-
tally safe cleaning method, which is a major process for the
successful detoxication or removal of toxic pollutants from the
environment (Pedetta et al. 2013; Tian et al. 2002).

Mushrooms, as macro-fungi, have been focused on the
clean-up of areas contaminated with both PAHs and heavy
metals because of their abilities to utilize a wide range of or-
ganic substrates, and produce various metal-chelating metabo-
lites (Hadibarata and Kristanti 2014; Liu et al. 2015; Zhang
et al. 2012b). Mushrooms have shown a distinct superiority
to degrade PAHs due to its ability to secrete ligninolytic en-
zymes such as laccase and manganese peroxidase (MnP)
(Thurston 1994; Wang and Ng 2006). And their certain advan-
tages over bacteria in PAHs bioremediation have been exten-
sively demonstrated (Novotny et al. 1999; Potin et al. 2004).
Pleurotus eryngii (P. eryngii) is an edible mushroom with a
high yield in the world, and it has been shown for the ability
to degrade a variety of pollutants (Hadibarata et al. 2013).
However, no studies have reported about the removal of heavy
metals and PAHs in co-contaminated aquatic environment by
P. eryngii, as well as its enzymes in the bioremediation process.

However, the low solubility of PAHs in water is a potential
problem in biodegradation processes (Kumari et al. 2014).
Surfactants seem to be available because they can enhance
the solubility of PAHs in water, and consequently enhanced
their bioavailability. Tween 80 is a non-ionic surfactant with
less toxicity to microorganism than anionic and cationic surfac-
tant (Collina et al. 2007), and has been widely used in PAHs
bioremediation (Zhang and Zhu 2012). As to saponin, it is a
representative plant-derived biosurfactant with greater environ-
mental compatibility and higher biodegradability than synthetic
surfactants (Cao et al. 2013). Less toxic surfactants Tween 80
and saponin have been chosen to elucidate the effects of sur-
factants on the biodegradation of Phe and uptake of Mn by
P. eryngii. In previous works, saponin could effectively remove
PAHs and heavy metals, such as Phe, cadmium, and zinc
(Hong et al. 2002; Song et al. 2008). However, some re-
searchers reported that saponin was detected with fungistatic
activities (Hostettmann and Marston 2005; Osbourn et al.
1996). However, most antifungal studies of saponins have been
carried out on yeast and other fungus, and a meager study has
been done on P. eryngii. This encouraged us to study the effect
of saponin on the mycoremediation processes by P. eryngii. To
our best knowledge, no study has reported the surfactant-
enhanced bioremediation for heavy metals and PAHs co-
contaminated water by mushroom, especially by P. eryngii.

The objectives of this study were to investigate the capabil-
ity of P. eryngii on removing Phe and Mn in the co-

contaminated liquid medium. The specific objectives were to
investigate: (1) the growth ofP. eryngii and the removal of Phe
and Mn by P. eryngii in co-contaminated liquid medium, (2)
the production of enzymes during the bioremediation process,
and (3) effects of surfactants on the uptake of Mn and Phe
degradation in mixed solution. These results would provide
informations not only for a better understanding about whether
surfactants can affect mycoremediation of heavy metals and
PAHs, but also for accessing the potential of surfactants in
facilitating heavy metals and PAHs bioavailability during bio-
remediation of co-contaminated sites by heavy metals and
PAHs.

Materials and methods

Chemicals and mycelium preparation

Phe was purchased from Kelong, Chemical Reagent Factory,
Chengdu, China, with a purity of 99 %. Stock solution
(20 mg mL−1) was prepared in acetone. Other chemicals were
of analytical reagent grade and also obtained from Chengdu
Kelong Corp. Stock solutions of Tween 80 and saponin were
prepared in deionized water and sterilized through filtration by
filter paper with a porosity of 0.2 mm.

The P. eryngii strain (ACCC 51388) was obtained from
Sichuan Provincial Academy of Agricultural Sciences. The
strain was cultured on potato dextrose agar (PDA) slants at
4 °C in the dark. The fungi were activated at 25 °C for 10 days
prior to use.

Bioremediation and surfactants strengthen experiments

Batch experiments were performed to investigate the removal
of Phe and Mn from co-contaminated potato liquid medium
(PDL) with different solutions. First, clean PDL was mixed
with different volumes of Mn stock solution to meet the re-
quired initial concentrations of Mn (0, 1, 2, 3, 4, 5, 6 mM).
Then, Phe was added with an initial concentration of
20 mg L−1. At last, four agar plugs of mycelium punched
out from the PDA culture plate were then transferred into
the mixed contaminated liquid medium, respectively.

In the study, Phe concentrations were higher than the
Phe pure-compound aqueous solubility limit, so the influ-
ence of surfactants on the degradation of Phe by P. eryngii
could be evaluated. Surfactants were added from sterilized
stock solutions, and the resulting initial concentration for
each surfactant was 0.3, 0.6 g L−1 for Tween 80 and 2.0,
3.0 g L−1 for saponin, respectively. The control was car-
ried out without surfactants, and an abiotic control with-
out P. eryngii inoculum was performed to evaluate Mn
and Phe depletion due to physicochemical processes.
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All batch experiments were carried out in 250 mL
Erlenmeyer flasks with 100 mL compound contamination
solution and incubated in a gyratory shaker (SUKUN,
SKY-211B) at 150 rpm in the dark at 28 °C. After 15 days,
the mycelium was filtered by vacuum extraction (SHZ-D).
One half of mycelium was oven dried at 80 °C to deter-
mine the dry weight and Mn content. The other half was
quick-frozen in liquid nitrogen for detecting protein and
enzymes. Each treatment was maintained in triplicates.

Scanning electron microscopy and X-ray microanalysis

Scanning electron microscopy (SEM) with energy dispersive
X-ray microanalysis (EDX) was used to observe surface mor-
phology features and metal distribution of the P. eryngii myce-
lium pellets cultured in different mixed solutions after 15 days.
For SEM, samples were fixed in 2.5 % glutaraldehyde solution
in 0.2 M of phosphate buffer, pH 7.0 at 4 °C for 24 h (Sun and
Oelmüller 2010). Next, they were rinsed six times in the same
buffer, post-fixed in 1 % buffered osmium tetroxide at room
temperature for 1 h, and dehydrated by passing the samples in a
series of ethyl alcohol (30, 50, 60, 70, 80, 90, and 100 %) for
15 min at each concentration (Silva et al. 2011). Samples were
dried in a HCP-2 critical point dryer (Hitachi, Tokyo, Japan)
using carbon dioxide as the transitional fluid, and coated with
2–3 nm of gold prior to analysis. Samples were performed by a
high-resolution SEM equipped with an EDX analyzer (JSM-
5900LV, Japan) and used an accelerating voltage of 5.0 kV.

Analysis of manganese

The liquid and mycelium pellets were separated by filtration
to analyze the content of Mn. The solution was separated by
centrifugation, then the total Mn concentration was analyzed
by flame atomic absorption spectrometry (FAAS) according
to Cao et al. (2012) with some modifications. The supernatant
(2 mL) was digested with a mixture of concentrated HNO3

and 30 % H2O2 (5:2, v/v) using a microwave for 30 min, and
finally diluted to 10 mL with deionized water. The removal
rate of Mn by P. eryngii mycelium was calculated as Eq. (1):

Mn removal rate %ð Þ ¼ Ci−Cxð Þ
Ci

ð1Þ

where Ci is the initial concentration of Mn in PDL and Cx is
the Mn concentration in PDL after harvest.

Following a 15-min elution period, the harvested mycelium
pellets were suspended by desorption Tris-Mes buffer solution
(2 mM Tris-Mes; 0.5 mM CaCl2, pH 7.2) to remove extracel-
lular metal according to themethod ofWang et al. (2013). Then,
washing with deionized water, all the samples were then centri-
fuged at 4000 rpm for 5 min and collected for Mn analysis. The
accumulation of Mn in the mycelium was also measured by

FAAS, and determined via digestion with HCl/HNO3/HClO4

mixture (3:2:2, V/V/V) in a microwave for 30 min. After FAAS
analysis, Mn accumulation byP. eryngii biomass was expressed
in terms of Mn uptake per biomass (mg g−1) and calculated as
followed:

Mn uptake ¼ Mn concentration in mycelium

Dry weight of mycelium
ð2Þ

Analysis of Phe

Residual Phe in PDL was analyzed according to procedure
from Feng et al. (2012). Each solution sample was extracted
with equal volumes of dichloromethane and submitted to
ultrasonication for 20 min, followed by centrifugation at
4000 rpm for 10 min to separate aqueous and organic phases.
After ultrasonication, centrifugation, and dewatering, the ex-
tracts of organic layer were concentrated in a rotary evaporator
and moved into a sample vial with a final volume of 1.5 mL.
After the mixture was filtered through a 0.22-mm filter, the
concentration of Phe in the filtrate was analyzed by high-
performance liquid chromatography (HPLC) fitted with a
4.6 × 250 mm reverse phase XDB-C18 column using
methanol-water (80:20, v/v) as the mobile phase at a flow rate
of 1 mL min−1 (Feng et al. 2014). The percentage of Phe
removal from solution was calculated as Eq. (3):

Phe removal rate %ð Þ ¼ C0−Ctð Þ
C0

� 100 ð3Þ

where C0 is the initial concentration of Phe in PDL and Ct is
the concentration of Phe in PDL after harvest.

Enzyme assay

After 15 days, the culture samples were harvested, homoge-
nized at 6000 rpm, 4 °C for 15 min. The enzymatic activities
of supernatant were analyzed after filtration.MnPwas assayed
by determination of absorbance of the extracted sample using
UV spectrophotometer. Laccase activity was determined by
ABTS (2,2-azino-di-[3-ethyl-benzothiazolin-sulphonate]) ox-
idation at 420 nm ( 420 = 36, 000 L M−1 cm−1) (Bonugli-
Santos et al. 2010). MnP activity was determined by oxidation
of malonate and dimethoxyphenol in MnSO4 solution at
270 nm (Hadibarata et al. 2012). Activities were expressed
as unit per liter (U L−1).

The fresh P. eryngiimycelium (1.0 g) was quickly frozen in
liquid nitrogen and was grinded in a pre-cooled mortar, and
then was extracted in 1 mL of 20 mM Tris–EDTA for 2 h at
4 °C. After that, the homogenate was centrifuged at 6000 rpm,
4 °C for 10 min, and the resulting supernatant was further
centrifuged at 12,000 rpm at 4 °C for 1 h. Finally, the obtained
supernatant was filtered through a 0.45-μmMillipore filter for
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measuring superoxide dismutase (SOD) activity with the
method of Beaucham C and Fridovic I (1971) by measuring
its ability to inhibit the photochemical reduction of nitroblue
tetrazolium (NBT).

All treatments and measurements were performed in tripli-
cate. Results were given as the mean values ± standard devi-
ation (SD). Statistical analysis were evaluated using SPSS
package (version 21.0) with ANOVA, and means were com-
pared using least significant differences (LSD) calculated at a
significance level of P = 0.05. All figures were performed
using Origin V8.5 software.

Results

Effects of Mn on the growth of P. eryngii and the removal
of Phe and Mn without surfactants

Effects of Mn initial concentration on the biomass and the
removal rate of Phe and Mn were shown in Table 1. Dry
biomass of P. eryngii among the treatments decreased signif-
icantly (P ≤ 0.05) compared with control (G0, without con-
taminants), due to the toxicity of Phe and Mn. And biomass
was only 54.48 % of control when Mn and Phe were 6 mM
and 20mg L−1, respectively (G8). Althoughmycelium growth
was inhibited, P. eryngii could still survive and effectively
remove Mn and Phe from co-contaminated PDL. It could be
easily discovered that the initial Mn concentration in PDL
distinctly influenced Mn accumulation and Phe degradation
by P. eryngii. The degradation of Phe increased with the in-
crease of Mn initial concentration when it is low, but in high
dose of Mn (4 Mm), Phe degradation tended to decrease. In
experiments without surfactants, the minimum removal rate of
Mn was 45.96 % in G7, and the minimum degradation rate of
Phe was 61.21 % in G1 after 15 days (Table. 1). The maxi-
mum removal rate of Mn (82.27 %) was achieved at 2 mM
(G3), and the maximum Phe degradation rate (77.74 %) was
achieved at 3 mM (G4). In sterilized control (G0) experiment,
no significant changes in the amount of Mn and Phe occurred
over time. Aiming to decrease the number of variable quanti-
ties, we selected two concentrations of Mn (2, 3 mM) which
were used in all of the following experiments.

Effects of surfactants on growth of P. eryngii mycelium

The dry weight of P. eryngiimycelium with or without surfac-
tant was presented in Fig. 1. Results showed that biomass of
P. eryngii in treatments with Tween 80 increased relative to
control without surfactants, and the increasing trend was ob-
served with the increase of Tween 80 in treatments containing
same pollutants. The effects of high-concentration Tween 80
were statistically significant (P < 0.05), and biomass was max-
imum (1.31 ± 0.124) in the treatment with 0.6 g L−1 Tween 80

whenMn and Phewere 3mMand 20mg L−1, respectively. On
the contrary, experiments with two concentrations (2, 3 g L−1)
of saponin both obviously suppressed P. eryngii growth rela-
tive to control without surfactants, And dry biomass was only
42.04 % of control when Mn, Phe, and saponin were 3 mM,
20 mg L−1, and 3 g L−1 in the PDL, respectively.

Effects of surfactants on Mn removal and Mn
accumulation in P. eryngii

Effects of surfactants on Mn removal rate in abiotic control
and in cultures inoculated with P. eryngii were shown in
Fig. 2a. In the abiotic control experiment, no significant
changes in the amount of Mn occurred over time. At the same
Phe level, Mn removal efficiency by P. eryngii mycelium re-
duced with the increase of Mn concentration in PDL.With the
addition of Tween 80, Mn removal rate increased remarkably
relative to control, and Mn removal gradually increased with
the increase of Tween 80 concentration.WhenMnwas 2 mM,
the removal rate of Mn reached 84.9 % at 0.3 g L−1 of Tween
80, while Mn removal rate increased to 92.1 % at 0.6 g L−1 of
Tween 80. As for saponin, it appeared to have no significant
effect on Mn removal by P. eryngii mycelium compared with
control without surfactant.

Mn accumulation in P. eryngii mycelium with or without
surfactant was calculated and plotted in Fig. 2b. In general,
Mn accumulation in mycelium increased with the increase of
Mn amounts in liquid culture, and was influenced by different
combination levels of surfactants. Particularly, treatments with
saponin, Mn accumulation in mycelium (mg g−1) were much
higher than other treatments. Mn accumulation in P. eryngii
mycelium ranged from 6.80 ± 0.52 to 19.30 ± 1.32 mg g−1 in
all treatments. It is noteworthy that the content of Mn in the
mycelium was significantly reduced after washing by Tris-
Mes solution than that in the untreated mycelium (Fig. 2b).

Effects of surfactants on removal rate of Phe

The effect of surfactants on the Phe removal rate in 15 days at
various concentrations of mixed pollutants incubated with
P. eryngii was examined (Fig. 3). For abiotic control, Phe
was not significantly depleted without the incubation of
P. eryngii (9.03 %), but Phe concentrations in other treatments
decreased by 65.49–91.69 % at the end of the experiment. As
shown in Fig. 3, Phe removal rate increased with the increase
of Mn initial concentration. Furthermore, Phe was better de-
graded with surfactants than control without surfactants, and
Tween 80 exerted a significant stimulatory effect Phe removal
by P. eryngii mycelium, and the promoting effect was in-
creased with the increase of Tween 80 initial concentration.
In the presence of 0.6 g L−1 Tween 80, Phe removal rate
reached 93.85 % after 15 days, 23.2 % higher compared with
control, when Mn and Phe was 3 mM and 20 mg L−1,
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respectively. In treatments with 3 mM ofMn and 20mg L−1 of
Phe, the highest Phe removal rate (93.85 %) was obtained
compared with that of other treatments (65.50–91.55 %).
Comparison of Phe removal rate with or without saponin
showed that saponin slightly enhanced Phe removal by
P. eryngii mycelium (no significant differences were found).
After 15 days of incubation, at least 80% of Phe was degraded
with addition of surfactants when initial Phe concentrationwas
20 mg L−1. Overall, the addition of Tween 80 and saponin
enhanced degradation of Phe by P. eryngii mycelium, and
Tween 80 yielding a higher Phe removal rate than saponin.

SEM and EDS studies

Effects of Mn, Phe, and Tween 80 on the P. eryngii my-
celium were prominent on the mycelial ultrastructure as
revealed by SEM (Fig. 4). The P. eryngii mycelium with-
out any treatment revealed normal reticular mycelium sur-
face with smooth and non-adhesive appearance (Fig. 4a).
After exposure to Mn and Phe, P. eryngii mycelium mor-
phology became sticky, shriveled, and distorted (Fig. 4b).
Exposure of P. eryngii mycelium to Tween 80 also result-
ed in remarkable irregular, wizened, and microporous of

Table 1 Influence of variousMn initial concentration on the growth ofP. eryngiimycelium,Mn removal rate (%), and Phe removal rate (%) in the pre-
experiment with various concentrations of pollutants in the absence of surfactant

Group Mn
added
(mM)

Phe
added
(mg L−1)

Biomass
(g)

Mn
removal
rate (%)

Phe
removal
rate (%)

G0 0 0 1.53 ± 0.085c nd nd

G1 0 20 1.19 ± 0.140b nd 61.21 ± 4.088a

G2 1 0 1.23 ± 0.098b 80.64 ± 2.456de nd

G3 1 20 0.98 ± 0.025ab 80.99 ± 4.100de 63.72 ± 1.385ab

G4 2 20 0.85 ± 0.021a 82.27 ± 0. 709e 67.98 ± 0.401bc

G5 3 20 0.93 ± 0.159ab 74.12 ± 4.237cd 77.74 ± 2.737d

G6 4 20 0.99 ± 0.255ab 69.28 ± 2.122c 71.16 ± 2.492c

G7 5 20 0.87 ± 0.107a 54.71 ± 2.121b 67.92 ± 1.576bc

G8 6 20 0.83 ± 0.062a 45.96 ± 2.524a 61.82 ± 2.234a

Results are expressed as means ± SD (n = 3). Data of columns indexed by the different letters are significant difference (p < 0.05)

nd not determined as Mn or Phe was not added in several treatments

Fig. 1 Influence of surfactants on growth of P. eryngiimycelium (dry
weight) in Mn-Phe co-contaminated PDL. Erlenmeyer flask amended
with: manganese (Mn), phenanthrene (Phe), Tween 80 (Tw), saponin
(Sa), at different concentrations, relatively to the control (in the absence

of surfactant). The initial concentration of Phe was 20 mg L−1. Error
bars denote standard deviation of three replicates.Columns denoted by
different letters indicated significance at P < 0.05 among different
treatments
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hyphal elements (Fig. 4c). When P. eryngii mycelium was
treated with Mn-Phe and Tween 80 simultaneously, the
mycelium shriveled severely and appeared crumpled, ad-
hesive, and twisted (Fig. 4d). These results suggested that
treatments with Mn, Phe, or Tween 80 caused drastic
changes in hyphal morphology, and the effect of Tween
80 was more pronounced than that of Mn-Phe. Elemental

composition of pure and Mn-loaded biomass analyzed by
SEM–EDS were shown in Fig. 5. And Fig. 5a showed
that Mn ions were not found in the P. eryngii mycelium
which was harvested in pure PDL. After culturing in PDL
containing Mn, the weight percent of fungal biomass
gives prominent manganese peak (1.88 % in weight) apart
from C (40.15 %) and O (49.53 %) peaks.

Fig. 2 a Influence of surfactants on theMn removal rate in abiotic control
and in cultures inoculated with P. eryngii. b Effect of different surfactants
on Mn accumulation in P. eryngii mycelium in the presence of different
concentrations of Tween 80 (Tw) and saponin (Sa), relatively to the
control in the absence of surfactant. The accumulation of Mn in

P. eryngii mycelium washed with Tris-Mes (black square) and deionized
water (white square). The initial concentration of Phe was 20 mg L−1.
Error bars denote standard deviation of three replicates. Columns
denoted by different letters indicated significance at P < 0.05 among
different treatments
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Fig. 3 Effect of Tween 80 (Tw) and saponin (Sa) alone on Phe removal rate by P. eryngiimycelium at 15 days. Initial Phe concentration was 20 mg L−1.
Error bars denote standard deviation of three replicates. Columns denoted by different letters indicated significance at P < 0.05 among different treatments

Fig. 4 Scanning electron micrographs of P. eryngiimycelium growth in different mixtures after 15 days. aUntreated P. eryngii. b P. eryngii treated with
2 mM Mn and 20 mg L−1 Phe. c P. eryngii treated with 0.6 g L−1 Tween 80. d P. eryngii treated with Mn-Phe and Tween 80 simultaneously
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Effects of surfactants on the laccase, MnP and SOD
activity

Interactions between Mn-Phe co-contamination and surfac-
tants on laccase and MnP activities were shown in Fig. 6a.
Laccase activity was not detected in treatment without inocu-
lation of P. eryngii, and laccase in the treatment without con-
taminants was only 6.36 U L−1. Positive co-effects byMn and
Phe were found on the exudation of laccase which led to an
enhancement of laccase activity in solution samples, but
laccase activity decreased with the increase of Mn concentra-
tion. In the presence of Tween 80, laccase activity was appar-
ently promoted compared with control, and the promoting
effect increased with the increase of Tween 80. Laccase in
treatment (2 mM Mn and 20 mg L−1 Phe) and treatment
(2 mM Mn, 20 mg L−1 Phe and 0.6 g L−1 Tween 80) were
566.02 and 996.25 U L−1, respectively. However, laccase ac-
tivity significantly (P < 0.05) decreased with the existence of
saponin and inhibiting effect in high level of saponin was
stronger than that in low level. As shown in Fig. 6a, MnP
activity showed similar trend with the laccase activity in ex-
perimental groups. The activity increased with the presence of
Tween 80 but decreased with the existence of saponin. The
activity in treatment (2 mMMn, 20 mg L−1 Phe and 0.6 g L−1

Tween 80) was four times higher than that in treatment (2 mM
Mn and 20 mg L−1 Phe), with a maximum activity at

(740.27 U L−1), indicated the positive effect of high concen-
tration of Tween 80 on MnP activity.

The results presented in this study showed that antioxidant
enzymes SOD had various responses to co-contaminants and
surfactants. As shown in Fig. 6b, SOD activity significantly
increased under joint stress of Mn and Phe in comparison with
non-contaminations treatment (only 0.4 U mg−1) and reached
maximum at 27.6 U mg−1 when 20 mg L−1 of Phe was mixed
with 3 mM of Mn. The SOD activity increased at higher Mn
concentration but in the presence of surfactants, a decrease in
SOD activity was observed relative to control (without
surfactants).

Discussion

Data showed that Mn-Phe co-contaminations had a negative
effect on P. eryngii growth due to the toxicity of pollutants.
Similarly to our study, Liu et al. (2015) suggested that heavy
metals (Cu, Cd) and 2,4,5-trichlorophenol had obvious inhi-
bition effect on mushroom growth. Previous studies also sug-
gested that heavy metals could affect growth and metabolism
of fungi (Guelfi et al. 2003), and PAHs had been shown to
markedly affect the structure, integrity, and function of the
membranes (Sikkema et al. 1995). Meanwhile, it had been
reported that PAHsmight affect the energy transduction across
the biological membranes (Sikkema et al. 1994).

In the abiotic control experiment, no significant changes in
the amount of Mn and Phe occurred over time, which indicat-
ed that the removal of Mn and Phe occurring in all of the
following experiments was due to microbial action.
Although mycelium growth was inhibited, P. eryngii demon-
strated a remarkable tolerance to Mn-Phe stress under con-
trolled conditions (since all P. eryngii survived). In addition,
P. eryngii could still effectively remove Mn and Phe from co-
contaminated PDL, and hence, it is a feasible choice for re-
mediation. Similarly, many researchers reported that mush-
rooms could remove trace elements and PAHs, particularly
in their mycelia (Cao et al. 2012; Hadibarata and Kristanti
2014). In addition, mushrooms can produce carbohydrates,
amino acids, thiols, and all kinds of enzymes (Campos et al.
2009; Rangel-Castro et al. 2002), and these compounds can
contribute to remove pollutants as well as lessen their toxicity
(Singh et al. 2011). Previous studies showed that fungal
siderophores might solubilize and sequester heavy metals
such as iron, chromium, and lead (Renshaw et al. 2002). In
addition, fungal immobilization processes can convert toxic
metals in situ into insoluble and less toxic forms (Gadd 2000;
Morley and Gadd 1995). Furthermore, exposure to Mn and
Phe caused P. eryngiimyceliummorphological alterations and
increased its specific surface area, which could facilitate the
biosorption of pollutants (Fig. 4). As a whole, P. eryngii could

Fig. 5 a EDS analysis of P. eryngii mycelium was harvested in pure
PDL, and b EDS analysis of P. eryngii mycelium was harvested in Mn-
Phe co-contaminated PDL. Initial concentration of Mn, Phe was 2 mM
and 20 mg L−1, respectively
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be a suitable candidate for mycoremediation of the Mn-Phe
co-contaminated liquid medium.

However, the low aqueous solubility of PAHs is a potential
problem in biodegradation processes (Prak and Pritchard
2002). Surfactants may solve the problem by enhancing the
solubility of hydrophobic compounds (Li and Chen 2009;
Sudarat et al. 1998). Many studies have been conducted to
enhance the biodegradation of PAHs using surfactants, and

consequently enhanced their biodegradation (Grimberg et al.
1996; Volkering et al. 1995). But surfactants may be toxic to
microorganisms, and consequently, decrease degradation ef-
fect (Billingsley et al. 1999; Shiau et al. 1995). Biomass is an
effective and sensitive indicator to study the effects of surfac-
tants on P. eryngii metabolic growth. The addition of non-
ionic surfactant Tween 80 showed a positive effect on
P. eryngii growth, and the facilitating effect increased with

Fig. 6 a Laccase and MnP activity in medium at 15 days during the
bioremediation experiments in the presence of 20 mg L−1 Phe and
different concentrations of Tween 80 (Tw) and saponin (Sa), relatively
to the control in the absence of surfactant. b Effect of different surfactants
on SOD activity of P. eryngii mycelium during the bioremediation of

various concentrations of pollutants. The initial concentration of Phe
was 20 mg L−1. Error bars denote standard deviation of three
replicates. Columns denoted by different letters indicated significance at
P < 0.05 among different treatments
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the increase of Tween 80. Our result was in accordance with
Zhou et al. (2007), who found Tween 80 could stimulate fun-
gal growth (tested concentration ranges were from 100 to
700 mg L−1). On the contrary, experiments performed with
saponin inhibited P. eryngii growth by 50.17–66.32 % relative
to control, due to its fungistatic activity. Similarly, a number of
studies have reported that many saponin or saponin-rich ex-
tracts from various plants showed antifungal activities
(Escalante et al. 2002; Oleszek et al. 1990).

As shown in Fig. 2a, Tween 80 enhanced the removal rate
ofMn, and in the presence of 0.6 g L−1 Tween 80,Mn removal
reached a maximum (92.12 %) whenMn and Phe were 2 mM
and 20 mg L−1, respectively. Treatment with Tween 80 could
facilitate P. eryngiimycelium growth (Fig. 1), which might be
the reason for the ability of mycelium to remove Mn more
effectively from liquid medium spiked with Mn. SEM results
showed that Tween 80 caused drastic changes in hyphal mor-
phology which caused the increase of its specific surface area
and the attachment point of pollutants (Fig. 4). These results
indicated that these morphological alterations could facilitate
the biosorption of pollutants, thus enhancing the removal ef-
ficiency. Moreover, surfactants can transfer metal ions from an
aqueous to an organic phase by ion exchange, precipitation-
dissolution, and counterion binding (Hiraide et al. 1997;Wang
and Mulligan 2004), making these contaminants more avail-
able for remediation. Regarding saponin, it could complex
with trace metal elements by the external carboxyl groups of
saponin micelle which may enhance Mn removal. On the
other hand, saponin markedly inhibited the growth of
P. eryngii, and as a consequence, saponin exhibited no signif-
icant effect on Mn removal compared with control. These
results indicated that the application of 0.6 g L−1 of Tween
80 was the most efficacious for strengthening Mn removal
from co-contaminated solution by P. eryngii mycelium. The
presence of prominent manganese peak appeared after adsorp-
tion (Fig. 5), and Tris-Mes solution reduced Mn accumulation
in the mycelium (Fig. 2a), indicating a certain quantity of Mn
ion was superficially bound to the surface of P. eryngii myce-
lium instead of completely entering the cells. Similarly,
Rajkumar et al. (2010) suggested that extracellular materials
can immobilize metals and prevent them entry into the cells.

There might be some mechanisms attributing to Phe degra-
dation by P. eryngiimycelium in co-contaminated PDL with or
without surfactants. As is well documented, many ligninolytic
fungi can degrade PAHs because of the extracellular
ligninolytic enzymatic system, such as laccase and MnP
(Hofrichter 2002; Ruiz-Aguilar et al. 2002) The ligninolytic
enzymes attack PAHs due to the structure of lignin polymers
are similar to the aromatic molecular structure of PAHs
(Acevedo et al. 2011; Baldrian 2006). Moreover, fungal metab-
olismmay change the structure of Phe andmake it more easy to
metabolize, and these compounds may be used as a carbon
source. Comparing the maximum removal rate of Phe in

control solution without surfactants (2 mM Mn 66.99 %;
3 mM Mn 75.87 %) (Fig. 3), it was clear that Tween 80 and
saponin played a positive role on Phe removal in mixed solu-
tion. Surfactants are a class of natural and synthetic chemicals
that may result from a stimulation of dissolution rate or from
surfactant-mediated dispersion, solubilization, or emulsifica-
tion of poor soluble substrate (Noordman et al. 2002). In addi-
tion, surfactants are known to promote pollutants transferring
into the water phase by decreasing the interfacial tension be-
tween water and hydrophobic pollutants (Juhasz et al. 1997),
and the surfactant molecules may replace the hydrophilic mo-
lecular on the cell surface which could improve cell surface
hydrophobicity (Zhao et al. 2011). These studies suggested that
non-ionic surfactant Tween 80 and biosurfactant saponin can
increase the solubility of Phe in the solution, and more Phe
would be available to attack cell membrane, which might be
the primary reason for the results showed above. Thus, the
application of Tween 80 and saponin could largely improve
the bioavailability and absorption of Phe by P. eryngii, as well
as its biodegradation. Previous works have demonstrated that
saponin could effectively remove PAHs, such as Phe and
polychlorinated biphenyls (Song et al. 2008; Xia et al. 2009).
The better P. eryngii mycelium growth and higher Phe-
biodegradation observed in the presence of Tween 80 could
also be due to that this surfactant was biodegradable and can
be used as an additional carbon source for the microorganism
(Franzetti et al. 2006). Furthermore, Tween 80 could be a
ligninase inducer in agitated cultures that protects the enzymes
from denaturing which may also contribute to the improvement
of Phe degradation in experiments.

Mushroom attacks on PAHs appear to involve several en-
zymes such as MnP and Laccase. Our results indicated that
higher laccase and MnP activity lead to a better removal of
Mn and Phe. The addition of Tween 80 had a positive effect
on the biodegradation of Phe in liquid medium, and may be
associated with increases in MnP and laccase activity. Similar
phenomenon has been observed in previous report, where the
high removal of PAHs was prompted by a ligninolytic system
(Acevedo et al. 2011). In the presence of saponin, the growth of
P. eryngii significantly decreased due to its fungistatic activity;
hence, laccase activity was inhibited. The toxicity of heavy
metals in fungi could be the result of the generation of reactive
oxygen species (ROS), which may cause wide-ranging dam-
ages to proteins, nucleic acids, and lipids, and even lead to cell
death (Paula et al. 2009), so the tolerance of the fungi to heavy
metals has been associated with its ability to clear away ROS
(Stefan et al. 2005; Zhang et al. 2012a). Moreover, it has been
reported that Phe can induce ROS and lead to oxidative stress
(Hannam et al. 2004; Sun et al. 2006). Like plants, mushrooms
are able to respond to elevated levels of ROS by activating their
antioxidative defense systems. SOD is an efficient scavenger of
ROS, destroys the free superoxide by converting it to peroxide
and oxygen (Bai et al. 2003). Increase in the SOD activity may
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owe to the increased generation of ROS (Somashekaraiah et al.
1992), or increased expression of genes encoding SOD
(Bowler et al. 1992). In this study, Mn and Phe could induce
a strong antioxidative response in the mycelium of P. eryngii,
and SOD activity significantly increased under joint stress of
Mn and Phe in comparison with non-contaminations treatment
(0.4 U mg−1). Moreover, SOD activity decreased in the treat-
ments with surfactants relative to control, which may be due to
the better removal efficiency of Mn and Phe. In general, SOD
seem to play an important role inP. eryngiimycelium growth in
lipid medium and meanwhile surfactants can partly alleviate
the oxidative stress induced by joint stress of Mn and Phe,
and thus decreased relevant enzymes activities.

In conclusion, our study obtained highlighted thatP. eryngii
was a suitable candidate for in situ mycoremediation of the
Mn-Phe co-contaminated sites, and the biodegradation process
could be enhanced by appropriate concentrations of Tween 80
and saponin. Furthermore, Tween 80 showed a better perfor-
mance in promoting the mycoremediation effect than saponin,
and could be a promising alternative candidate for the remedi-
ation of water co-contaminated with heavy metals and PAHs
by P. eryngii.
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