
RESEARCH ARTICLE

Fangdong Zhan1,2
& Yongmei He1 & Yuan Li1 & Tao Li2 & Yun-Ya Yang3 &

Gurpal S. Toor3 & Zhiwei Zhao2

Received: 1 April 2015 /Accepted: 1 July 2015 /Published online: 14 July 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Our objective was to understand the cadmium (Cd)
tolerance mechanisms by investigating the subcellular distri-
bution, chemical forms of Cd and adsorptive groups in the
mycelia of Exophiala pisciphila. We grew E. pisciphila in
the liquid media with increasing Cd concentrations (0, 25,
50, 100, 200, and 400 mg L-1). Increased Cd in the media
caused a proportional increase in the Cd uptake by
E. pisciphila. Subcellular distribution indicated that 81 to
97 % of Cd was associated with the cell walls. The largest
amount and proportion (45–86 %) of Cd was extracted with
2 % acetic acid, and a concentration-dependent extraction was
observed, both of which suggest that Cd-phosphate com-
plexes were the major chemical form in E. pisciphila. A large
distribution of phosphate and Cd on the mycelia surface was
observed by scanning electron microscopy-energy dispersive
spectrometer (SEM-EDS). The precipitates associated with
the mycelia were observed to contain Cd by transmission
electron microscopy-energy dispersive X-ray spectroscopy
(TEM-EDX). Fourier transform infrared (FTIR) identified
that hydroxyl, amine, carboxyl, and phosphate groups were
responsible for binding Cd. We conclude that Cd associated

with cell walls and integrated with phosphate might be respon-
sible for the tolerance of E. pisciphila to Cd.
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distribution . Adsorptive groups . Cd-phosphate

Introduction

Cadmium (Cd) contamination in soils is a serious environ-
mental problem due to Cd release from the industrial process-
es and farming practices (Loganathan et al. 2012). Cd is a
heavy metal and is toxic to soil fungi even at a low concen-
tration (Moulis and Thevenod 2010). However, some fungi
present cellular mechanisms to tolerate Cd stress and survive
in heavy metals polluted soils (Bellion et al. 2006; Haferburg
and Kothe 2007).

The cellular mechanisms of Cd tolerance in fungi have
been widely demonstrated, and it was found that the subcel-
lular distribution of Cd in the fungal mycelia is closely related
to toxic metal tolerance (Vijver et al. 2004; Bellion et al.
2006). Accumulation of Cd was found mainly in the myceli-
um cell walls of Phoma sp. F2 (Yuan et al. 2007) and Glomus
intraradices (Gonzalez-Guerrero et al. 2008) by transmission
electron microscopy and energy-dispersive X-ray (TEM-
EDX) analysis. In Neurospora crassa, approximately 62 %
of total Cd content was found in the cell walls (Bhanoori and
Venkateswerlu 2000). The binding of Cd to cell walls allevi-
ates the toxic effects of Cd by effectively lowering the intra-
cellular Cd concentration and is regarded as an essential
metal-detoxification mechanism for fungi (Blaudez et al.
2000).

In addition, the biological toxicity of Cd in cells is also
closely related to its chemical forms, which can be successive-
ly extracted by designated solutions (80 % ethanol, deionized
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water, 1 M NaCl, 2 % acetic acid, and 0.6 M HCl) (Yang et al.
2000). For instance, water-soluble Cd in inorganic (extracted
by 80 % ethanol) and organic forms (extracted by deionized
water) had higher activity and mobility. They were more toxic
to plant cells, while the undissolved Cd in pectates/protein
(extracted by 1 M NaCl) and phosphate (extracted by 2 %
acetic acid) forms were less toxic (Fu et al. 2011; Xu et al.
2011). A higher concentration of Cd in inorganic and water-
soluble forms was found in a Cd-sensitive barley genotype,
while there was more Cd in pectates/protein forms in three Cd-
resistant genotypes (Wu et al. 2005). The larger percentages of
Cd in the forms of pectates/protein and phosphate were re-
sponsible for the adaptation of ramie to Cd stress (Wang
et al. 2008). Therefore, the chemical forms of Cd are closely
associated with Cd tolerance in plants.

Among the chemical forms of Cd, cadmium-phosphate
complexes are insoluble and have lower in vivo mobility
and toxicity, which plays an important role in Cd tolerance
(Qiu et al. 2011). Cd forms precipitates with phosphate and
causes a significant increase in the concentration of phosphate
in the roots of Azolla (Sela et al. 1988). An increase in phos-
phorus application in the media enhanced the percentage of
Cd combined with phosphate and led to enhanced tolerance in
corn and wheat (Yang et al. 2000). It has also been confirmed
that Cd mainly exists as Cd-phosphate complexes in the roots
and leaves of Mirabilis jalapa (Yu and Zhou 2009).
Furthermore, Cd tolerance was correlated with an increase in
undissolved Cd-phosphate complexes in the leaves of two
grasses: Poa pratensis and Festuca arundinacea (Xu and
Wang 2013). These studies were mostly conducted in plants,
and a little research is conducted on the chemical forms of Cd
in fungal mycelia.

Dark septate endophytes (DSE), a diverse group of asco-
mycetes, are dominant colonizers in plant roots (Jumpponen
and Trappe 1998; Jumpponen 2001) and play an important
role in enhancing the tolerance of plants to heavy metals (Li
et al. 2011). They are found in various habitats but are espe-
cially common in stressful environments, particularly in heavy
metal-polluted areas, such as in the vicinity of the nickel-
copper smelters (Ruotsalainen et al. 2007), zinc slag heaps
(Deram et al. 2008), lead-zinc slag heaps (Zhang et al.
2013), and lead-zinc mine wastelands (Zhang et al. 2008; Li
et al. 2012). Previous research has shown that DSE isolated
from heavy metal-polluted soils has a high tolerance to Cd
(Zhang et al. 2008; Ban et al. 2012); however, the Cd toler-
ance mechanisms of DSE are not well elucidated.

In the present study, the objective was to study the subcel-
lular distribution, chemical forms, and adsorptive groups of
Cd in the mycelia of a DSE fungus (Exophiala pisciphila) to
determine the mechanisms responsible for the Cd tolerance in
fungi. We used subcellular fractionation, sequential solvent
extraction, scanning electron microscopy-energy dispersive
spectrometry (SEM-EDS), TEM-EDX spectroscopy, and

Fourier transform infrared (FTIR) analyses to unravel Cd tol-
erance mechanisms. Our working hypothesis was that
E. pisciphila developed strategies of metal sequestration in
the cell walls to minimize Cd toxicity.

Materials and methods

DSE strain and cultivation

A DSE fungus, Exophiala pisciphila H93, was isolated from
the roots of Arundinella bengalensis (Poaceae), naturally
growing in an old mine smelting site in Huize County,
Yunnan Province, Southwest China (103° 36′ E, 26° 55′ N),
and the fungus was identified based both on its morphology
and molecular method (Zhang et al. 2008, 2013). The fungus
is now preserved in the Agricultural Culture Collection Center
of China (accession number ACCC32496). Furthermore, we
found that it could form typical DSE structures when H93 was
inoculated in the roots of maize (Zea mays L.) and enhanced
the tolerance ofmaize to heavymetals when it colonized in the
roots of maize (Li et al. 2011).

The strain was maintained on potato glucose agar (PDA)
slants by subculture every 2 months and stored at 4 °C in a
refrigerator. MMN medium (CaCl2·2H2O 0.05 g L−1, NaCl
0.025 g L−1, glucose 10.0 g L−1, maltose 3.0 g L−1, NaCl
0.025 g L−1, K2HPO4 0.5 g L−1, VB1 0.1 mg L−1, MgSO4·
7H2O 0.15 g L−1, 1 % FeCl3 solution 1.2 mL L−1, NaNO3

3.0 g L−1; pH 5.5) was used for inoculums (Zhan et al. 2011).
The treatments with Cd concentrations of 0, 25, 50, 100,

200, and 400 mg L−1 in MMN medium were obtained by
adding 0, 0.25, 0.5, 1, 2, and 4 mL of CdCl2·2.5H2O stock
solution (10 g L−1), respectively. A subsample of E. pisciphila
mycelia was transferred from the slant to a PDA plate and
cultured for 10 days to form a fungal colony. A fungal block
of 6 mm diameter was taken from the plate and cultured in
liquid MMN medium at 28±1 °C, 120 rpm for 7 days based
on a growth experiment that found that the fungal biomass
reached the maximum on day 7. The mycelia in liquid media
were isolated by filtration, washed with distilled water three
times, and suction filtrated to obtain fresh mycelia samples.
Part of the fresh mycelia was dried at 70–75 °C for 48 h to
obtain dry mycelia samples.

Total cadmium analysis

A subsample (0.20 g) of the dry mycelia was digested in
15 mL of an ultrapure mixture of concentrated HNO3/
HClO4 (3:1) (v/v) on a thermo block at 200–250 °C to obtain
a transparent solution, which was diluted to 50 mLwith 0.2 %
HNO3. Total concentrations of Cd were determined using
atomic absorption spectrometer (TAS-990, Beijing Puxi
Instrument Factory, Beijing, People’ Republic of China).
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Appropriate quality controls included the use of CdCl2 as a
standard solution.

Cadmium subcellular distribution

Fresh mycelia (0.50 g) were homogenized in an extraction
buffer (0.25 mol L−1 sucrose, Tris-HCl buffer solution (pH
7.5), and 1.0 mmol L−1

DL-dithioerythritol) according to the
previous studies (Wang et al. 2008; Weigel and Jager 1980)
with some modifications. In brief, the homogenate was cen-
trifuged at 600 rpm for 15 min, and the precipitation was
designated as Bcell wall fraction,^ consisting mainly of cell
walls and cell wall debris. The resulting supernatant solution
was further centrifuged at 28,620×g for 45 min. The resultant
precipitate was referred to as the “cell organelles fraction,” and
the supernatant solution was referred to as the Bsoluble frac-
tion.” All steps were performed at 4 °C. The three separated
fractions were then dried and wet digested for Cd analysis.

Scanning electron microscopy-energy dispersive
spectrometer analysis

After rinsing with 0.1 mM phosphate buffer (pH 7.2), a sub-
sample of the fresh mycelia was fixed in 2.5 % glutaraldehyde
solution at 4 °C for 3 h. The mycelia were washed with
0.1 mM phosphate buffer three times for 20 min each. Then,
the mycelia were successively dehydrated with 30, 50, 70, 90,
and 100 % ethanol for 15 min each to produce dehydrated
mycelia, which were then stored in absolute ethanol. A sub-
sample of the dehydrated mycelia was air-dried and coated
with a thin layer of gold using a sputter coater (SCD005,
BAL-TEC, Finland). The samples were observed under a ther-
mal field-emission environmental scanning electron micro-
scope (SEM, QUANTA200, FEI, USA) combined with an
energy dispersive spectrometer (EDS, EDAX, APOLLO,
USA).

Transmission electron microscopy-energy dispersive
X-ray spectroscopy analysis

A subsample of the dehydrated mycelia was embedded
in 618 epoxy resin, and ultrathin sections (70 nm) were
obtained using an ultramicrotome (EM UC6, LEICA,
Germany). The ultrathin sections were observed using
a transmission electron microscope (H-7650, HITACHI,
Japan) and analyzed for the metal components in the
black precipitates surrounding the mycelia using a trans-
mission electron microscope (TEM, JEM-2100,
OXFORD, UK) combined with an energy dispersive
X-ray spectroscope (EDX, INCA, OXFORD, UK).

Fourier transform infrared analysis

A subsample of the dry mycelia was ground with infrared
quality KBr (1:10) and pressed into disks in a vacuum using
a Spectra Lab Pelletiser. The Fourier transform infrared
(FTIR) spectra (4000–400 cm−1) were recorded in a Thermo
Nicolet Avatar 360 FTIR spectrophotometer.

Chemical form extraction and analysis

Cadmium associated with different chemical forms was suc-
cessively extracted by designated solutions in the following
order (Yang et al. 2000): (i) 80 % ethanol extracting inorganic
Cd, including nitrate, chloride, and aminophenol Cd; (ii)
deionized water extracting soluble Cd-organic acid com-
plexes and Cd(H2PO4)2; (iii) 1 MNaCl extracting Cd integrat-
ed with pectates and protein; (iv) 2 % acetic acid extracting
insoluble CdHPO4, Cd3(PO4)2, and other Cd-phosphate
complexes; (v) 0.6 M HCl extracting Cd oxalate; and (vi)
Cd in residues.

A subsample (0.40 g) of the fresh mycelia was homoge-
nized in extraction solution with a mortar and a pestle, diluted
to 1:50 (w/v), and shaken for 22 h at 25 °C. Then, the homog-
enate was centrifuged at 1789×g for 10min, obtaining the first
supernatant solution. The sedimentation was resuspended
twice in extraction solution and shaken for 2 h at 25 °C, cen-
trifuged at 2795×g for 10 min, and then the supernatant of the
three suspensions and centrifugation steps was boiled for each
of the five extraction solutions. Each of the pooled supernatant
solutions was then evaporated on an electric plate at 70 °C to a
constant weight and digested at 145 °C with an acid oxidative
mixture of HNO3/HClO4 (3:1, v/v). Concentrations of Cd as-
sociated with different chemical forms were determined.

Statistical analysis

All data are presented as means of three replicated measure-
ments. The results are expressed as means±standard deviation
(SD). Statistical analyses were performed using the Duncan’s
new multiple range method by SPSS 22.0. Least significant
difference (LSD) at a 0.05 probability level was used to detect
the differences between treatment means. The Pearson’s cor-
relation coefficient of the mean data was applied to determine
the Cd relationship between subcellular distribution and
chemical forms.

Results

Subcellular distribution of cadmium in the mycelia

Cadmium content in the mycelia of E. pisciphila increased
with increase in the initial concentration of Cd in the media

Environ Sci Pollut Res (2015) 22:17897–17905 17899



(Table 1). The highest content of Cd (51.4 mg g−1) was ob-
served in the mycelia grown in the medium containing
400 mg L−1 Cd.

The subcellular distribution (cell wall, cell organelles, and
soluble fraction) of Cd in the mycelia of E. pisciphila is shown
in Table 1. Themajority of Cdwas stored in the cell walls (81–
97 %). A small amount of Cd was stored in cell organelles
(1.5–9.2 %) and in the soluble fraction (1.5–9.8 %). Cd con-
tent in the cell walls increased significantly with an increase in
Cd in the medium, while the Cd content in the cell organelles
and soluble fraction increased very little (nonsignificant) and
only significantly increased in the 400 mg L−1 Cd treatment.
In other words, the percentage of Cd stored in the cell walls
increased, whereas the proportion stored in cell organelles and
the soluble fraction decreased with an increase in Cd concen-
tration in the media (Table 1).

Chemical forms of cadmium in the mycelia

The content of Cd in different chemical forms in the
E. pisciphila mycelia is shown in Table 2. Most of the Cd
(45–86 %) was bound with the phosphate (extracted by 2 %
acetic acid), of which both the content and percent of total Cd
increased in a concentration-dependent manner following the
increase in Cd in the media. Approximately 11–40 % of the

Cd was in pectates/protein (extracted by 1 M NaCl), of which
the content increased with the increase in Cd in the media,
while the proportion decreased. The remainder of the Cd
was in the organic form (1.3–7.4 %) extracted by deionized
water and in the oxalate (0.9–5.7 %) extracted by 0.6 M HCl.
The contents of both of these forms showed a small increase as
the concentration of Cd increased in the media, while propor-
tion of total Cd decreased. The lowest amounts of Cd were in
inorganic form extracted by 80 % ethanol and Cd in residues.

Linkage between subcellular distribution and chemical
forms of cadmium

The correlations of Cd concentrations between different sub-
cellular fractions and chemical forms in the mycelia were de-
termined (Fig. 1). Very significant correlation of Cd concen-
trations was found between cell walls and the chemical forms
extracted by NaCl and acetic acid (r=0.998, p<0.01), and cell
organelles and the chemical forms extracted by HCl and res-
idues (r=0.930, p<0.01). Significant correlation of Cd con-
centrations was found between the soluble fraction and the
chemical forms extracted by ethanol and water (r=0.887,
p<0.05). These results indicated that the Cd in the cell walls
was mainly in the form of pectates/protein and phosphate and
that the Cd in the cell organelles was in the form of oxalate.

Table 2 Cadmium contents (mg g−1) in different chemical forms of E. pisciphila mycelia

Cd in the media
(mg L−1)

Ethanol extractable Water
extractable

NaCl extractable Acetic acid
extractable

HCl extractable Residue Total
recovery
(%)

25 0.03c±0.010 (1.04) 0.2c±0.02 (7.4) 1.3b±0.32 (39.7) 1.5d±0.52 (45.4) 0.2c±0.08 (5.7) 0.02c±0.004 (0.75) 89.8

50 0.04c±0.007 (0.69) 0.4bc±0.02 (5.7) 1.9b±0.79 (29.7) 3.7d±0.66 (59.6) 0.2c±0.04 (3.7) 0.04b±0.005 (0.57) 98.3

100 0.07b±0.007 (0.40) 0.5ab±0.11 (2.6) 2.7b±0.72 (14.6) 14.7c±3.49 (80.6) 0.3bc±0.02 (1.5) 0.04ab±0.006 (0.21) 96.3

200 0.010a±0.005 (0.25) 0.5ab±0.13 (1.3) 5.2a±0.95 (13.5) 32.1b±1.81 (83.7) 0.4ab±0.13 (1.1) 0.04ab±0.003 (0.10) 100.5

400 0.11a±0.006 (0.21) 0.6a±0.15 (1.1) 6.1a±1.11 (11.3) 46.3a±3.44 (86.4) 0.5a±0.15 (0.9) 0.05a±0.003 (0.09) 104.2

The content of Cd in the table is based on dry weight of fungal mycelia. Values are means±SD (n=4). Different letters in the same row denote significant
difference (P<0.05). Figures in parentheses are percent of total cadmium. Recovery (%)=(all extracted forms)×100/tota1

Table 1 Cadmium contents (mg g−1) in the subcellular fraction of E. pisciphila mycelia

Cd in the media (mg L−1) Cell wall Cell organelles Soluble fraction Recovery (%) Total

25 3.0d±0.74 (81.0) 0.3b±0.05 (9.2) 0.4b±0.09 (9.8) 102.1 3.6d±0.58

50 5.5d±1.55 (87.3) 0.4b±0.07 (5.9) 0.4b±0.08 (6.8) 98.8 6.4d±0.57

100 18.4c±3.85 (95.1) 0.5b±0.08 (2.4) 0.5b±0.17 (2.5) 102.6 18.9c±4.26

200 34.7b±6.83 (97.0) 0.5b±0.12 (1.5) 0.5b±0.15 (1.5) 93.8 38.1b±5.00

400 51.8a±2.96 (97.0) 0.8a±0.22 (1.5) 0.8a±0.24 (1.5) 103.8 51.4a±8.04

The content of Cd in the table is based on dry weight of fungal mycelia; data are means±SD (n=4). Different letters in the same column indicate a
significant difference at the 5 % level. Figures in parentheses are percent of total cadmium. Recovery (%)=(cell wall+cell organelles+soluble fraction)×
100/total
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Scanning electron microscopy-energy dispersive
spectrometer analysis

The point scan of SEM-EDSwas carried out on the mycelia of
E. pisciphila grown at two Cd concentrations of 50 mg L−1

(Fig. 2a) and 100 mg L−1 (Fig. 2b) Cd. According to the point
scan, the relative content of carbon (C) was greatest at 66 and
70 %, followed by oxygen (O) at 28 and 23 % at 50 and
100 mg L−1 Cd, respectively. Among mineral elements, phos-
phorus (P) was the highest in the mycelia, followed by Cd, Ca,
S, Na, and K. For example, when the Cd concentration in the

media was 50 mg L−1, the relative contents of P, Cd, Ca, S,
Mg, Na, and K were 2.76, 1.97, 1.38, 0.82, 0.58, 0.35, and
0.25 %, respectively. At 100 mg L−1 Cd treatment, the relative
contents of P, Cd, Ca, S, Mg, and Na were 2.42, 2.31, 0.63,
0.73, 0.48, and 0.29 %, respectively.

The line scans of SEM-EDS were also conducted on the
mycelia of E. pisciphila grown at two Cd concentrations of
50 mg L−1 (Fig. 2c) and 100 mg L−1 (Fig. 2d) Cd. Cd signal
was detected over almost the entire mycelia surface. There
were 295 point analyses in the line scan on the mycelia grown
at 50 mg L−1 Cd. In these point analyses, 23 points showed no

Fig. 2 Point (a 50 mg L−1 Cd, b 100 mg L−1 Cd) and line (c 50 mg L−1 Cd, d 100 mg L−1 Cd) scan of SEM-EDS on the mycelia of E. pisciphila

Fig. 1 Correlation of Cd between
subcellular distribution and
chemical forms. FE-ethanol
extractable form, FW-water
extractable form, FNaCl-NaCl
extractable form, FHAc-acetic acid
extractable form, FHCl-HCl
extractable form, and FR-residual
form
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Cd, while 244 and 23 points showed relative Cd contents of
1–4 and >4 %, respectively. At 100 mg L−1 Cd treatment, the
line scans included 436 points. Of these, only 6 points did not
detect Cd; 101, 169, 107, and 53 points had relative Cd con-
tents of 1–3, 4–6, 7–9, and >10 %, respectively. These results
showed that the content of Cd and its distribution on the
mycelia surface of E. pisciphila increased with an increase
in Cd in the media.

Transmission electron microscopy-energy dispersive
X-ray spectroscopy analysis

The ultramicrotomes of E. pisciphilamycelia grown at 50 and
200 mg L−1 Cd were observed by TEM (Fig. 3). There were
many black precipitates (designated by arrows in the figure)
with a high electron density around the cell walls. At
50 mg L−1 Cd treatment, the black precipitates were evenly
distributed around the cell walls. At 200 mg L−1 Cd treatment,
the black precipitates gathered as a group (see arrows) and
were located near the cell walls. In addition, there were no
visible black precipitates in the cells. The TEM indicated that
Cd was mainly deposited in the cell walls.

The black precipitates deposited in the cell walls of
E. pisciphila mycelia grown at 200 mg L−1 Cd was further
analyzed by TEM-EDX (Fig. 4). The signals of Cd (see arrow)
were strong in the spectrum, which showed that the black
precipitates deposited in the cell walls contained a large
amount of Cd.

Fourier transform infrared analysis

Fourier transform infrared analysis (FTIR) spectra of the
E. pisciphila mycelia grown at 0, 100, and 400 mg L−1 Cd
were obtained (Fig. 5). The broad band at 3400–3200 cm−1

was due to the overlapping of hydroxyl (–OH) and amine (–
NH) stretching vibrations. The peak at 2924 cm−1 is indicative
of –CH stretch. The band peaks at 1743 and 1641 cm−1 may
be attributed to asymmetric and symmetric stretching vibra-
tions of carboxyl (–C=O) groups. The characteristic peak at
1078–1026 cm−1 represents the presence of phosphate groups
(–P=O). The shifting of IR peaks (0 Cd treatment) from 1036
to 1026 cm−1 (100 and 400 mg L−1 Cd treatment) suggests the
involvement of phosphate bonds. Thus, hydroxyl, amine, car-
boxyl, and phosphate groups were involved in the binding of
Cd to the cell walls of E. pisciphila.

Discussion

Subcellular distribution analysis showed that 81–97% of total
Cd was stored in the cell walls of E. pisciphilamycelia. SEM-
EDS analysis confirmed the Cd distribution on the mycelia
surface. TEM-EDX analysis found that precipitates deposited

on the cell walls contained Cd. These results indicated that
most of Cd was binding to the cell walls. Binding of heavy
metal ions onto cell walls is a common and effective way to
prevent heavy metal ions from entering the cell (Bellion et al.
2006; Douchiche et al. 2010). The presence of Cd mainly in
the cell walls was a general subcellular distribution pattern in
different fungi, such as Pisolithus arrhizus (Turnau et al.
1994), Oidiodendron maius (Bardi et al. 1999), Neurospora
crassa (Bhanoori and Venkateswerlu 2000), Paxillus
involutus (Blaudez et al. 2000), Glomus intraradices

a 

b

Fig. 3 TEM analysis of the mycelia of E. pisciphila (a 50 mg L−1 Cd
treatment, b 200 mg L−1 Cd treatment). The red arrows pointed black
precipitates with a high electron density around the cell walls

17902 Environ Sci Pollut Res (2015) 22:17897–17905



(Gonzalez-Guerrero et al. 2008), and Phoma sp. F2 (Yuan
et al. 2007). Furthermore, the proportion of Cd stored in the
cell walls increased, whereas the percent stored in the cell
decreased with an increase in Cd in the media. This result
indicated that the cell walls prevented Cd entry into the cells.
The cell walls can work as a barrier and effectively sequestrate
heavy metal ions (Macfie and Welbourn 2000; Latha et al.
2005; Meychik et al. 2011). Therefore, the cell walls could
be a key factor in heavy metal exclusion mechanisms for
fungi.

The strong affinity of heavy metals for fungal cell walls is
closely related to the cell wall constituents. Fungal cell walls
are mainly comprised of glycoproteins and polysaccharides,
mainly glucan and chitin (Bowman and Free 2006; Latge
2007), which have a significant potential metal-binding abili-
ty. Metal ions can be bound to cell wall polymers, such as
chitin and glucan (Baik et al. 2002; de Franco et al. 2004),
and form the chitin-Cd complex in vivo (Bhanoori and
Venkateswerlu 2000). In addition, some specific compounds
such as melanins in the fungal cell walls also take part in the
metal binding. The dark mycelia of DSE mycelia contain lots

of melanins in the cell walls (Zhan et al. 2011), which have a
strong biosorptive capacity for metal ions (Fogarty and Tobin
1996; Buszman et al. 2006). Therefore, adsorption of Cd by
melanized fungal cell walls of DSE could protect DSE from
Cd toxicity.

The tight binding of Cd with fungal mycelia was closely
related with functional groups present in fungal cell walls, as
revealed by FTIR spectroscopy. In general, the broad peak at
3400–3200 cm−1 was considered to represent overlapping hy-
droxyl (–OH) and amine (–NH) stretching vibrations (Akar
and Tunali 2005; Bayramoglu et al. 2006; Das et al. 2008;
Xiao et al. 2010). The peak at 2924 cm−1 represented the –
CH2 stretching vibration of alkyl chains (Majumdar et al.
2008). The peaks at 1743 and 1641 cm−1 were asymmetric
and symmetric carboxyl (–C=O) stretching vibrations of car-
boxyl groups (Das et al. 2008; Xiao et al. 2010). The phos-
phate groups showed the characteristic peak at 1078–
1026 cm−1 (Das et al. 2008; Majumdar et al. 2008). In partic-
ular, the FTIR peaks shifting from 1036 to 1026 cm−1 indicat-
ed the involvement of phosphate bonds (Duran et al. 2011).
Therefore, the FTIR spectra indicated the presence of

Fig. 4 TEM-EDX analysis of the
black precipitates attached to the
mycelia of E. pisciphila grown at
200 mg L−1 Cd

Fig. 5 FTIR spectra of the
E. pisciphila mycelia
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hydroxyl, amine, carboxyl, and phosphate groups in the cell
walls of E. pisciphila.

The chemical forms of Cd are closely related to their bio-
logical toxicity. For instance, water-soluble Cd in inorganic
form (extracted by 80 % ethanol) and organic form (extracted
by deionized water) have greater harmful effects than the un-
dissolved Cd in pectates/protein (extracted by 1 M NaCl) and
phosphate (extracted by 2% acetic acid) (Wang et al. 2008; Fu
et al. 2011). For E. pisciphila, the major chemical form of Cd
was the undissolved Cd-phosphate complexes, followed by
Cd in pectates/protein. The proportion of total Cd of the Cd-
phosphate form increased markedly with the increase in Cd in
the media. The Cd forms of pectates/protein and phosphate
were mainly associated with the cell walls of the mycelia.
Forming Cd-phosphate complexes could be an important de-
toxification mechanism for fungi. It has been reported that
Rhodotorula sp. Y11 shows an increase in P content in the
cells under Cd toxicity (Li et al. 2008). Polyphosphate accu-
mulation in extraradical hyphae could enhance the Cd resis-
tance of Rhizophagus irregularis (Yao et al. 2013).
Cunninghamella elegans may accumulate polyphosphate as
a detoxification mechanism to precipitate and tolerate Cd (de
Lima et al. 2013). Penicillium chrysogenum deposited Cd
inside or outside of the cells by forming Cd3(PO4)2 with phos-
phoryl (Sarret et al. 1998). The conspicuous phosphorus peak
in the EDAX spectra for Rhizopus oligosporus indicated that
Cd was deposited as cadmium-phosphate (Aloysius et al.
1999).

We suggest that E. pisciphila mainly form undissolved Cd
in phosphate on the cell walls to decrease Cd toxicity by
forming Cd-phosphate. Forming Cd-phosphate complexes
would allow E. pisciphila to tolerate Cd stress by accumulat-
ing Cd on the cell walls of the mycelia. To understand that Cd-
phosphate complexes are involved in Cd tolerance is helpful
in elucidating the survival strategy of E. pisciphila in heavy
metal-polluted soils. However, the linkage between phosphate
or polyphosphate and Cd-detoxifying mechanisms in
E. pisciphila is currently not known and needs further study.

Conclusions

Exophiala pisciphila was grown for 7 days in liquid media
with increasing Cd concentrations. Cd content in the mycelia
increased proportionally with an increase in the concentration
of Cd in the media. Subcellular fractionation of Cd-containing
tissues indicated that most (81–97%) of the Cdwas associated
with cell walls. FTIR analysis indicated that hydroxyl, amine,
carboxyl, and phosphate groups were responsible for the bind-
ing of Cd in the cell walls. The SEM-EDS analysis found that
there was more phosphate and Cd on the mycelia surface, and
the content of phosphate was higher than Cd. Around the cell
walls, some precipitates associated with the mycelia were

observed by TEM and were found to contain Cd by TEM-
EDX, which also confirmed Cd deposition in the cell walls.
Furthermore, the largest amount and proportion (45–86 %) of
Cd was extracted with 2 % acetic acid, and a concentration-
dependent extraction was observed with increasing Cd in the
media; both of which suggest that Cd-phosphate complexes
were the major chemical form in E. pisciphila. Therefore, we
conclude that binding of Cd to cell walls in Cd-phosphate
complexes contributes to Cd tolerance in E. pisciphila.
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