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Abstract The ability of Phanerochaete chrysosporium to
reduce the oxidized forms of selenium, selenate and selenite,
and their effects on the growth, substrate consumption rate,
and pellet morphology of the fungus were assessed. The effect
of different operational parameters (pH, glucose, and selenium
concentration) on the response of P. chrysosporium to seleni-
um oxyanions was explored as well. This fungal species
showed a high sensitivity to selenium, particularly selenite,
which inhibited the fungal growth and substrate consumption
when supplied at 10 mg L™" in the growth medium, whereas
selenate did not have such a strong influence on the fungus.
Biological removal of selenite was achieved under semi-
acidic conditions (pH 4.5) with about 40 % removal efficien-
cy, whereas less than 10 % selenium removal was achieved for
incubations with selenate. P. chrysosporium was found to be a
selenium-reducing organism, capable of synthesizing elemen-
tal selenium from selenite but not from selenate. Analysis with
transmission electron microscopy, electron energy loss spec-
troscopy, and a 3D reconstruction showed that elemental
selenium was produced intracellularly as nanoparticles in the
range of 30—400 nm. Furthermore, selenite influenced the
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pellet morphology of P. chrysosporium by reducing the size
of the fungal pellets and inducing their compaction and
smoothness.
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Introduction

Selenium (Se) is well known for being both essential and toxic
to human and animal life. As an essential biological trace
element, the absence or deficiency in the human diet might
cause major health issues (Rayman 2012). On the other hand,
the toxicity of Se is only about one order of magnitude above
its essential level (Fordyce 2013), leading to severe conse-
quences for human health, from hair loss to dermal, respira-
tory, and neurological damages (USHHS 2003).

As a bulk material, Se has been used in a broad range of
different applications, such as fertilizer, dietary supplement
and fungicide, as well as in the glass and electronic industries.
The extensive use and consumption of Se has raised plenty of
concerns, since it was identified as a major threat for aquatic
ecosystems in the 1980s (Hamilton 2004). Concentrations
from a few to thousand of micrograms of Se per liter of the
toxic, water-soluble oxyanions of Se, selenate (SeO42_), and
selenite (SeOs>") are mainly found in the wastewater of in-
dustries associated to the production of glass, pigments, solar
batteries and semiconductors, mining, refinery, coal combus-
tion, petrochemical, thermal power stations, electronic, and
agricultural activities (Lenz and Lens 2009; Soda and Ike
2011).

Traditionally, physicochemical methods have been used for
the removal of Se oxyanions from water (Bleiman and
Mishael 2010; Frankenberger et al. 2004; Geoffroy and
Demopoulos 2011; Mavrov et al. 2006; Nguyen et al. 2005;
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Zelmanov and Semiat 2013). The use of biological processes
is an attractive alternative, due to the ability of biological
agents to reduce toxic Se species to elemental selenium
(Se’), a more stable and less toxic form of this element
(Zhang et al. 2005, 2008). The synthesis of Se” in biological
treatment systems is an added value, particularly when it is
produced and recovered at the nano size range (<100 nm).
Elemental selenium nanoparticles (nSe”) possess unique semi-
conducting, photoelectric, and X-ray sensing properties,
which makes them attractive for their use in photocells, semi-
conductor rectifiers, and photocopy machines, as well as
antifungal, anticancer (Ahmad et al. 2010; van Cutsem et al.
1990), and therapeutic agents (Beheshti et al. 2013).

The synthesis of nSe” from Se oxyanions has been suc-
cessfully achieved using bacteria (Zhang et al. 2011), fungi
(Sarkar et al. 2011; Vetchinkina et al. 2013), and plant extracts
(Mittal et al. 2013; Prasad et al. 2013). Even though bacteria
are the preferred microorganisms for the production of nano-
particles, the use of fungi is also promising, due to the ease of
handling and scale-up, as well as their ability to produce large
amounts of enzymes and ability to survive at low pH. The
capacity of fungi to act as nanofactories has already been
shown for more than 30 different fungal species, which were
able to synthesize diverse nanoparticles, including nAg, nAu,
nTiO,, and nPt (Castro-Longoria et al. 2011; Rajakumar et al.
2012; Syed and Ahmad 2012; Verma et al. 2010). Although
some fungal strains have been found to be selenium-reducing
organisms, the synthesis of nSe” has only been demonstrated
by two fungal species, Alternaria alternata (Sarkar et al.
2011) and Lentinula edodes (Vetchinkina et al. 2013).

There has been some research on the metabolism of Se in
filamentous fungi, including uptake and volatilization (Barkes
and Fleming 1974; Fleming and Alexander 1972; Gharieb
et al. 1995; Tweedie and Segel 1970; Ramadan et al. 1988);
however, the information is still scarce. The limited knowl-
edge regarding Se—fungi interactions hampers the full exploi-
tation of fungi in Se remediation technologies and as
nSe’producing agents. Further investigations are required to
elucidate the influence of Se on fungal morphology, growth,
and ability to synthesize nSe”.

White-rot fungi are well known for their unique ability to
generate ligninolytic enzymes (i.e., lignin peroxidase, manga-
nese peroxidase, laccase), which makes them attractive for the
degradation of a wide range of hazardous compounds
(Cameron et al. 2000; Lee et al. 2014), as well as for the
synthesis of different nanoparticles (e.g., nAg, Chan and Don
2013; Vigneshwaran et al. 2006). The capacity of the white-
rot fungus Phanerochaete chrysosporium to degrade organic
compounds has been demonstrated (Moldes et al. 2003; Wang
et al. 2009), as well as its ability to synthesize metal (Ag and
Au) nanoparticles (Sanghi et al. 2011; Vigneshwaran et al.
2006). This fungus is able to self-immobilize in the form of
pellets, which has many practical advantages over dispersed
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mycelial growth (Pazouki and Panda 2000; Thongchul and
Yang 2003).

The aim of this study was to explore the potential of
P. chrysosporium as a selenium-reducing organism to treat
effluents polluted with Se oxyanions and to enlarge the scope
of biological agents for the mycosynthesis of nanomaterials.
Specifically, the influence of glucose concentration, pH, and
Se oxyanion concentration on the biomass growth, pelletiza-
tion, and selenium removal efficiency was investigated.
Transmission electron microscopy (TEM) images and 3D
reconstruction were used to localize the synthesized nSe”.

Materials and methods
Fungal culture and medium composition

The fungal strain P. chrysosporium (MTCC 787) was obtained
from the Institute of Microbial Technology (IMTECH),
Chandigarh (India). The fungus was grown on malt agar plates
at 37 °C for 3 days. Subcultures were routinely prepared as
required and were maintained at 4 °C. A fungal spore solution
was prepared by harvesting all the fungal spores from one of
the 3-day-old agar plates into 50 mL of nitrogen-limited liquid
medium. Fungi were grown in 100-mL Erlenmeyer flasks
with 50 mL of medium. The flasks were inoculated with
2 % (v/v) of the spore suspension and incubated at 30 °C on
a rotating orbital incubator shaker (Innova 2100, New
Brunswick Scientific) set at 150 rpm. Subcultures of the 2-
day-old fungal growth in the flasks were used as the final
inoculum (2 % v/v, 0.003 g dry biomass L™"). The use of a 2-
day fungal growth as inoculum instead of a spore solution was
found to be more efficient in terms of maintaining a reproduc-
ible formation and shape of fungal pellets. Furthermore, this
approach allowed quantifying, by dry weight, the amount of
biomass used as inoculum for the experiments.

The nitrogen-limited liquid medium was composed of the
following (g L™ "): glucose, 10; KH,PO,, 2; MgSO, 7H,0,
0.5; NH,4CI, 0.1; CaCl,-2H,0, 0.1; thiamine, 0.001; and 5 mL
of trace element solution (Tien and Kirk 1988). After
adjusting the pH to 4.5, the medium was sterilized at
123 kPa and 110 °C for 30 min and cooled to room temper-
ature before use.

Batch experiments
Fungal interaction with selenate and selenite

The effect of SeO,” and SeO;> on the morphology and
growth of P. chrysosporium was assessed in batch incuba-
tions. Fungal pellets were formed and grown in the presence
of either Na,SeO,4 or Na,SeO5 (10 mg Se L") for 12 days.
Abiotic controls without biomass and with dead biomass
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(autoclaved at 121 °C, 123 kPa) were included to account for
potential abiotic reactions and potential adsorption of Se to
inert biomass, respectively. Biotic controls, in which the fun-
gus was grown in the absence of Se, were used to record
growth characteristics under non-stressful conditions. In order
to avoid contamination and to maintain axenic growth of the
fungus, experimental flasks were sacrificed after each sam-
pling step for analysis (=0, 1, 2, 3, 4, 8, and 12 days). All
incubations were conducted in triplicates.

Effect of operational parameters on fungal growth,
pelletization, and Se removal

Batch experiments were conducted to examine the effect of
solution pH (2.5-7.0), concentration of glucose (0.5—
10 g L"), and initial concentration of Se (2-10 mg Se L™)
added as SeO5> or Se0,> on the removal of total soluble Se.
To assess the effect of pH, the medium pH was adjusted by
adding 0.1 M KOH or 0.1 M HCI at the beginning of the
experiment and not controlled afterwards. All experiments
were conducted under the same conditions as above, varying
one operational parameter at a time and keeping the others
constant. The incubation period for these experiments was
4 days, which was observed to be the period at which most
of the biomass was already produced.

TEM and electron energy loss spectroscopy (EELS) analysis

Fixed (glutaraldehyde 2.5 % in phosphate-buffered saline, pH
7) fungal samples were placed on a carbon-coated copper grid
and stained with 0.5 % uranyl acetate (Burghardt and
Droleskey 2006). Imaging of samples was performed on a
Titan G2 80-300-kV transmission electron microscope (FEI
Company, The Netherlands) equipped with a 4 kx4 k charge-
coupled device (CCD) camera model US4000 and an energy
filter model GIF Tridiem (Gatan, Inc.). The general morphol-
ogy and size of the produced Se particles were determined
using TEM images. Particle size measurements were done
using ImagelJ software (version 1.47, National Institutes of
Health, USA) (Rasband 1997-2014) based on TEM images.
The average particle size was calculated from measuring
particles in random fields of view (Teodoro et al. 2011). To
obtain the map distribution of selenium in the samples, the
EELS signal from selenium L edge (Se-L edge of 1,436 eV)
and M edge (Se-M edge of 57 eV) was acquired in energy-
filtered TEM (EFTEM) mode. Each elemental map was cre-
ated by using a three-window method (Kim and Dong 2011).

To determine the location of the Se” particles within the
fungal biomass, a 3D reconstruction was done. The sample
was imaged using a Titan CT operating at 300 kV equipped
with a 4 k CCD camera (Gatan, Pleasanton, CA, USA). Tilt
series for tomographic reconstruction were acquired using the
Xplore 3D tomography software (FEI Company). Using a tilt

range of +68°, images were captured using a Saxton scheme at
2¢ intervals (Koning and Koster 2013). The tomogram was
generated using the Weighted-Back Projection algorithm as
implemented in the IMOD software (Kremer et al. 1996).
Segmentation and 3D rendering of the tomographic images
was conducted using Avizo (Visualization Science Group)
image-processing software.

Analytical methods

After the incubation period, samples were centrifuged at
6,000 rpm for 15 min. The supernatant was used for measur-
ing the chemical oxygen demand (COD), glucose, and the
total soluble residual Se concentration in solution. The COD
was determined according to the APHA 5220D standard
procedure (APHA 1995). The glucose concentration was an-
alyzed with the dinitrosalicylic acid method using D-glucose
as standard (Miller 1959). For the measurement of the total Se
concentration, the samples were further filtered (0.45 um) and
preserved with an acidified solution of 0.5 % HNOj; in ultra-
pure water (Milli-Q water, 18 M{2 cm). Selenium was ana-
lyzed by inductively coupled plasma spectrometry (ICP-MS),
with Ho/He (7:93) as the reaction gas, and "*Se and *°Se were
used for quantification and verification, respectively. Lithium,
gallium, scandium, rhodium, and iridium were used as internal
standards. Samples were injected in 1:1 ratio and measured
three times. The system was flushed entirely with an acidified
solution (0.5 % HNO; in Milli-Q water).

After centrifugation, the fungal biomass was collected and
washed several times with ultrapure water (Milli-Q). The
biomass concentration was determined gravimetrically as
dry weight by filtering the biomass suspension through a
pre-dried (24 h at 105 °C) and pre-weighted filter paper (type
GF/F, Whatman Inc., Florham Park, NJ) of 0.45-um pore size.
To count the number of pellets, samples were taken from the
Erlenmeyer flasks after the incubation period and transferred
manually into Petri dishes. The average size of the pellets was
estimated with a Vernier caliper.

Results
Fungal interaction with selenium oxyanions

The presence of selenium oxyanions in the culture medium
caused different effects on the growth, substrate consumption,
and pellet morphology of P. chrysosporium after 12 days of
incubation. The biomass yield was clearly reduced in incuba-
tions with SeOs> in comparison to incubations with Se0,>
and the biotic control (Table 1). The addition of SeO;> at
10 mg Se L™! inhibited the fungal growth and resulted in an
80 % decrease of the biomass concentration compared to the
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Table 1 Effects of selenium oxyanions on the fungal growth and morphology of P. chrysosporium over 12 days of incubation

Incubation Shape Surface Color Dry weight (g L") Vs (g g >
Control Pellet Hairy Ivory white 1.51+0.04 0.23+0.005
Se0y* Pellet Smooth Red-orange 0.27+0.05 0.11£0.04
Se0,* Pellet Hairy and smooth Ivory white 1.12+0.04 0.21+0.01

?Values are means (n=3) with standard deviations

° Biomass yield, calculated as Y /= %

Se-free incubations (Fig. 1a). In contrast, SeO,>  was less
inhibitory than SeO5>” to the fungal growth. In the presence
of SeO4* at 10 mg Se L', a 30 % decrease of the biomass
concentration compared to the biotic control was observed
(Fig. 1a).

Substrate consumption was also decreased in the presence
of Se05>", only about 30 % of the glucose was consumed
(Fig. 1b). In the presence of SeO,> and when Se oxyanions
were omitted (i.e., biotic control), the glucose consumption
was between 55 and 65 % (Fig. 1b). For all incubations, the
pH was between 3.0 and 3.4 after the second day of incubation
(Fig. 1c). The removal of Se (Fig. 1d) from the growth
medium was higher for the SeO5” incubation (40 % removal)
compared to the SeO,> incubation (<10 % removal). The
abiotic controls (no biomass) did not show any changes from
the initial conditions over 12 days of incubation (data not
shown), indicating that the observed changes in the Se remov-
al were due to the metabolic activity of P. chrysosporium.
Moreover, no change in the Se concentration was observed for
controls with dead biomass after the incubation period, which
suggests that the decrease of the Se concentration with live
biomass was not attributed to adsorption (data not shown).
Incubations with SeO5>” presented a garlic like-odor, suggest-
ing the formation of volatile forms of Se (Gharieb et al. 1995).

The morphology of the fungal pellets differed between
incubations (Table 1 and Fig. 2). The formation of fungal
pellets was observed in all the incubations (except for the
dead control) irrespective of the presence or absence of Se.
However, when exposed to SeO3?", pellets of
P chrysosporium were compact and smooth, with a charac-
teristic red-orange color, which indicates the reduction of
SeO5> to Se” (Gharieb et al. 1995; Sarkar et al. 2011). The
number of pellets per incubation (<18) was lower, and the size
of the pellets was in average smaller for the SeO;> incuba-
tions (Fig. 2) compared to the other incubations. The mor-
phology of pellets with SeO,>~ was irregular, showing both
smooth and hairy pellets, with an ivory white color (Fig. 2). In
contrast, the pellets grown in the absence of Se were hairy,
fluffy, and with an ivory white color, as reported before for this
fungus (Huang et al. 2010). The number of pellets (>25) was
higher, and their size was larger (Fig. 2) for the biotic control
(Se-free incubations). It is important to highlight that
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reproducibility of fungal pelletization in the presence of
SeO;”" was achieved in all the experiments.

The reduction of Se oxyanions to Se’ was indicated by
visualization and further confirmed by microscopic imaging.
A red-orange coloration, suggesting the formation of Se°, was
only observed when the fungus was exposed to SeO;> .
Confirmation of the production of Se° particles by the fungal
biomass was obtained with TEM-EELS analysis. From TEM
imaging, Se” particles were not equally distributed in the
hyphae (Fig. 3a—c), suggesting that Se” formation is specifi-
cally localized. Image analysis showed different size diame-
ters for the produced particles, in a range of 35-400 nm, with
the majority (>60 %) of the structures being #rue nanoparticles
(<100 nm). A 3D reconstruction (Fig. 4) using a series of
TEM images confirmed that the Se° particles were located
within the fungal biomass (see Video S1 in supplementary
material).

Effect of glucose concentration

The biomass growth of P. chrysosporium was more abundant
at higher glucose concentrations for all incubations. Minimal
fungal biomass was produced when using the lowest glucose
concentration (0.5 g L") for all incubations with and without
selenium (Fig. 5).

P. chrysosporium showed a higher sensitivity to SeOs”
than to SeO4> " regardless of the glucose concentration used in
the growth medium. A low biomass production along with a
decrease of glucose consumption was observed for SeO;>
incubations compared to other treatments (Fig. 5). The bio-
mass yield of SeO5” incubations was in all cases less than
60 % compared to Se-free incubations (Table 2). Regardless
of the glucose concentration, SeOs> reduction to Se” was
observed; pellets were smooth and with a red-orange color
characteristic to the synthesis of Se®. In the case of SeO,> ", the
lack of coloration in the pellets suggests that SeO4>~ is not
reduced to Se’. The removal of total soluble Se for SeO;>~
incubations was higher at higher glucose concentrations
(Fig. 6a), with a maximal Se removal efficiency (52 %) at
glucose concentrations exceeding 7.5 g L™'. However, Se
removal for SeO,* incubations barely occurred (<10 %) re-
gardless of the glucose concentration (Fig. 6b). The fungal
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pellet morphology at all glucose concentrations investigated
and with addition of SeO;>~ or SeO,> showed the same
characteristics as described in Table 1.

Effect of pH

When the fungi were grown at different initial pH values, the
maximal biomass growth occurred at pH 4.5 for all the

40% 7
35% -
30% -
25%
20%
15% -
10% -
5% 1
0% -

Frequency

0.1 02 03 04 05 06 0.7 0.8 0.9

incubations (Fig. 7a). In general, the production of biomass
was strongly inhibited under the most acidic conditions. At pH
2.5, there was about 70 % less biomass produced for the
Se0,” and Se-free incubations and about 90 % less biomass
for SeO;> compared to the maximum biomass growth ob-
tained at pH 4.5 (Fig. 7a). At pH 3.0, a slight decrease in
biomass concentration was found for SeO,>  and Se-free
incubations compared to pH 4.5, whereas for SeO;”, fungal

H_ o0 0

1 1112 13 14 15 16 17 18 19 2

Pellet diameter (cm)

Fig. 2 Appearance and size distribution of pellets of P. chrysosporium produced in the absence of selenium (@ control), with 10 mg L™" of selenate

@ Se04>") or selenite (m SeO5>") after 12 days of incubation
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Fig. 3 Transmission electron micrographs of elemental selenium nanoparticles produced in the biomass of P. chrysosporium. a Distribution of Se’
particles of different sizes within fungal biomass. b, ¢ Localization of Se” particles within fungal biomass

growth was similarly inhibited as when grown at pH 2.5. For
all incubations, biomass yields obtained at pH 7.0 were similar
to those obtained at pH 4.5 (Table 2).

The formation of Se” was not observed for any of the
SeO,” incubations at different pH conditions (Fig. 7b). In
contrast, the reduction of SeO;> to Se” occurred over the
whole pH range investigated (2.5-7.0). However, the removal
of SeO5*~ was pH dependent (Fig. 7b): under the most acidic
conditions (pH 2.5-3.0), the percentage of Se removal was
only 10 %, whereas at pH 4.5 and 7.0, the Se removal
efficiency was about 45 %.

The growth of the fungus under different pH conditions
leads to morphological changes of the growing mycelium
(Fig. 8). Mycelia from Se-free media grown at low pH (2.5
and 3) exhibited an irregular short-strip shape as well as
pellets, whereas regular mycelial pellets were observed at
pH 4.5 and 7.0. The mycelia cultivated in the presence of
SeO;> showed less red-orange coloration at low pH (2.5 and
3.0) compared with those grown at pH 4.5 and 7.0. During
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incubations at pH 2.5, some pellets did even not show any
sign of red-orange coloration, which indicated that the reduc-
tion of SeO5> to Se” was limited. Incubations with SeO,>~
only showed a sign of perturbation at pH 7.0, forming pellets
and clumps of rough surface (Fig. 8).

Effects of selenium concentration

Fungal growth was inhibited with increasing Se concentra-
tions, for both treatments with Se0427 and SeO327. Compared
to the Se-free incubations, the biomass concentration was
reduced by 44-80 % at different doses of SeO;> (Fig. 9a),
whereas the biomass concentration was reduced by 11-24 %
at increasing SeO,”>  concentrations. The consumption of
glucose was the highest for the incubations with lower Se
concentrations (data not shown). The pH profile was
similar for all the incubations, decreasing from initial
pH 4.5 to 3.2+0.1.
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Fig. 4 3D reconstruction model of Se’ nanoparticles within fungal biomass

The removal of Se oxyanions was not concentration de-
pendent; it remained proportionally the same under all Se
oxyanion concentrations tested (Fig. 9b). The removal effi-
ciency of total soluble Se was about 10 and 40 % for incuba-
tions with SeO,> and SeO;”, respectively. No major mor-
phological changes, in comparison to the already described
characteristics (Table 1), were observed for the mycelia grown
at different concentrations of SeO5> or SeO,” . Only, at low
concentrations of SeOs” (24 mg L"), a less intense red-
orange coloration in the pellets was observed (data not
shown).
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Discussion

Inhibition of fungal growth induced by selenium oxyanions

The sensitivity of P. chrysosporium to Se in terms of dry
biomass production was the highest when Se was added in
the form of SeOs* . A clear inhibitory effect of the fungal
growth was observed even at SeO5”~ concentrations as low as
2 mg Se L', The inhibitory effect of SeOs>~ to the fungal
growth of filamentous, polymorphic, and unicellular fungi has
been demonstrated before (Gharieb et al. 1995). Addition of
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Table 2 Yield of P. chrysosporium under different operational parameters over 4 days of incubation

Biomass yield (Yys, g g )

Glucose (g L") Control Se0;y* Se0,> pH Control Se0y* Se0,* Selenium (mg L") SeO5>~ Se0,*
0.5 0.45+£0.09 0.20£0.03 0.30£0.03 2.5 0.15+£0.02 0.14+£0.06 0.16£0.03 2 0.25+0.02 0.36+0.03
1.5 0.46+0.02 0.26+0.06 041£0.01 3  027+0.04 0.10£0.02 0.24£0.05 4 0.20+0.02 0.36+0.03
2.5 0.39+£0.01 0.20£0.04 0.34£0.01 4.5 0.33+£0.05 0.20+£0.04 0.28+£0.08 6 0.19+£0.05 0.35+0.01
5 0.374£0.04 0.20+£0.04 0.32+0.07 7  0.32+0.03 0.16£0.05 0.26+0.02 8 0.25+0.04 0.35+0.01
7.5 0.34+0.01 0.23+£0.09 0.31£0.04 10 0.21+0.05 0.34+0.02
10 0.27+0.01 0.15£0.04 0.25+0.02

Conditions for this experiment:
pH 4.5,10 mg Se L™

Conditions for this experiment:
Glucose 10 g L™!, 10 mg Se L™

Conditions for this experiment:
Glucose 10 g L', pH 4.5

SeO4>", which is the least toxic Se oxyanion on an acute basis
(Brix et al. 2001; Canton 1999), caused a less inhibitory effect
on the fungal growth. In agreement with the results of the
present study, previous investigations showed that the addi-
tion of Se0,” had less impact on the inhibition of the growth
of other white-rot fungi, such as Bjerkandera adusta (Catal
et al. 2008), in comparison to SeOs>". However, fungal toler-
ance to selenium oxyanions is species dependent (Gharieb
et al. 1995). The growth of Fusarium sp., a selenium-
reducing fungus, was more inhibited in the presence of
SeO4> than in the presence of SeO;> (Gharieb et al. 1995).
In the case of Pleurotus ostreatus, 2.5 mg L™ of SeO5*
stimulated the fungal growth of mycelium, whereas
5 mg L' was inhibitory (Serafin-Mufioz et al. 2006). The
tolerance to selenium is attributed to the incapacity of fungi to
distinguish between Se and S. It has been suggested that
selenium toxicity is due to the incorporation of Se into
sulfur-containing amino acids and proteins instead of sulfur,
altering their structure and disrupting the enzyme activity
(Golubev and Golubev 2002; Lauchli 1993).

The composition of the growth medium can also influence
the tolerance to Se, and therefore the fungal growth, particu-
larly the presence of a certain carbon source (e.g., glucose),
sulfate, sulfur-containing amino acids, or glutamine (Golubev
and Golubev 2002; Serafin-Mufloz et al. 2006). Glucose is the
most readily utilizable substrate by fungi; it is of crucial
importance for the optimal growth of fungi and it has been
suggested to have an active role in SeO5>  uptake (Gharieb
and Gadd 2004). As it has been demonstrated in previous
studies (Kim et al. 2003), the variation of the initial glucose
concentration in the medium has a noticeable effect on the
growth of fungi and biomass yield (Table 2). Indeed, above
5 g L', increasing the glucose concentration did not have a
prominent effect on the fungal growth when SeO;* was
added to the medium (Fig. 5). The use of high concentrations
of glucose (10 g L") is common for the production of fungal
biomass; however, such concentrations are not commonly
found in wastewaters. A clear reduction of the glucose uptake
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was observed when P. chrysosporium was fed with selenium
oxyanions (Fig. 1 and Table 1), particularly with SeO5>",
which indicates a decrease of the carbohydrate metabolism
in the cells.

Increased concentrations of Se oxyanions in the growth
media reduced the biomass production of P. chrysosporium
(Fig. 9a). This is consistent with previous research conducted
with other fungal strains (Ramadan et al. 1988). Similar ef-
fects have been observed for different fungal species exposed
to heavy metals (Graz et al. 2011; Kim et al. 2003). The
sensitivity of fungi to toxic elements (i.e., heavy metals) is
species dependent, which is mainly attributed to different
detoxification mechanisms utilized by various fungi (Kim
et al. 2003). Fungal growth was also influenced by pH. In
comparison to other microorganisms, it is well known that a
low pH is favorable for the growth of fungi. This study
showed that the maximal fungal growth of P. chrysosporium
was achieved at pH 4.5 for all incubations with and without Se
(Fig. 7a).

Morphological effects induced by selenium oxyanions

This study shows that the presence of SeO;”  in the
growth medium of P chrysosporium induces growth
stress to this organism (Fig. 1a) which resulted in com-
pact and smooth pellets of smaller diameter than pellets
formed in the absence of SeO;> (Fig. 2). Certain spe-
cies of filamentous fungi are able to grow in the form
of pellets under submerged conditions in the liquid
medium. Pellets are usually formed as a result of the
interaction between hyphae, solid particles, and spores
(Prosser 1995). Even though the exact mechanism for
fungal pelletization remains unclear, it is well known
that pelletization is driven by cultivation conditions
(e.g., pH, temperature, agitation rate), composition of
the growth medium (e.g., carbon source, nutrients, ad-
ditives, carriers), and inoculum (e.g., age and size of
inoculum) (Metz and Kossen 1977; Papagianni 2004).
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Self-immobilization of fungi as pellets seems to occur
mainly under stressful conditions, such as limitation of
nutrients or oxygen. The presence of toxic compounds
also influences the formation and characteristics of the
pellets. Saraswathy and Hallberg (2005) showed that the
presence of pyrene in the growth medium resulted in
the formation of pellets by two Penicillium
ochrochloron strains, and the size and texture of the
pellets formed varied for each individual strain.

Removal of selenium oxyanions by P. chrysosporium

The present study demonstrates that P. chrysosporium pos-
sesses selenium-reducing capabilities. The main fungal spe-
cies that are reported with selenium-reducing capabilities in-
clude 4. alternata (Sarkar et al. 2011), Aspergillus spp. (Moss
etal. 1987; Gharieb et al. 1995), Fusarium sp. (Ramadan et al.
1988; Gharieb et al. 1995), Mortierella spp. (Zieve et al.
1985), Penicillium spp. (Brady et al. 1996), and L. edodes
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(Vetchinkina et al. 2013). Selenium removal (40-50 %) by
P, chrysosporium mainly occurred when supplied with SeO5”
. This can be attributed to SeO;* reduction to Se’ as a
detoxification mechanism (Gharieb et al. 1995). Se tolerance
and detoxification by fungi have been mainly ascribed to
biomethylation of Se compounds, which involves the reduc-
tion of inorganic Se forms to less toxic and volatile deriva-
tives, such as dimethylselenide (Gadd 1993), or the reduction
of selenium oxyanions to elemental selenium, producing
intra- or extracellular red-orange deposits of Se® (Gharieb
et al. 1995). The detection of a garlic-like odor in SeOs”
incubations suggests that volatile Se compounds are formed
during the reduction to Se® (Gharieb et al. 1995). Further

Fig. 8 Effect of growth medium
pH on the morphology of
P. chrysosporium pellets
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research is required to quantify the volatile fraction and the
speciation of selenium in the gas phase.

The detailed mechanism of selenate and selenite reduction
by P. chrysosporium is not known. It has been reported that
glutathione, a common intracellular reduced thiol in various
organisms, including fungi, is involved in detoxification pro-
cesses. A recent study showed that P. chrysosporium accumu-
lated high levels of glutathione when exposed to high concen-
trations of heavy metals (Xu et al. 2014). It has been proposed
that in some bacteria, selenite reacts with glutathione produc-
ing selenodiglutathione which is reduced by glutathione re-
ductases to form a selenium persulfide compound. This com-
pound then dismutates into Se’ and reduced glutathione

Control
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(Debieux et al. 2011). It is possible that P. chrysosporium uses
a similar glutathione-dependent mechanism for the reduction
of selenite. However, further studies involving proteomics
would be required to test this hypothesis and to determine
the reductases involved in the formation of the Se
nanoparticles.

The removal of SeOs>” by P chrysosporium was influ-
enced by the glucose concentration. Glucose concentrations
higher than 2.5 g L' showed maximal removal of this Se
oxyanion. A previous study demonstrated the stimulatory
effect of glucose addition on SeO;>  accumulation by the
yeast Saccharomyces cerevisiae, suggesting a predominant
role of the metabolic activity to transport SeO;> by the cells
(Gharieb and Gadd 2004). The positive influence of glucose
on the uptake of SeO;”> has also been observed in bacteria,
i.e., Salmonella typhimurium (Brown and Shrift 1980).

The pH also played an important role on the fungal removal
of Se as SeO5>~ (Fig. 7b). Similar maximum removal efficien-
cies of SeO;> were obtained between pH 4.5 and 7.0, sug-
gesting that the treatment of selenite-containing wastewater
using fungi can be applied to both acidic and neutral waste
streams. This feature represents a notable advantage over the
reduction of SeO;* to Se’ by bacteria, since the bacterial
process occurs at near to neutral up to alkaline pH (Lortie
et al. 1992; Mishra et al. 2011).

Selenium removal was less than 10 % for SeO,* incuba-
tions, regardless of the glucose concentration (Fig. 5), pH
(Fig. 7a), or initial Se concentration (Fig. 9a). Therefore, the
use of fungal pellets of P chrysosporium to remove SeO4>~
from wastewater is not recommended. The lack of red-orange
coloration in the fungal biomass suggested that
P, chrysosporium was not able to reduce SeO,” to Se’, as it
has been reported also for other fungi (Vetchinkina et al.
2013). Even though the Se speciation was not determined in
this study, the results suggest that the capacity of this fungus to
reduce SeO427 to Se0327 is limited, as the overall soluble total

selenium removal was less than 10 %. If this had been trans-
formed into selenite, then selenite would have been further
reduced to selenium nanoparticles (the fungus readily reduced
selenite to selenium nanoparticles). However selenium nano-
particles were not detected in these incubations. Moreover, if
the selenate had been transformed into selenite, then the
fungal growth would have been inhibited similarly as for the
incubations with selenite (Fig. 1a).

Production of Se° by P. chrysosporium

The characteristic orange-red coloration that results from Se”
synthesis (Fig. 2) was only observed in the biomass of the
SeO;” incubations and not in the medium, indicating immo-
bilization of Se” in the fungal material. Deposition and entrap-
ment of Se® within fungal biomass might be advantageous for
technical applications, considering that there will be no loss or
washout of any material. Formation of #ue nanoparticles of
Se? (particles of size <100 nm) was also observed (Fig. 3). The
synthesis of Se° from SeO;”> by different bacterial strains
such as Bacillus megaterium, Sulfurospirillum barnesii, and
Selenihalanaerobacter shriftii has also been reported
(Oremland et al. 2004; Mishra et al. 2011). However, most
of the particles produced by bacteria are much larger in size
(200-1,000 nm) compared to those produced by
P. chrysosporium (35—400 nm).

TEM cell characterization and the corresponding 3D re-
construction (Fig. 4) confirmed that the majority of the Se”
particles were located inside the fungal cells and that some
were localized within the fungal cell wall, suggesting their
intracellular formation. Mukherjee et al. (2001) suggested that
intracellular production of nanoparticles is driven by the elec-
trostatic interaction between the metal ions in solution and the
enzymes in the fungal cell wall, binding on the fungal cell
surface, where the metal ions are reduced, leading to the
synthesis of nanoparticles that accumulate within the mycelia.
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Even though the majority of the nanoparticles synthesized by
fungi have been observed to be formed extracellularly (Verma
et al. 2010; Syed and Ahmad 2012), a few species such as
Verticillium sp. (Mukherjee et al. 2001; Sastry et al. 2003),
Thrichothecium sp. (Ahmad et al. 2005), and Aspergillus
flavus (Vigneshwaran et al. 2007; Rajakumar et al. 2012)
synthesize nanoparticles intracellularly. From the TEM im-
ages (Fig. 3), it seems that the majority of nanoparticles are
compartmentalized in the fungal cell, in intracellular struc-
tures. Further analyses need to be performed in order to
determine specifically in which organelles or structures the
synthesis of Se’ is taking place. Some fungal species
(4spergillus funiculosus and Fusarium sp.) have shown the
ability to compartmentalize elemental selenium in their vacu-
oles (Gharieb 1993; Gharieb et al. 1995), which have been
suggested to regulate the uptake, detoxification, and tolerance
to selenite in the yeast S. cerevisiae.

Potential applications

Removal of Se oxyanions at low pH is promising for
the treatment of acidic effluents polluted with Se, par-
ticularly as SeO;>". P. chrysosporium possesses the
ability to intracellularly produce elemental selenium
nanoparticles, which can be separated from the treated
effluent in an immobilized form suitable for use in
commercial applications. There is an increased interest
in the use of nSe’, including applications such as anti-
fungal and anticancer agents (van Cutsem et al. 1990;
Ahmad et al. 2010) as well as an effective agent to
prevent and treat Staphylococcus aureus infections (Tran
and Webster 2011). Besides, biogenic nSe” have been
used for the production of high sensitivity sensors
(Wang et al. 2010) and as potential affinity sorbents
for contaminants such as mercury (Fellowes et al.
2011) and zinc (Jain et al. 2014). Moreover, the influ-
ence of Se (as SeO;>) on the growth and pelletization
of P. chrysosporium could be of potential application to
control biomass growth in fungal bioreactors. Moreover,
SeO;? adds to the repertoire of factors that influence
pellet formation and fungal morphology.
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