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ABSTRACT: Selenium (Se) is both a micronutrient required for
most life and an element of environmental concern due to its
toxicity at high concentrations, and both bioavailability and toxicity
are largely influenced by the Se oxidation state. Environmentally
relevant fungi have been shown to aerobically reduce Se(IV) and
Se(VI), the generally more toxic and bioavailable Se forms. The
goal of this study was to shed light on fungal Se(IV) reduction
pathways and biotransformation products over time and fungal
growth stages. Two Ascomycete fungi were grown with moderate
(0.1 mM) and high (0.5 mM) Se(IV) concentrations in batch
culture over 1 month. Fungal growth was measured throughout the
experiments, and aqueous and biomass-associated Se was quantified and speciated using analytical geochemistry, transmission
electron microscopy (TEM), and synchrotron-based X-ray absorption spectroscopy (XAS) approaches. The results show that Se
transformation products were largely Se(0) nanoparticles, with a smaller proportion of volatile, methylated Se compounds and Se-
containing amino acids. Interestingly, the relative proportions of these products were consistent throughout all fungal growth stages,
and the products appeared stable over time even as growth and Se(IV) concentration declined. This time-series experiment showing
different biotransformation products throughout the different growth phases suggests that multiple mechanisms are responsible for
Se detoxification, but some of these mechanisms might be independent of Se presence and serve other cellular functions. Knowing
and predicting fungal Se transformation products has important implications for environmental and biological health as well as for
biotechnology applications such as bioremediation, nanobiosensors, and chemotherapeutic agents.
KEYWORDS: fungi, selenite reduction, time series, redox, Se nanoparticles, organic Se, bioremediation

1. INTRODUCTION
Selenium (Se) is both a micronutrient required for most life,
particularly for the biosynthesis of selenocysteine (the 21st
proteinogenic amino acid), and an element of environmental
concern due to its toxicity at higher concentrations. Selenium
can exist in numerous chemical forms, and both bioavailability
and toxicity are heavily influenced by Se oxidation state. In the
environment, Se typically exists as either organic or inorganic
Se(-II), elemental Se(0), or Se(IV/VI) oxyanions. Diverse
bacteria, archaea, and eukarya drive Se redox reactions1−7 as
well as selenoprotein biosynthesis and methylation reac-
tions.8−13 Selenite, Se(IV), and selenate, Se(VI), can be toxic
to many organisms. The reduction of these oxyanions to Se(0)
and Se(-II) potentially serves as a detoxification strategy, as
Se(0) has been shown to be biocompatible and subtoxic14−16

and Se(-II) can be methylated to form low-toxicity compounds
or compounds that can be volatilized to reduce total Se
levels.9,17−19 Organoselenium biosynthesis can also be highly
beneficial for organisms, as these compounds generally
perform a variety of useful cellular functions such as protection
against and recovery from oxidative stress.20,21

Recent studies have shown that numerous Ascomycete fungi
can tolerate and grow in high Se concentrations (>10 mM) in
aqueous and soil environments.2,22−27 Further, these fungi are
capable of Se redox and biotransformation reactions such as
Se(IV) and Se(VI) reduction to various reduced Se forms.
These biotransformation products are largely red, amorphous
Se(0) nanoparticles (SeNPs) and volatile methylated com-
pounds such as dimethylselenide and dimethyldisele-
nide.2,9,28−31 Some fungi may also produce intracellular
organoselenium compounds similar to selenoproteins or
selenoamino acids produced by bacteria and other higher
organisms.32−34 Until recently, it was thought that fungi did
not have the genetic machinery (e.g., Sec synthesis and
insertion) to form selenocysteine and related selenopro-
teins35,36 A 2019 study by Mariotti et al.,37 however, showed
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that early branching fungal phyla do contain selenoprotein
synthesis genes, but these genes were lost by Ascomycota (the
phylum of which the fungi in this study belong) and
Basidiomycota. The formation of these organoselenium
compounds in these fungal phyla must proceed through
alternative synthesis pathways, potentially via Se substitution
for S in related compounds (e.g., methionine is converted to
selenomethionine),38−40 but these pathways and compounds
are poorly resolved in fungi.
Many questions remain about how quickly Se is reduced by

different species of fungi, whether the reduction rate is
constant over time or changes with decreasing dissolved Se
concentrations, if and how Se biotransformation products
change with time, and how these biotransformation rates and
products relate to different fungal growth phases. Active
metabolites during exponential growth likely differ from those
produced in later growth stages,41−43 and may impact fungal
mediation of certain Se transformation reactions. This has
been observed previously in several Ascomycete fungi, where
the metabolites putatively responsible for Mn(II) oxidation
changed with time and fungal growth.44 Although earlier
studies showed Ascomycete fungi could promote Se(VI)
reduction, the concentrations under which SeNPs were
observed were not environmentally relevant for most fungal
species and the diversity of biotransformation products
appeared fewer than for Se(IV) reduction.2 Thus, experiments
in this study were conducted to specifically address multiple
unknowns about Se(IV) reduction and to shed light on fungal
Se(IV) reduction pathways and biotransformation products
over time and fungal growth stages. Specifically, Alternaria
alternata strain SRC1lrK 2f and Paraphaeosphaeria sporulosa
strain AP 3s5-JAC2a were grown with 0.1 mM (moderate) and
0.5 mM (high) Se(IV) concentrations in batch culture
experiments over 32 days. Fungal growth was measured
throughout the experiments, and aqueous and biomass-
associated Se was quantified and speciated using analytical
geochemistry, transmission electron microscopy (TEM), and
synchrotron-based X-ray absorption spectroscopy (XAS)
approaches. These two fungal species were selected because
previous studies that examined only the experiment’s end
points showed these species to have substantially different
Se(IV) toxicity responses and levels of Se transformation
products depending on growth conditions, nutrient sources,
and timing of Se exposure (e.g, concurrent with or after
exponential growth).2,23,45 Understanding how these different
Se pools evolve over time, decreasing Se(IV) concentration,
and fungal growth in the presence of Se is important, especially
if one phase is preferred over another for specific applications.
Results will provide more insight into the Se(IV) reduction
pathways, rates, and diverse Se biotransformation products
employed by these environmentally relevant fungi as well as
provide greater constraints for technological applications, such
as designing an effective fungal bioreactor for remediating Se-
impacted environments.

2. MATERIALS AND METHODS
2.1. Culture Experiments. Pure culture, liquid batch

experiments of two previously isolated46,47 fungal isolates,
Alternaria alternata strain SRC1lrK2f and Paraphaeosphaeria
sporulosa (previously called Paraconiothyrium sporulosum)
strain AP3s5-JAC2a, were conducted over 32 days to examine
the fungal response to Se(IV) exposure over time. These
isolates have been shown to remove aqueous Se(IV) from

solution through Se reduction pathways.2,23,32,45 Prior to the
start of the experiment, a fungal stock culture for each isolate
was grown for approximately 2 weeks in 100 mL of liquid
HEPES-buffered (20 mM, pH = 7) AY media (adapted from
Miyata et al.,48 as described in Rosenfeld et al.2) without Se in
sterile 250 mL Erlenmeyer flasks. After the two week growth
period, fungal stock cultures were blended for 30 s in a
presterilized metal blender to break the biomass into more
uniform size fractions immediately prior to the experiment
start. To initiate each experiment, 100 μL of blended fungal
stock culture (biomass weight was below detection on the
analytical balance) was added to sterile 250 mL Erlenmeyer
flasks filled with 100 mL of fresh AY media supplemented with
0.1 mM (10 μmol) Se(IV) or 0.5 mM (50 μmol) Se(IV). All
experiments were conducted at room temperature (∼21 °C) in
the dark without agitation, as previous work with these cultures
showed growth sensitivity to quickly stirred conditions.49 At
each of 5 sampling points (5, 10, 14, 20, 32 days), replicate
cultures were individually filtered through a preweighed 0.22
μm methyl cellulose ester (MCE) filter to determine the
quantity of Se remaining in solution and associated with the
solid phase. Additional replicate cultures were also sampled at
each time point for transmission electron microscopy (TEM)
and synchrotron-based X-ray absorption spectroscopy (XAS).
For TEM, fungal biomass was sampled and chemically fixed
using glutaraldehyde, as described below. For XAS, all biomass
and extracellular precipitates were scraped from the flask
surfaces and vacuum filtered using a 0.22 μm MCE filter to
collect the biomass and extracellular precipitates. Filtered
biomass was packed as a wet paste on top of the membrane
filter, sealed in Kapton tape to avoid desiccation, and
immediately frozen at −20 °C to stop fungal growth and
further redox reactions. Previous experiments in our lab
suggest that −20 °C is sufficient for longer term storage and
preserving Se geochemistry against further transforma-
tion.2,32,35

For a biological control, the fungi were also grown without
Se to assess fungal growth unaffected by the presence of Se.
Two additional control experiments were performed to
examine abiotic factors influencing Se geochemistry. For one
abiotic control, biomass-free flasks containing only Se(IV)-
amended media were established in triplicate and sampled at
each time point. Killed-biomass controls were also conducted
to assess potential abiotic Se adsorption to the fungal biomass.
For these, a fungal stock flask was cultured for approximately 2
weeks in AY media without Se before blending and inoculating
250 mL Erlenmeyer flasks as described above for the biological
experiments. The fungi were then grown for 10 days in their
respective flasks filled with fresh, Se-free AY media before
removing the biomass and soaking in 100% ethanol overnight
in sterile 50 mL falcon tubes to kill the fungus. During this
time, the experimental flasks were emptied, autoclaved to
ensure sterility, and refilled with fresh Se-containing media.
After 24 h had elapsed, the ethanol-killed fungal biomass was
transferred to the Se(IV)-containing AY media (0.1 mM or 0.5
mM) and sampled as described above. Unlike in the biotic
experiments, there was no fungal growth visible (e.g., no
increase in mycelium size or abundance) in the killed-biomass
controls. No unexpected or unusually high safety hazards were
encountered during these experiments or analyses described
below.
2.2. Analytical Methods. 2.2.1. Quantitative Aqueous

Phase Chemistry. Se remaining in the aqueous phase was
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analyzed via ion chromatography as described previously.2

Briefly, triplicate flasks were filtered onto a preweighed 0.22
μm MCE filter to collect biomass, and the filtrate was collected
in a sterile 50 mL Falcon tube and stored at 4 °C until analysis.
While 0.1 mM Se(IV) samples did not require dilution,
immediately before analysis, 0.5 mM Se(IV) samples were
diluted 1:10 with ultrapure (18 mΩ - cm) water, and all
samples were run on an ion chromatograph (Metrohm
Professional IC Vario 1 AnCat) optimized for Se(IV and VI)
analysis. The limit of detection was 0.001 mM for each anion
and the precision was measured to 3 decimal places.

2.2.2. Fungal Growth and Solid-Associated Se. To assess
fungal growth throughout the experiment and to determine the
amount of solid-associated Se, the biomass collected on each
preweighed MCE filter was air-dried and weighed at each
sampling point. The filter weight (measured to 4 decimal
places) was subtracted to obtain the fungal biomass. After
weighing, samples were acid digested as described previ-
ously.2,23,32 Briefly, biomass and any solid-associated Se was
digested overnight at room temperature in 0.5 mL hydrogen
peroxide and 4.5 mL concentrated trace metal grade nitric acid
in 30 mL PFA bottles. Samples were then diluted to
appropriate concentrations for analysis via inductively coupled
plasma optical emission spectrometry (ICP-OES; Thermo
iCAP 6000) at the Analytical Geochemistry Lab at the
University of Minnesota. The limit of detection for this
instrument was 0.01 mg/L. Ultrapure water blanks and clean
MCE filters were also digested, acidified, and analyzed as
described above for quality control, which showed no
measurable Se.

2.2.3. Mass Balance Calculations. While volatile Se forms
could not be captured and detected due to the nature of these
culturing methods (i.e., atmospheric gas exposure), a mass
balance calculation was performed to approximate the amount
of Se potentially volatilized (missing) from each culture. At
each sampling point, the amount of Se remaining in solution
and the amount of Se associated with the solid phase were
converted to μmoles and subtracted from the initial amount of
Se added (0.1 and 0.5 mM Se(IV); 10 and 50 μmoles
respectively).

2.2.4. Transmission Electron Microscopy (TEM). At each
sampling point, a small amount of biomass was preserved in
2.5% glutaraldehyde and subjected to an ethanol dehydration
series (75%, 95%, 100%) as described previously for
transmission electron microscopy.2 Briefly, desiccated samples
were embedded in epoxy resin, sectioned to 50 nm with a
Leica UC6 ultramicrotome, and mounted on 100 mesh Cu
grids. Section duplicates were either stained with 2% uranyl
acetate or left unstained. Stained sections were imaged at 80
kV with a FEI Tecnai G2 Spirit BioTWIN and 120 kV on a
FEI Tecnai G2 F30 to avoid burning through any Se
nanoparticles. To examine the chemical composition of the
particles and cellular material, unstained sections were imaged
at 120 kV with a FEI Tecnai T12 equipped with an Oxford
Inca energy dispersive X-ray spectrometer (EDS). TEM was
conducted in the University of Minnesota Characterization
Facility.

2.2.5. Synchrotron-Based X-ray Absorption Spectroscopy.
X-ray absorption spectroscopy (XAS) was performed at
beamline 12-BM at the Advanced Photon Source (APS) at
Argonne National Laboratory to characterize the solid-
associated Se forms. All samples were shipped frozen to the
APS and allowed to thaw immediately prior to analysis.

Detailed XAS experiments and data analysis methods are
described previously.32 Briefly, fluorescence spectra were
collected for all samples from −200 to +800 eV around the
Se K-edge (12658 eV) using a Si(111) monochromator.
Approximately 3 to 4 successive scans were collected from
each sample, monitored to ensure no radiation-induced redox
changes occurred during data collection, and averaged to
obtain a single high-quality spectrum. Data reduction,
normalization, and analysis of the bulk XAS data was
performed using the Athena program in Demeter (version
0.9.26).50 Solid-associated Se speciation was determined by
using the extended X-ray absorption fine structure (EXAFS)
region of the spectra. Principal component analysis (PCA)
with a target transformation analysis (TTA) using a spectral
library of model Se compounds was first performed to identify
the number and fitness of relevant model compounds to our
entire data set, as described previously.49 The spectral
reference library was then used to identify and quantify the
structural components using linear combination fitting
(LCF).51 In the LCF approach, binding energies were fixed,
negative component contributions were prohibited, and
components were summed to 1.0. Goodness of fit was
established by minimizing the R factor (normalized sum of
squares; NSS) parameter. The reference library for Se included
sodium selenate (Na2SeO4), sodium selenite (Na2SeO3),
selenous acid (H2SeO3), gray crystalline Se(0), black
amorphous Se(0), red amorphous Se(0) synthesized and
stabilized with glucose,52 seleno-DL-cystine (referred to herein
as selenocystine or Se-cystine), Se-methyl-L-selenocysteine
(referred to herein as selenocysteine), seleno-DL-methionine
(referred to herein as selenomethionine or Se-methionine),
iron selenide (FeSe), and zinc selenide (ZnSe).

3. RESULTS AND DISCUSSION
3.1. Fungal Growth Response and Toxicity to

Selenite Exposure. Growth of filamentous Ascomycete
fungi Alternaria alternata and Paraphaeosphaeria sporulosa
was negatively impacted by the presence of Se(IV) at
concentrations similar to those observed in industrial waste-
waters with moderate to high Se levels.23,25 Specifically, the dry
biomass weights at both the moderate (0.1 mM) and high (0.5
mM) Se(IV) concentrations were lower at nearly all time
points relative to growth in Se-free conditions (Figure 1; Table
S1). The impact of Se(IV) exposure, however, was more
pronounced for P. sporulosa (Figure 1) throughout the
experiment, where dry biomass weights were diminished by
∼69% (moderate Se levels) and ∼77% (high Se levels) relative
to Se-free growth conditions and even dropped to ∼92% lower
at high Se exposure at the completion of the experiment. In
comparison, A. alternata biomass levels (Figure 1) decreased
by ∼27% to ∼36% for the moderate and high Se(IV)
concentrations, respectively. It is important to note, however,
that these initial Se(IV) concentrations were not maintained
throughout the course of the experiment, but decreased over
time (described below).
Earlier experiments with these two fungal isolates2,45 showed

a similar impact of diminished fungal growth with increased
Se(IV) concentrations, as well as a more substantial negative
growth effect on P. sporulosa compared to A. alternata. In
previous experiments by Rosenfeld et al.,2 fungi were grown on
agar-solidified media which only allows two-dimensional radial
extension (i.e., mycelial diameter) to be measured. The study
by Sabuda et al.45 and the present study assessed submerged
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fungal growth in liquid media and therefore were able to
quantify total fungal biomass throughout the experiment. This
approach incorporates the complex, three-dimensional mycelial
growth whereby individual hypha grow outward through apical
tip expansion, and hyphal branching promotes a tree-like
morphology with a fractal geometry.53,54 Nutrient availability
and myriad environmental conditions can impact the growth
morphology of fungal mycelia, and a typical growth curve for
filamentous fungi is not well constrained.41,54,55 Although
growth rates (biomass/day) and overall biomass quantities
decreased in the presence of Se(IV), the overall shapes of the
growth curves (Figure 1) were largely similar for each fungal
species, regardless of Se concentration. A. alternata biomass
increased quickly (exponential growth phase) and stagnated
(i.e., reached stationary phase) within 10 days, whereas growth
proceeded more slowly for P. sporulosa, which required ∼14
days to reach stationary phase. Interestingly, average Se-free
dry weights (∼12 mg) during stationary phase were similar for
both fungal species, suggesting that a nutrient limitation was
met under these Se-free conditions, but not in Se-enriched
growth conditions. Indeed, the recent study by Sabuda et al.45

demonstrated that a similar amount of acetate (the primary
carbon source used here) was depleted completely within 11
or 23 days by P. sporulosa and A. alternata, respectively. A
steady decline in P. sporulosa biomass grown under high
Se(IV) concentrations was observed after 14 days, indicating
cell death and autolysis occurred, with the potential to release
Se back into solution depending on the Se form inside of the
cells (e.g., soluble anions or organic forms). This biomass
decrease was not observed in any of the ethanol-killed mycelia
control experiments (Figure S1; Table S1), which indicated
that this autolysis stage was a direct result of fungal growth in
the presence of Se(IV). Growth rates and biomass quantities in
the present study differed from the Sabuda et al.45 study, which
did not observe an initial increase in biomass under similar
nutrient conditions. That study, however, grew the fungi to

high biomass levels before spiking with Se(IV) (and excess
carbon) and hypothesized that the fungus was diverting energy
from cell growth to cell protection and repair from exposure to
Se(IV).
Here, the negative impact of Se(IV) on fungal growth,

coupled with comparisons of the growth curves for the
different fungal species under the different growth conditions,
showed that increasing Se(IV) concentrations were increas-
ingly toxic to the fungi. Selenite toxicity was previously
observed in other studies of fungi,2,17,23,56 and this toxicity
resulted in similarly diminished biomass yields relative to
growth under Se-free or low Se environments. Selenite toxicity
likely resulted from interactions with intracellular thiols,
producing reactive oxygen species (ROS) such as superoxide
and hydrogen peroxide and inducing oxidative DNA
damage.17,57,58 The study by Letavayova et al.17 showed that
Se(IV) toxicity effects were more pronounced during the
exponential growth phase of the budding yeast Saccharomyces
cerevisiae compared with stationary phase, and DNA damage
increased under increasing Se(IV) concentrations. Although
there was some variability during exponential growth,
A. alternata growth curves (Figure 1) suggested a similar
toxicity effect and mechanism to yeast where growth was
progressively inhibited at higher Se concentrations.17 Con-
versely, P. sporulosa growth curves were similar during
exponential growth under both moderate and high Se(IV)
concentrations (Figure 1) suggesting that other toxicity
mechanisms were possible for this fungal species. P. sporulosa
could also be dedicating energy toward Se(IV) detoxification
rather than biomass accumulation, as was observed in previous
studies with varying carbon source and concentration.45

Analysis of ROS and DNA damage, as well as more frequent
sampling of fungal growth and Se dynamics during the
exponential growth phase in future studies, would be valuable
for constraining the specific mechanisms of Se(IV) toxicity in
these filamentous fungi.
3.2. Removal of Aqueous Selenite with Time. Despite

exponential growth ceasing within the first 2 weeks for both
fungal species, continued Se(IV) removal occurred beyond
exponential growth under all experimental conditions with
living biomass, albeit with different removal rates depending on
fungal species and Se(IV) exposure levels. Aqueous Se(IV)
concentrations decreased more rapidly for A. alternata
compared to P. sporulosa grown in either moderate (0.1
mM) or high (0.5 mM) Se(IV) concentrations (Figure 2;
Table S2). For A. alternata, there was an initial lag in Se(IV)
removal (i.e., concentration decreased minimally) for the first 5
days regardless of concentration, though there was a rapid
increase in biomass during that time (Figure 1). After the first
5 days, Se(IV) concentrations decreased continuously
throughout the remainder of the exponential growth phase
and stationary growth until all Se was removed (moderate Se
treatment) or the experiment was stopped (high Se treatment).
The Se(IV) removal rate for the moderate Se treatment was
∼1.4 μmol Se/day between days 5 and 10, with all Se(IV)
removed within 14 days. Taking into consideration that the
mycelial biomass also increased during this time, this removal
rate equated to 0.14 μmol Se/day/mg biomass. In the high Se
experiments, a total of 21.6 μmol Se(IV) was removed from
solution. The Se(IV) removal rate was slightly lower in the
greater Se concentration, averaging 1.2 μmol Se/day during
exponential growth (5−10 d) and only ∼0.7 μmol Se/day
during the remainder of the experiment. However, the biomass

Figure 1. Net dry biomass weights (mg) for A. alternata (top panel)
and P. sporulosa (bottom panel) grown in the presence of 0.1 mM
Se(IV), 0.5 mM Se(IV), or no added Se. Points are averages of
replicate cultures, where bars represent the range of measured values
for the two replicates. Points where no bars are visible have ranges
smaller than the vertical point size. Dashed lines from time point zero
are inferred, as the actual biomass at the start of the experiment was
too low to be measured (∼0 mg at t = 0).
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normalized rates were greater during exponential growth (0.21
μmol Se/day/mg biomass) and then decreased during
stationary growth to 0.14 μmol Se/day/mg biomass, similar
to the moderate Se conditions. This suggests that Se removal
rates were dependent on several factors, including the total
biomass of the fungus as well as the concentration of Se(IV) in
solution, which was decreasing with time. Se was not removed
from solution in the killed biomass controls (Figure S2),
showing that Se removal is clearly biologically mediated.
P. sporulosa similarly promoted aqueous Se removal

throughout the exponential and stationary growth phases,
but the total amount removed and removal rates were
substantially less than those by A. alternata. Only 4.8 μmol
Se(IV) and 10.7 μmol Se(IV) was removed from solution
under moderate and high Se conditions, respectively (Figure
2). Under both conditions, a substantial amount of Se
remained in solution. The Se(IV) removal rates under
moderate Se conditions were ∼0.1 μmol Se/day (0.02 μmol
Se/day/mg biomass) during exponential growth phase.
However, in contrast to A. alternata, the P. sporulosa removal
rate increased during stationary growth to ∼0.2 μmol Se/day
(0.03 μmol Se/day/mg biomass). The removal rate similarly
increased in the later stages of the high Se experiments,
averaging ∼0.2 μmol Se/day during the first 14 days of
exponential growth and ∼0.5 μmol Se/day during the last 12
days. In this later period the total P. sporulosa biomass dropped
significantly, suggesting cell autolysis. Normalizing these
aqueous Se(IV) removal rates to biomass, of which there
was substantially less P. sporulosa biomass than A. alternata
biomass due to Se exposure (Figure 1), 0.034 μmol Se/day/
mg biomass and 1.25 μmol Se/day/mg biomass were removed
within 14 and 32 days, respectively. Increased Se removal by
P. sporulosa under high Se conditions was unexpected,
especially considering the observed autolysis and significant
decrease in biomass. Depending on how the Se was
transformed and stored within the cell, this catastrophic
process could release Se back into solution, perhaps with
varying chemical speciation (e.g., organoselenium compounds

or Se(0)) that impact both toxicity and bioavailability of
Se.17,59,60 This has important implications for applications such
as bioremediation where the rates of Se removal, the Se
transformation products, biomass accumulation, and vitality all
need to be considered together.

3.2.1. Changes in Selenium Speciation with Time. Using a
mass balance approach to track and quantify Se in different
pools throughout the experiment showed that aqueous Se(IV)
removal occurred by multiple pathways, including immobiliza-
tion (either intracellular or extracellular) and volatilization via
Se(IV) reduction. As aqueous Se(IV) concentrations de-
creased over the course of each experiment, the amounts of
solid-associated Se and volatilized Se generally increased with
time, depending on fungal strain and starting Se concentration
(Figure 3; Figure S3; Tables S3 and S4). When grown in

moderate (0.1 mM) Se conditions, both A. alternata and
P. sporulosa produced solid phase and volatile Se immediately
after Se exposure. Initially (up to 5 days after exposure), a
greater percentage of the Se was solid-associated though both
volatilized Se and solid-associated Se increased substantially
after initial biomass growth and continued during both
exponential and stationary phase growth until all Se was
depleted from solution or the experiment was completed. At
high Se(IV) concentrations, there was a lag in Se volatilization,
particularly for P. sporulosa, during which all Se transformed to
the solid phase. As Se removal progressed in the experiment,
the percentage of Se volatilized compared to solid-associated
between the two fungal species was quite different (Figure 3).
Notably, P. sporulosa removed most of the aqueous Se(IV)
through volatilization, whereas A. alternata removed Se(IV)
equally through volatilization and solid-producing pathways.
As such, solid-associated Se was approximately 2−5 times
greater for A. alternata compared to P. sporulosa (Figure S3).
The greatest amount of solid-associated Se was measured for
A. alternata grown in high Se conditions, despite its decreased
biomass production (Figure 1). Increasing Se volatilization
during the declining growth stage (decreasing biomass) of
P. sporulosa was somewhat surprising but indicates that stress
responses promoting Se transformation and detoxification by

Figure 2. Aqueous Se(IV) content (μmol) remaining in solution over
time for A. alternata (squares) and P. sporulosa (triangles) grown in
the presence of 0.1 mM Se(IV) (light blue) and 0.5 mM Se(IV) (dark
blue). Gray diamonds represent fungi grown in the absence of Se
(biological controls). Points are shown as the average of the replicate
cultures, where bars represent the range of measured values for the
two replicates.

Figure 3. Relative percentages of Se pools (aqueous, solid, volatile)
throughout 32 days of growth for A. alternata (left panels) and
P. sporulosa (right panels) in media supplemented with (a, b) 0.1 mM
Se(IV) and (c, d) 0.5 mM Se(IV), respectively.
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this fungal species are complex and varied. This contrasts with
an earlier study28 that used a Penicillium isolate and showed
steady Se volatilization throughout the different growth stages
with sudden production of intracellular Se(0) only during the
declining growth stage. Identifying the specific Se compounds
can give insight as to whether the Se transformation
mechanisms are consistent throughout the mycelial growth
stages, or if the products and their relative abundances change
as nutrient limitations or other stressors (e.g., Se(IV) toxicity)
promote secondary metabolite formation that may impact
these transformations. Volatile Se compounds were not
specifically analyzed in this study, but we expect that they
are primarily dimethylselenide (DMSe) based on earlier fungal
Se volatilization studies.61,62 DMSe was likely formed via
Se(IV) reduction to Se(-II) and subsequent methylation of the
selenide.63,64

The predominant solid-associated Se form (∼60−90%
relative abundance), based on linear combination fitting of
the experimental EXAFS spectra with reference spectra of
known Se compounds, was Se(0) (Figure 4; Figure S4; Table

S5) regardless of experimental conditions (fungal species,
initial Se concentration, growth stage). The reference library
contained three different Se(0) allotropes, but the spectrum for
red, amorphous Se(0) produced the best linear combination
fits (Figure S4). This result was expected based on the
development of a pinkish, red color of the mycelium (not
shown) as well as from earlier studies2,15,65,66 that showed
biogenic Se(IV) and Se(VI) reduction produce the red,
amorphous Se(0) allotrope.
In addition to Se(0), a substantial portion (30−40%) of the

solid-associated Se produced by A. alternata was selenocystine
(Se-cystine), an organic selenoamino acid. P. sporulosa also
produced selenoamino acids, but the best fits to the EXAFS
spectra were predominantly methylselenocysteine (methyl Se-
cysteine) (Figure 4). These fits were substantially worse with
Se-cystine (>15% increases in residuals), so these compounds
were likely methylselenocysteine or something highly similar.
Selenomethionine (Se-methionine) was also detected at the
end (day 32) of the moderate Se concentration experiment

with P. sporulosa. Unfortunately, Se EXAFS data were not able
to be collected at 32 days for any other experimental
conditions due to flask contamination with bacteria, so it is
unclear if the formation of this organoselenium compound is
commonly formed over time as a transformation product or as
a result of a switch in fungal metabolism. The spectra for Se-
methionine and methyl Se-cysteine were also highly similar
(Figure S4), so it is possible that EXAFS was not well suited
for distinguishing between these compounds. Regardless, it is
clear that different fungal species transform Se(IV) to different
organoselenium products, as the monomer organoselenium
fraction produced by P. sporulosa was distinct from the dimer
Se-cystine by A. alternata. In other studies, similar organo-
selenium compounds (selenocystine, selenomethionine, and
methylselenocysteine) were also produced by selenized yeast
cells and confirmed using alternative analytical techniques such
as high-performance liquid chromatography inductively
coupled plasma mass spectrometry (HPLC-ICP-MS).67

Previous studies of P. sporulosa32 also produced organo-
selenium compounds with time, but exposure to both Se(IV)
and Mn(II) compounds resulted in the formation of Se-
cystine, whereas selenomethionine was observed when Se(VI)
was substituted for Se(IV). It is unclear why these differences
were observed between the studies. It is possible that Mn(II)
uptake by this fungus had an impact on the Se speciation,
perhaps by scavenging reactive oxygen species produced as a
result of Se toxicity.68 Regardless, the formation of both
organic and inorganic Se during fungal Se(IV) reduction
suggests that multiple Se detoxification and transformation
mechanisms were involved, and future work would benefit
from further examination of fungal organoselenium products.
Interestingly, both Se(0) and selenoamino acids (e.g., Se-

cystine or methyl Se-cysteine) were detected with EXAFS after
just 5 days of growth in all experiments, even though minimal
(below detection) quantities of aqueous Se(IV) were removed
by P. sporulosa. Also despite the increase in solid-associated Se
concentrations (Figure S3), the relative proportions of Se(0)
and selenoamino acids were fairly consistent (averaging
65%:35%) through time and the various fungal growth stages
in nearly all experimental conditions (Figure 4). Only when
P. sporulosa was grown in 0.1 mM Se(IV) was there a clear
shift in solid-associated Se speciation. Under these conditions,
only inorganic Se (primarily Se(0)) was initially observed, with
increasing selenoamino acid abundance over time so that the
proportion of Se(0) to selenoamino acids (62%:38%,
respectively) was similar to all the other growth conditions
by day 20. The rapid formation of these different Se
compounds upon Se(IV) exposure, as well as the overall
consistency with which they were formed under most
experimental conditions through the various growth stages,
suggests that Se(IV) detoxification mechanisms were either
upregulated immediately upon exposure or they occurred
independently of Se presence. Studies to decipher the
mechanisms of Se biotransformation are warranted and should
consider the variety of Se bioproducts formed under the
different growth conditions (e.g., those in which the Se
compounds are consistently produced versus those in which
the products change over time or growth stage).

3.2.2. Microscopic Examination of Biogenic Se(0). This
study sought to examine mycogenic Se(0) morphology,
structure, and cellular location to see if and how SeNPs
evolved through different fungal growth stages and over time.
Microscopic examination of hyphal cross sections revealed that

Figure 4. Relative abundance (%) of solid-associated Se species, as
determined by linear combination fitting of Se K-edge EXAFS spectra,
throughout 32 days of growth for A. alternata and P. sporulosa in
media supplemented with 0.1 mM Se(IV) (top panels) or 0.5 mM
Se(IV) (bottom panels). Selenium species shown represent those
fractions >5% of total Se species. Missing data points for t = 32 days
were due to flask contamination.
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all of the Se(0) identified by EXAFS existed as amorphous
SeNPs (Figure 5 and Figures S5a−c), regardless of fungal

species, Se concentration, or fungal growth stage. Energy
Dispersive Spectroscopy (EDS) confirmed that the electron-
dense nanoparticles were rich in Se, as opposed to background
intracellular material which did not contain detectable Se
(Figure S5d). This was expected based on previous studies of
fungal and bacterial SeNP characterization.2,29,32,45,69−71 The
biggest differences observed in SeNPs from the two fungal
isolates were the size and morphology. Specifically, A. alternata
produced aggregates of very small SeNPs as early as day 5,
particularly outside the cell (Figures 5a,b). The individual
nanoparticles were ∼10−20 nm and aggregates ranged in size
and shape but were generally no larger than ∼500 nm in
diameter (Figure 5b). The SeNPs typically aggregated into
clusters, but sometimes joined together extracellularly to form
filamentous “nanowires” or “chains” that resembled microbial
cells except for their extremely small size and consistent Se
presence based on EDS. These nanowires were similar to those
observed by Se reduction with cytochrome c3.

72 At each time
point, larger (∼100 nm) individual intracellular and extrac-
ellular nanoparticles were also sporadically observed. Neither
individual SeNPs nor SeNP aggregates appeared to grow larger
with time, but the total amount generally increased throughout
the experiment as expected with increased solid-associated Se
concentrations. In contrast, the SeNPs produced by P. sporulosa
were generally much larger than the particles produced by
A. alternata (∼200−500 nm diameter), nonaggregated (i.e.,
individual), and spherical (Figures 5c,d). It could not be
discerned if SeNP density increased over time. SeNP
aggregates were only occasionally observed in the P. sporulosa

cultures, though there was no apparent trend relating their
occurrence to specific experimental conditions or growth
stages. It is possible that Ostwald’s ripening mechanisms
occurred to form some of the larger P. sporulosa nano-
particles,73,74 but NPs were never observed with diameters
greater than ∼500 nm and there were not any discernible
differences in average size of SeNPs at day 5 compared to day
20.
For both fungi, SeNPs were strongly associated with the

biomass either within the cytoplasm, along the cell membrane
interior, embedded within the cell wall, and outside the hyphal
cell (Figure 5). Extracellular SeNPs were commonly in close
association with the cell wall, even after a somewhat disruptive
TEM preparation protocol, which suggests that these NPs
were bound by extracellular polymeric substances (EPS) or
some other organic compounds. It is feasible that all the SeNPs
were formed intracellularly and a fraction were expelled
through vesicles or other means outside the cell. Indeed, TEM
images of hyphal cross sections show nanoparticles both lining
the interior of the cell membrane (Figure 5e) or embedded
within the thick β-glucans layer of the cell wall (Figure 5d),
potentially en route to cellular expulsion. While it may seem
unexpected for large particles to be transported across the
fungal cell wall, previous work showed that 60−80 nm
liposome vesicles were able to pass through the fungal cell
membrane completely intact.75 A diversity of Ascomycete
fungi have been shown to export intracellular material through
transmembrane vesicular transport76 and some yeasts have
been observed to expel SeNPs through this pathway.77 TEM
analysis of the fungi in this study showed evidence of potential
vesicles (Figure 5a, left of intracellular SeNP with black arrow),
but it was not definitive that the SeNPs were encapsulated by
these vesicles. Direct extracellular SeNP synthesis pathways
could have also been active, as highly reducing thiols and other
enzymes produced by the fungus could have reduced the
Se(IV) to Se(0).74,78 The abundance of very small,
extracellular SeNPs by A. alternata may suggest this formation
pathway, although this hypothesis is quite speculative.
Although individual Se(0) biominerals could not be tracked

over time, examination of numerous fungal cells at different
spatial scales were performed to give confidence that these
particles are stable over time. The amorphous nature of the
SeNPs, their size ranges, and cellular locations appeared
consistent from day 5 through 32. Previous studies observed
that EPS and specific proteins are associated with biogenic
SeNPs.71,79,80 These protein coatings help stabilize the
SeNPs,81 minimizing physicochemical alteration or further Se
reduction or oxidation by biotic or abiotic processes. It has also
been suggested that these proteins and other organic
compounds may help control the size and morphology of
the SeNPs.72,82 In the study by Wang et al.,73 they
hypothesized that the proteins prevented aggregation of the
SeNPs. This could indicate that A. alternata produced SeNPs
with either minimal or no proteins, or a specific organic
compound that strongly inhibited particle size growth (e.g.,
Ostwald’s ripening) but promoted aggregation. More work is
necessary on the SeNPs formed by each organism to
understand the causes for these different particle sizes and
morphologies. It cannot be entirely ruled out, however, that
the SeNPs are rapidly being formed and reoxidized or reduced
to form other Se bioproducts. The lack of Se(IV) or Se(VI)
detected with the fungal biomass by EXAFS analysis
throughout the course of the experiments indicates that

Figure 5. Transmission electron microscopy (TEM) images of cross
sections through fungal hyphae of A. alternata (a, b) and P. sporulosa
(c, d, e) showing electron dense SeNPs. (a) Black arrows highlight
extracellular and intracellular SeNPs. (b) Extracellular aggregates and
filaments of small SeNPs were characteristic for A. alternata. (c)
Spherical nature of larger, individual SeNPs produced by P. sporulosa.
(d) SeNPs embedded in the cell wall and (e) aligned along the
interior of the cell membrane (black arrow) suggest that these
particles could be expelled outside the cell.
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Se(0) reoxidation is unlikely (Figure 4). Se(0) reduction to
Se(-II), and subsequent methylation or selenoamino acid
formation is also a potential transformation pathway.25,32

However, the stable relative proportions of the different Se
species throughout most experiments suggests that the Se(0) is
likely stable after formation, except for the 0.1 mM Se
experiment with P. sporulosa. The relative increase in
organoselenium compounds and concomitant Se(0) decrease
during exponential growth of P. sporulosa may suggest that
these initial SeNPs were not stable for the first ∼20 days.
Separation of the SeNPs and interrogation using other
analytical techniques that can assess the organic components
in a more detailed fashion should shed light on the causes of
SeNP variation observed in this study.

3.2.3. Applications of Fungal Se(IV) Reduction and Se
Bioproducts. The fast removal of toxic levels of Se(IV) from
soils and waters by fungi through reduction to either volatile
methylated selenides (e.g., DMSe) or SeNPs has important
implications for the remediation of polluted environments.83

There are different factors to consider for effective Se(IV)
removal such as the environmental conditions present as well
as fungal physiology, project cost, policies in place, and more.
For example, Se transformation to less toxic, volatile forms
might be preferred if large swaths of Se-contaminated soils can
be remediated using these fungal amendments.62,84 A. alternata
proved highly effective in volatilizing Se in this study and
others,9 but further research on this specific strain is necessary
before implementing soil amendments as some Alternaria
strains are known plant pathogens.85,86 In a contained or
constructed environment such as those treating Se-contami-
nated industrial wastewater, this species could be highly
effective in removing hazardous levels of Se(IV). Other fungal
Ascomycete species studied previously2,28 were also highly
effective at volatilizing Se(IV) and Se(VI) with minimal
production of solid-phase Se, which might be preferred in
some bioremediation applications. If Se volatilization and
release to the atmosphere is not preferred, however, A. alternata
was highly effective at immobilizing Se by quickly producing
SeNPs and selenoproteins at all growth stages and could be an
excellent candidate for this bioremediation approach. Further,
the biomass or nanoparticles could be harvested via filtration
for Se removal and possible reuse,84 thus building a circular
economy for these natural and sustainable bioremediation
products. The SeNPs and proteins were stable over time in the
present experimental conditions, but more work will be
necessary to determine their stability over time in more
complex environments such as soils containing potential
oxidants.32,87−89 Additionally, factors such as carbon source
and concentration can influence the proportion of the various
Se transformation products.45 In a more controlled bioreactor,
optimization of conditions that promote SeNP formation
would benefit from greater understanding of the biological
mechanisms that specifically promote Se(IV) reduction to
Se(0) compared to other Se transformation pathways and
products.
In contrast to issues surrounding Se-polluted environments,

some soils are severely depleted in selenium and volatilization
could be detrimental. Since plants serve as the primary Se
dietary source to all animals,90,91 Se concentrations and
speciation (i.e., bioavailability) in soils are the primary factor
controlling dietary sufficiency in a region.92 It is estimated that
one in seven people currently have Se deficient diets, and
changes in climate are expected to exacerbate that problem

through decreased Se soil concentrations.93 While Se
volatilization naturally occurs in soils by plants and micro-
organisms,4,94 processes that further stimulate Se loss,
particularly in agricultural areas, could be highly detrimental
to livestock and human health. While Se volatilization was not
substantial at higher Se concentrations, relatively large
amounts of Se were volatilized (∼39% by A. alternata and
∼17% by P. sporulosa) after just 1 month of growth under the
moderate Se concentrations used in this study. These fungi
might be capable of mediating further Se removal from soils at
very low Se levels, despite their ability to immobilize some of
the Se as selenoproteins and Se(0). Indeed, the study by
Karlson and Frankenberger62 found that Se volatilization rates
by fungal amended soils were fastest at the lowest Se(IV)
concentrations. Further investigations into fungal volatilization
mechanisms and pathways for Se(IV) and Se(VI), as well as
the stability of immobilized Se forms, are necessary for applied
agricultural purposes such as applying fungal or chemical
amendments to stimulate plant growth that might alter the
fungal physiology.
The fungal bioproduction of SeNPs and selenoamino acids

upon exposure to Se(IV) also has great potential for the
medical field and other biotechnology sectors that use SeNPs
for their antimicrobial and antioxidant properties.15,66,95 As
their effectiveness is dependent on parameters such as NP
size,66,96 the causes and control over SeNP morphology and
size produced by fungi in this study will be important to
resolve for applications such as this. SeNPs with various
physicochemical parameters (e.g., crystallinity, composition,
surface area, etc.) and photoelectric and semiconducting
properties are also being developed for use in electronics and
optics15,97 or as nanobiosensors for the detection of hydrogen
peroxide,73 although these typically are not the amorphous
SeNPs generated by fungi and would require post-treatment or
modification before application. Organic Se forms such as
selenoamino acids and selenoproteins are commonly used as
nutritional supplements for human and other animal diets,98

although some forms such as selenomethionine have also been
shown to be toxic.68 It is not clear if interactions between these
various organic and inorganic Se bioproducts enhance or
detract from their potential application. Future research would
greatly benefit from examining these complex biomaterials and
interactions over time and ways to optimize the biosynthesis of
these different Se bioproducts.

■ CONCLUSIONS
The results from this study emphasize the complexity of factors
(e.g., fungal species, fungal growth stage, Se form and
concentration) that influence fungal Se(IV) removal and
transformation. While several Se biotransformation products
were generated in these experiments, the general consistency
with which these bioproducts were formed throughout fungal
growth (especially the relative proportions of Se(0) and
organo-Se compounds) suggests that these processes are also
consistent, predictable, and controllable in natural and
constructed environments. Effective fungal Se(IV) removal
and Se bioproduct synthesis therefore represents a viable,
greener approach to biotechnologies such as bioremediation
and biomedicine. If specific Se products are desired, identifying
the fungal Se(IV) reduction mechanisms that lead to these
specific products as well as further investigations of Se
bioproduct interactions with other biologically or environ-
mentally relevant metal(loids) will be valuable. Further
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examination of fungal Se(VI) reduction pathways and
bioproduct formation, not examined in this study, will also
prove valuable for understanding the environmental impact
and application of fungal Se transformations. Continued
research that employs genomic approaches and other analytical
methods will facilitate these biotechnological applications as
well as provide a more robust assessment of the role and
impact of fungi in the biogeochemical cycling and distribution
of Se in the environment.
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Chaput, D. L.; Santelli, C. M.; Hansel, C. M. Mechanisms of
Manganese(II) Oxidation by Filamentous Ascomycete Fungi Vary
With Species and Time as a Function of Secretome Composition.
Front. Microbiol. 2021, DOI: 10.3389/fmicb.2021.610497.
(45) Sabuda, M. C.; Mejia, J.; Wedal, M.; Kuester, B.; Xu, T.;
Santelli, C. M. The effect of organic carbon form and concentration
on fungal selenite reduction. Appl. Geochem. 2022, 136, 105163.
(46) Santelli, C. M.; Pfister, D.; Lazarus, D.; Sun, L.; Burgos, W. D.;
Hansel, C. M. Diverse fungal and bacterial communities promote
Mn(II)-oxidation and remediation of coal mine drainage in passive
treatment systems. Appl. Environ. Microbiol. 2010, 76 (14), 4871−
4875.
(47) Santelli, C. M.; Chaput, D. L.; Hansel, C. M. Microbial
Communities Promoting Mn(II) Oxidation in Ashumet Pond, a
Historically Polluted Freshwater Pond Undergoing Remediation.
Geomicrobiol. J. 2014, 31 (7), 605−616.
(48) Miyata, N.; Tani, Y.; Iwahori, K.; Soma, M. Enzymatic
formation of manganese oxides by an Acremonium-like hyphomycete
fungus, strain KR 21−2. FEMS Microbiol. Ecol. 2004, 47 (1), 101−
109.
(49) Santelli, C. M.; Webb, S. M.; Dohnalkova, A. C.; Hansel, C. M.
Diversity of Mn oxides produced by Mn(II)-oxidizing fungi. Geochim.
Cosmochim. Acta 2011, 75 (10), 2762−2776.
(50) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS:
data analysis for X-ray absorption spectroscopy using IFEFFIT. J.
Synchrotron Radiat 2005, 12 (4), 537−541.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.2c00288
ACS Earth Space Chem. 2023, 7, 960−971

969

https://doi.org/10.1016/j.bbagen.2009.03.003
https://doi.org/10.1016/j.bbagen.2009.03.003
https://doi.org/10.3390/nu7064199
https://doi.org/10.3390/nu7064199
https://doi.org/10.1002/etc.1995
https://doi.org/10.1002/etc.1995
https://doi.org/10.1007/s00253-016-7300-7
https://doi.org/10.1080/10408398.2020.1774497
https://doi.org/10.1080/10408398.2020.1774497
https://doi.org/10.1080/10408398.2020.1774497
https://doi.org/10.1016/j.mrfmmm.2007.08.009
https://doi.org/10.1016/j.mrfmmm.2007.08.009
https://doi.org/10.1016/0041-008X(71)90040-8
https://doi.org/10.1016/0041-008X(71)90040-8
https://doi.org/10.1021/bi00848a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00848a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbagen.2009.02.014
https://doi.org/10.1016/j.bbagen.2009.02.014
https://doi.org/10.1016/S0065-2911(04)49001-8
https://doi.org/10.1016/S0065-2911(04)49001-8
https://doi.org/10.3732/ajb.1000369
https://doi.org/10.3732/ajb.1000369
https://doi.org/10.3732/ajb.1000369
https://doi.org/10.3389/fmicb.2020.02105
https://doi.org/10.3389/fmicb.2020.02105
https://doi.org/10.3389/fmicb.2020.02105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01569932
https://doi.org/10.1007/BF01569932
https://doi.org/10.1016/j.scitotenv.2008.07.056
https://doi.org/10.1016/j.scitotenv.2008.07.056
https://doi.org/10.1007/s11270-021-05490-9
https://doi.org/10.1007/s11270-021-05490-9
https://doi.org/10.1007/s11270-021-05490-9
https://doi.org/10.1007/s11270-021-05490-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/AEM.01394-18
https://doi.org/10.1128/AEM.01394-18
https://doi.org/10.1128/AEM.01394-18
https://doi.org/10.1128/AEM.01394-18?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0953-7562(96)80048-7
https://doi.org/10.1016/S0953-7562(96)80048-7
https://doi.org/10.1016/j.colsurfa.2019.02.070
https://doi.org/10.1016/j.colsurfa.2019.02.070
https://doi.org/10.1080/01490451.2014.888909
https://doi.org/10.1080/01490451.2014.888909
https://doi.org/10.1007/s00253-019-09995-6
https://doi.org/10.1007/s00253-019-09995-6
https://doi.org/10.1021/acs.est.9b06022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trac.2012.08.006
https://doi.org/10.1016/j.jchromb.2017.06.001
https://doi.org/10.1016/j.jchromb.2017.06.001
https://doi.org/10.1016/j.jchromb.2017.06.001
https://doi.org/10.1101/gr.190538.115
https://doi.org/10.1101/gr.190538.115
https://doi.org/10.1101/gr.190538.115
https://doi.org/10.1016/j.bbagen.2009.05.014
https://doi.org/10.1016/j.bbagen.2009.05.014
https://doi.org/10.1038/s41564-018-0354-9
https://doi.org/10.1007/BF02784430
https://doi.org/10.3181/00379727-111-27887
https://doi.org/10.3181/00379727-111-27887
https://doi.org/10.1002/cbdv.200890037
https://doi.org/10.1002/cbdv.200890037
https://doi.org/10.3389/fmicb.2019.02391
https://doi.org/10.3389/fmicb.2019.02391
https://doi.org/10.1093/jxb/eri068
https://doi.org/10.1093/jxb/eri068
https://doi.org/10.1007/978-1-4939-2531-5_6
https://doi.org/10.1007/978-1-4939-2531-5_6
https://doi.org/10.1007/978-1-4939-2531-5_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-4939-2531-5_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmicb.2021.610497
https://doi.org/10.3389/fmicb.2021.610497
https://doi.org/10.3389/fmicb.2021.610497
https://doi.org/10.3389/fmicb.2021.610497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apgeochem.2021.105163
https://doi.org/10.1016/j.apgeochem.2021.105163
https://doi.org/10.1128/AEM.03029-09
https://doi.org/10.1128/AEM.03029-09
https://doi.org/10.1128/AEM.03029-09
https://doi.org/10.1080/01490451.2013.875605
https://doi.org/10.1080/01490451.2013.875605
https://doi.org/10.1080/01490451.2013.875605
https://doi.org/10.1016/S0168-6496(03)00251-4
https://doi.org/10.1016/S0168-6496(03)00251-4
https://doi.org/10.1016/S0168-6496(03)00251-4
https://doi.org/10.1016/j.gca.2011.02.022
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(51) Newville, M. IFEFFIT: interactive XAFS analysis and FEFF
fitting. J. Synchrotron Radiat 2001, 8 (2), 322−324.
(52) Nie, T.; Wu, H.; Wong, K.-H.; Chen, T. Facile synthesis of
highly uniform selenium nanoparticles using glucose as the reductant
and surface decorator to induce cancer cell apoptosis. J. Mater. Chem.
B 2016, 4 (13), 2351−2358.
(53) Islam, M. R.; Tudryn, G.; Bucinell, R.; Schadler, L.; Picu, R. C.
Morphology and mechanics of fungal mycelium. Sci. Rep 2017, 7 (1),
13070.
(54) Aynsley, M.; Ward, A. C.; Wright, A. R. A mathematical model
for the growth of mycelial fungi in submerged culture. Biotechnol.
Bioeng. 1990, 35 (8), 820−30.
(55) Lundy, S. D.; payne, R. J.; Giles, K. R.; Garrill, A. Heavy metals
have different effects on mycelial morphology of Achlya bisexualis as
determined by fractal geometry. FEMS Microbiol. Lett. 2001, 201,
259−263.
(56) Urík, M.; Bujdos,̌ M.; Gardosǒvá, K.; Littera, P.; Matuś,̌ P.
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