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Enhanced commercial application of silver nanoparticles (AgNPs) is increasing the chance of their release
into aquatic environments, potentially putting non-target microorganisms at risk. Impacts of AgNPs and
Ag"* on two fungal ecotypes of Articulospora tetracladia, collected from a metal-polluted (At61) and a non-
polluted (At72) stream, were assessed based on antioxidant enzymatic and proteomic responses. At61
showed more tolerance to AgNPs than At72 (ECy, 158.9 vs 7.5 ug L™}, respectively). Antioxidant enzyme
activities were induced by AgNPs or Ag” in both fungal ecotypes. Proteomic responses to AgNPs or Ag*
revealed that 41.3% of the total altered proteins were common in At72, while 27.3% were common in
At61. In At72, gene ontology enrichment analyses indicated that Ag* increased mainly the content of pro-
teins involved in proteostasis and decreased the content of those related to vesicle-mediated transport;
whereas the key group of proteins induced by AgNPs had functions in DNA repair and energy production.
In At61, AgNPs induced proteins involved in energy production and protein biosynthesis, while both Ag
forms induced proteins related to cell-redox and protein homeostasis, ascospore formation, fatty acid
biosynthesis and nucleic acids metabolism. Both Ag forms induced stress-responsive proteins, and this
was consistent with the responses of antioxidant enzymes. The negligible quantity of Ag* released from
AgNPs (<0.2 ug L) supported a minor role of dissolved ionic form in AgNP-induced toxicity to both fun-
gal ecotypes. Overall, results unraveled distinct mechanisms of toxicity and cellular targets of nanopar-
ticulate and ionic silver in aquatic fungi with different environmental background, and constitutes a proof
of concept that toxicants induce adaptive responses in microbes to face emergent contaminants.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction
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Silver nanoparticles (AgNPs) are among the most widespread
engineered nanomaterials because of their various applications
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such as in cosmetics, electronics, textiles, biomedicals and pharma-
ceuticals (Blaser et al., 2008; Vance et al., 2015; Burdusel et al.,
2018). The global production of AgNPs was estimated to be 20-
500 tons annually (Mueller and Nowack, 2008; European
Commission, 2012). About 25-30% of the marketed AgNPs are pre-
dicted to be discharged and to reach freshwaters, with potential
risks to biota and the processes they govern (Blaser et al., 2008;
Kaegi et al., 2010). The predicted environmental concentrations
of AgNPs in surface waters range between 10~ and 107! pg L7},
but higher concentrations can be found in runoffs from wastewa-
ters, outdoor facades or accidental spills (Mueller and Nowack,
2008; Kaegi et al., 2010; Gottschalk et al., 2013).

AgNPs can exhibit adverse impacts on freshwater organisms,
including algae, bacteria, fungi, nematodes, cladocerans and fishes
(Navarro et al., 2008; Pradhan et al., 2011; Gottschalk et al., 2013;
Barros et al., 2019). However, the complexity of the AgNP effects in
natural environments has limited the establishment of well-
directed and species-specific toxicity assessment guidelines. Inter-
action of nanoparticles with living organisms depends on several
factors, including particle size, shape and aggregation (Bai et al.,
2017), with implications to nanoparticle toxicity (Akter et al.,
2017). Moreover, the mode of toxicity of AgNPs remains unclear,
as some studies suggest that the toxicity can be related to specia-
tion of the dissolved Ag" from nanoparticles (Navarro et al., 2008;
Behra et al.,, 2013), while others have shown direct toxicity of
AgNPs (Tlili et al., 2016). AgNPs may induce oxidative stress in
aquatic organisms, consequently damaging the cellular macro-
molecules such as proteins, lipids and DNA (He et al., 2012; van
Aerle et al., 2013). Activities of antioxidant enzymes, such as super-
oxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and glutathione S-transferase (GST), are considered early
warning biomarkers of oxidative stress induced by ionic and
nanoparticulate forms of metals in freshwater organisms
(Pradhan et al., 2015, 2016; Barros et al., 2019). Most of these
antioxidant enzymes belong to the ascorbate-glutathione cycle
and play crucial roles in regulating cellular redox homeostasis
and preventing cellular damage (Ayer et al., 2014).

The advancements in proteomics have allowed the identifica-
tion of proteins as potential stress biomarkers and paved the way
to reveal mechanisms of action of environmental contaminants
(Santos et al., 2009; Barros et al., 2019). Several studies on the cel-
lular stress response and functional proteins have shown that there
is a convergence towards a common set of stress-induced proteins
in widely diverse taxa (Petrak et al., 2008; Wang et al., 2009).
Therefore, application of enzymatic stress biomarkers and pro-
teomics might be a useful approach to reveal the mechanisms of
AgNP toxicity (Barros et al., 2019).

Aquatic fungi play a key role in organic matter decomposition in
trophic networks in streams (Pascoal and Cassio, 2008). Although
these fungi are generally sensitive to water quality, they occur in
metal-polluted streams probably because they are able to develop
specific adaptive responses (Azevedo et al., 2009; Pradhan et al.,
2015). However, the mechanisms underlying those adaptive
responses are not clear.

The aim of this study was to investigate i) whether metal-
adapted aquatic fungi can exhibit tolerance to AgNPs by triggering
specific molecular responses, and ii) whether those responses can
vary with the metal form. We examined the impacts of AgNPs on
two fungal ecotypes of Articulospora tetracladia, one collected from
a metal-polluted (At61) stream and the other from a non-polluted
(At72) stream. We determined i) dose-response effects on fungal
growth, ii) enzymatic oxidative stress biomarker responses, and
iii) proteomic responses to unravel the molecular mechanisms
underlying the impacts of each Ag form to different fungal eco-
types. We hypothesized that i) the fungal ecotype from the non-
polluted stream would be more sensitive to AgNPs than the one

from the metal-polluted stream, ii) the proteomic profiles would
match with those of antioxidant enzymes, and iii) proteomics
would reveal distinct functional responses to each form of Ag.

2. Materials and methods
2.1. Fungal ecotypes

Two fungal ecotypes of a cosmopolitan species were used: i)
Articulospora tetracladia UMB-072.01 (At72), isolated from foam
at Maceira, a non-polluted stream in Peneda-Gerés National Park,
Portugal, and ii) A. tetracladia UMB-061.01 (At61), isolated from
decomposing leaves at a metal-polluted site of the Este River, near
the industrial park of the city of Braga, Portugal. At the polluted
site, the metal concentrations in the sediments were Cu: 518.1,
Cd: 0.14 and Pb: 16.4 g kg~ ! of volatile dry weight (Soares et al.,
1999). Further details on sampling sites can be found elsewhere
(Pascoal et al., 2005). Fungi were maintained on malt extract agar
(ME, 1% w/v; agar, 1% w/v; 18 °C).

2.2. Preparation of AgNP suspensions and Ag" solutions

A suspension of citrate-coated AgNPs (NanoSys GmbH, Wolfhal-
den, Switzerland) was used to prepare the stock of AgNPs
(0.1 g L") in sterile ultrapure water (Milli-Q, 18.2 MQ-cm) fol-
lowed by filtration (0.2-um; Millipore, Billerica, MA, USA). The
stock solution of Ag* was prepared (0.1 g L™!) by dissolving the
AgNO;3 salt (>99%, Sigma-Aldrich, MO, USA) in sterile ultrapure
water followed by filtration.

2.3. Characterization of nanoparticles and quantification of silver

Zeta potential (¢) and dynamic light scattering (DLS) were used
(Zetasizer Nano ZS, Malvern Instruments Limited, UK) to determine
the stability, dispersity and hydrodynamic size distribution of
AgNPs in malt extract medium at the beginning (TO) and end
(T1) of the exposure.

Inductively Coupled Plasma Mass Spectrometer (Thermo X7 Q-
ICP-MS, Thermo Scientific) was used to quantify silver and Ag*
released by dissolution from AgNPs in the growth medium at TO
and T1 (Scientific and Technological Research Assistance Centre,
University of Vigo, Spain). Fungal mycelia were removed from
the medium by centrifugation (5000 x g, 5 min). The dissolved
Ag* from AgNPs was quantified in biomass-free supernatant after
ultrafiltration (3220 x g, 30 min; 3-times) using Amicon Ultra-15
centrifugal filter units (3 kDa m.w. cut-off, <2 nm of estimated pore
size; Merck Millipore, Germany) followed by acidification (HNO3,
1.68% v/v). The retrieved mycelia were weighed and washed thrice
with L-cysteine (2 mL, 0.5 mM) to remove the adsorbed silver as
Ag" after acidification as above. Then, mycelia were soaked in 5%
HNOs, washed thrice with sterile ultrapure water and lyophilized
for 48 h. Finally, mycelia were weighed, mineralized (550 °C,
12 h) and digested (2% HNOs3) to determine the accumulated Ag
in fungi.

2.4. Exposure conditions and effective sublethal concentrations

To establish the exposure concentrations for assessing the
responses of proteome and antioxidant enzymes, effective sub-
lethal concentrations (ECs) of AgNPs or Ag" on the growth of each
fungal ecotype were determined. To that end, one agar plug (12-
mm diameter, 5-mm depth; MEA 1%) of 20 day-old culture of each
fungus was homogenized (Ultraturrax, IKA, Staufen, Germany) in
1 mL of sterilized liquid malt extract medium (ME, 1%), and 1 mL
of the homogenate was transferred aseptically into 250-mL Erlen-
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meyer flasks containing 100 mL of 1% sterile ME. After 48 h of fun-
gal growth (18 °C, 140 rpm), each fungal culture was exposed to
increasing concentrations of AgNPs (0, 0.5, 1, 3, 6 and 8 mg L™ ')
or Ag” (0, 0.05, 0.1, 0.2, 0.4 and 0.6 mg L) in triplicates. Fungal
cultures were then incubated for 3 days (18 °C, 140 rpm) to reach
mid-exponential growth phase.

For antioxidant enzymatic assays, fungal cultures at mid-
exponential growth phase were exposed for 3 days to i) AgNPs at
ECyo, ii) Ag" at ECyg, and iii) AgNPs at the concentrations corre-
sponding to the EC,, of Ag®. For proteomic analysis, the fungi were
exposed for 3 days to either AgNPs or Ag” at the respective ECy.

2.5. Fungal biomass, preparation of mycelia-free extract and protein
quantification

For biomass quantification, fungal mycelia were harvested by
filtration (5 um; Millipore, Billerica, MA, USA), washed with Milli
Q water, dried at 80 °C to constant mass (48 h), and weighed to
the nearest 0.001 g.

For preparation of mycelium-free extract, fungal biomass was
harvested (5000 x g for 5 min at 4 °C), dipped in liquid nitrogen
and stored at —80 °C until used. For antioxidant enzymatic and
proteomic analyses, mycelia were washed twice with 100 mM
potassium phosphate (K;HPO4 + KH,PO,4, pH 7.4) buffer (1:8, w:
v) at 4 °C, and ground with liquid nitrogen in a cooled mortar.
Ground mycelium was then resuspended in the extraction solution
containing 100 mM potassium phosphate buffer (pH 7.4), 2 mM
ethylenediaminetetraacetic acid and 1 mM phenylmethylsulfonyl
fluoride at 4 °C and homogenized (Ultraturrax, IKA, Staufen, Ger-
many). Mycelium-free extracts were obtained after centrifugation
of the homogenates (10,000 x g for 10 min at 4 °C) followed by fil-
tration (0.2 pm; Millipore, Billerica, MA). For proteomics, the pro-
tein suspensions were concentrated (trichloroacetic acid +
deoxycholate/acetone precipitation). Concentration of proteins in
mycelium-free extracts was quantified based on the Lowry method
(Peterson, 1983).

2.6. Denaturation, SDS-PAGE separation and SWATH-MS of proteins

A denaturation step was performed before identification of pro-
teins as described elsewhere (Barros et al., 2019). Briefly, incuba-
tions (60 min, RT) of total proteins with urea loading buffer (9 M
urea, 50 mM Tris, pH 8.8, 20 mM dithiothreitol, 10% w/v SDS,
10% v/v glycerol, 0.002% w/v bromophenol blue) were carried out
consecutively in the absence and presence of 20 mM acrylamide.
This was followed by SDS-PAGE separation of proteins. The bands
in the gel containing total proteins were excised, sliced into small
pieces, and proteins were identified at the Center for Neuroscience
and Cell Biology, University of Coimbra, Portugal.

The Sequential Windowed data independent Acquisition of the
Total High-resolution Mass Spectra (SWATH-MS) setup was specif-
ically designed (Table S1), and analyses were performed based on
Barros et al. (2019). Briefly, the gel pieces were destained, washed
with deionized water, dehydrated and subjected to in gel digestion
(0.01 pg pL~! of trypsin) using the short-GeLC approach (Anjo
et al., 2014). The formed peptides were subjected to solid phase
extraction (C18 stationary phase, Agilent Technologies), and resus-
pended in 40 pL of mobile phase containing iRT peptides (Biog-
nosys AG) as internal standards. Triple TOFTM 5600 System
(ABSciex®) was used for sample analyses in two phases: i)
information-dependent acquisition (IDA) of the pooled sample
for protein identification, and ii) SWATH acquisition of each indi-
vidual sample for protein quantification. Libraries were obtained
using Protein PilotTM software (v5.1, ABSciex®) searching against
the SwissProt database (released in March 2016). SWATH™ pro-
cessing plug-in for PeakView™ (v2.0.01, ABSciex®) was used to

perform the SWATH data processing. Peptides (<15 peptides per
protein with < 5 fragment ions) were chosen automatically from
the library and SWATH™ quantitation was attempted for all pro-
teins in the library file, identified < 5% local false discovery rate
(FDR) from ProteinPilot™ searches, by extracting the peak areas
of the target fragment ions of those peptides using an extracted-
ion chromatogram (XIC) window of 5 min with 100 ppm XIC
width. All peptides that met 1% FDR threshold (in at least 3 out
of 4 replicates) were retained; the content of proteins were esti-
mated by summing all the respective transitions from the filtered
peptides for a given protein and normalized to the total intensity
(see supporting information for details).

2.7. Antioxidant enzyme activities

The activities of antioxidant enzymes were measured in
mycelium-free extracts from fungi exposed to AgNPs or Ag" using
a microplate reader (SpectraMaxPlus 384, Molecular Devices, CA,
USA). Briefly, SOD activity was measured with Ransod Kit (Randox
Laboratories Limited, Crumlin, UK) as described earlier (Barros
et al.,, 2019), based on the ability of this enzyme to inhibit superox-
ide radical dependent reactions. CAT activity was determined
based on the dismutation of H,0, (240 nm, € = 0.04 mM~! cm™)
as described in Barros et al. (2019). GPx activity was determined
according to Flohé and Giinzler (1984), and Barros et al. (2019)
based on the oxidation of reduced nicotinamide adenine dinu-
cleotide phosphate (340 nm, € = 6.2 mM~! cm™!). GST activity
was determined according to Habig et al. (1974), and Barros
et al. (2019), based on the conjugation reaction of GSH and 1-
chloro-2 4-dinitrobenzene (340 nm, € = 9.6 mM~! cm™1).

2.8. Statistical analyses

The ECyo of Ag”™ or AgNPs was calculated using PriProbit 1.63.
One-way ANOVAs were used to test the effects of Ag forms on
the activities of antioxidant enzymes or alterations in protein con-
tent. Tukey’s multiple comparisons were used to identify where
significant differences occurred. Analyses were performed in Prism
7.0 (GraphPad software Inc., CA, USA).

Heatmaps and cluster analyses of quantified proteins were per-
formed with GProX v 1.1.15 (Rigbolt et al.,, 2011). The proteins
from heatmaps were clustered by their behavioural profiles using
unsupervised clustering fuzzy c-means algorithm implemented in
the Mfuzz package (Kumar and Futschik, 2007). An upper and
lower ratio limit of log2(2) and log2(0.5) was used for inclusion
into the clusters. The most representative biological processes
associated with each cluster were featured based on UniProt Gene
Ontology database, followed by enrichment analysis within GProX,
using a binomial statistical test with Benjamini-Hochberg adjust-
ment (P < 0.05). This analysis required a comparison of other clus-
ters with the cluster representing a group of proteins, the amount
of which decreased under exposure to Ag* and AgNPs (cluster 5 in
At72 and cluster 4 in At61).

Principal Component Analysis (PCA) was used to associate the
responses of antioxidant enzymes with the protein content in fungi
exposed to Ag" or AgNPs. Analysis was done with PAST 3.14
(Hammer et al., 2001).

3. Results
3.1. Characterization of AgNPs
In the presence of At72, stability of AgNPs increased (¢ at TO:

-253 £ 03, T1: -304 % 1.6; polydispersity index at TO:
0.46 £ 0.21, T1: 0.44 + 0.07) and HDDs remained small along the
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exposure period (TO: 295.8 + 43 nm and 37.8 £+ 4 nm; T1: 2929 +
51 nm and 42.9 + 7 nm), while an opposite trend was observed in
the presence of At61 (Table 1).

In the presence of either ecotype, the concentration of dissolved
Ag"* from AgNPs in the medium was below the limit of quantifica-
tion (<0.2 pug L~1) at TO and T1. At ECyg, the bioaccumulation of Ag
from AgNPs was >40 times higher in At61 than in At72 (At61 vs
At72: 107.4 + 18.7 vs 2.6 £ 0.9 pg g~ ! dry mass). At61 and At72
adsorbed 3.87 # 2.6 and 0.62 = 0.3 ng of Ag* g~ dry mass, respec-
tively, corresponding to 1.6 + 1.1% and 5.7 + 3.2% of the total Ag
added as AgNPs per experimental unit, respectively.

3.2. Effects of AgNPs and Ag" on fungal growth

The exposure of both A. tetracladia ecotypes to AgNPs or Ag*
resulted in a dose-dependent reduction in their specific growth
rates (Fig. S1). The ECyo of AgNPs for At61 and At72 were 158.9
(81.7-246.5) pg L' and 7.5 (0.1-39.4) pg L', respectively,
whereas the ECpo of Ag* for these two ecotypes were 117.4
(97.7-135.8) ug L' and 18.7 (0.5-41.0) ug L™, respectively.

3.3. Effects of AgNPs and Ag" on fungal proteomes

A total of 358 and 516 proteins were quantified by SWATH-MS
in At72 and At61, respectively, after exposure to EC,q of either Ag
form (Tables S2 and S3). However, only 172 proteins of At72 and
260 proteins of At61 showed significant alteration (one-way
ANOVA, P < 0.05) upon exposure to either form of silver (Tables
S2 and S3). Out of these, 71 proteins were common to both eco-
types (Fig. 1A). Among the proteins altered in At72, 51.7% and
58.1% increased their content after Ag* and AgNP exposure, respec-
tively; while in At61, those percentages were relatively higher
(77.7% and 76.5%, respectively; Fig. 1B). Heatmap analyses of the
dynamic profiles of altered protein content (Figs. 2A and 3A)
allowed the generation of 7 clusters for At72 and 6 clusters for
At61, according to their behavioural profile (Figs. 2B and 3B).

Due to the lack of a database for A. tetracladia, related species
were considered for the identification and functional characteriza-
tion of proteins. In At72, the content of all the 16 proteins in cluster
1 increased, while all the 24 proteins in cluster 5 decreased consid-
erably by either Ag form (Table S2; Fig. 2B). Cluster 2 included 38
proteins, the content of all increased strongly by Ag*; AgNPs led to
a moderate increase in the level of 31 proteins, but a slight
decrease of the remaining. In cluster 3 (22 proteins), Ag" consider-
ably decreased the content of all proteins, while AgNPs led to a
moderate decrease in 20 proteins. The content of all proteins in
cluster 4 (19 proteins), decreased by AgNPs and increased by Ag",
except methylthioribose-1-phosphate isomerase. In cluster 6 (28
proteins), AgNPs increased considerably the content of all proteins,
while only few were increased by Ag”. In cluster 7, the content of
all 29 proteins increased moderately by AgNPs, but decreased by
Ag". In the case of At61, the content of all 75 proteins from cluster
1 increased by AgNPs, while Ag* increased the content of 68 pro-

Table 1

teins (Table S3; Fig. 3B). In cluster 2, Ag" increased moderately
the content of all 11 proteins, whereas AgNPs decreased the con-
tent of all except RecA. Both Ag forms strongly increased the pro-
tein content in cluster 3 (33 proteins) and cluster 5 (90 proteins),
but strongly decreased those in cluster 4 (25 proteins). In cluster
6 (26 proteins), the content of all proteins of At61 decreased
strongly by AgNPs and moderately by Ag®.

3.4. Oxidative stress biomarkers and their relationship with
proteomics

Exposure to either Ag form at EC,q or to AgNPs, at a concentra-
tion corresponding to ECyo of Ag®, induced antioxidant enzyme
activities in both fungal ecotypes (one-way ANOVA, P < 0.05)
(Fig. S3, Table S1). In At72, AgNPs led to a higher stimulation of
the activity of CAT (261.5%) followed by SOD, GST and GPx
(Fig. S3A); whereas the exposure to Ag" led to a higher increase
in the activities of GST (384.0%) and CAT (379%), followed by
SOD and GPx (Fig. S3A). In At61, the increase in activity of CAT
was higher at EC,q for either form of Ag (Ag™: 257.1%, AgNPs:
239.9%) than activities of SOD, GST and GPx (Fig. S3B). In At72, at
the concentration of AgNPs corresponding to EC,q of Ag*
(1174 pg L), the activity of CAT was the highest (415%)
(Fig. S3C), and activities of the other enzymes were similar to or
lower than that observed at same exposure concentration of Ag*
(Fig. S3A). In At61, the enzyme activities were considerably lower
at the concentration of AgNPs corresponding to ECpq of Ag"
(18.7 pg L', Fig. S3D) than that observed at the same concentra-
tion of Ag* (Fig. S3B).

The PCA of overall responses of antioxidant enzymes and pro-
teins involved in antioxidant activities in A. tetracladia exposed to
Ag* and AgNPs (Fig. 4) showed that the PC1 explained 77.5% and
73.9% of the total variance for At72 (Fig. 4A) and At61 (Fig. 4B),
respectively. In At72, controls and treatments with Ag* and AgNPs
were separated along the PC1 based on the responses of antioxi-
dant biomarkers and related proteins (Fig. 4A). For At61, the segre-
gation between Ag" and AgNPs treatments was less pronounced
(Fig. 4B). In At72, all antioxidant enzymatic biomarkers and the
related proteins were positively associated with Ag* (Fig. 4A). In
At61, the activities of the antioxidant enzymes were positively
associated with Ag*, whereas the content of the proteins involved
in antioxidant activities were mostly associated with AgNPs
(Fig. 4B).

4. Discussion

Our findings suggest that the toxicity of AgNPs can mainly be
attributed to the nanoparticle itself, as supported by the negligible
amount of dissolved Ag" released from AgNPs in the presence of
both aquatic fungal ecotypes. As hypothesised, the ecotype from
polluted stream was more tolerant to AgNPs than the ecotype from
non-polluted stream. However, an opposite trend was observed for
the effects of Ag®. The absence of silver in the metal-polluted

Hydrodynamic diameter (HDD), polydispersity index (PdI) and zeta potential of AgNPs in ultrapure water (UPW) and ME medium before (T0) and after 3 days (T1) of exposure.

Mean + SD, n = 3.

Sample Zeta potential (mV) PdI Peak 1 Peak 2
Average HDD (nm) Area Intensity (%) Average HDD (nm) Area Intensity (%)

UPWTO —40.7 £ 0.5 0.29 + 0.00 31.9+0.1 100+ 0 - -

UPWT1 —40.6 £ 0.5 0.29 + 0.00 32.1+0.1 100+ 0 - -

ME + At61TO -27.7+0.8 0.53 £ 0.09 295.9 + 48 83.6+4 41.7 £ 11 1644

ME + At61T1 -193+2 0.50 + 0.14 377.7 £ 187 889+7 403 + 27 1117

ME + At72TO -253+03 0.46 + 0.21 295.8 + 43 76.9 + 2 37.8+4 2312

ME + At72T1 -304 £ 1.6 0.44 + 0.07 2929 + 51 68.1+1 429+7 3191
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Fig. 1. Venn diagram comparing the number of proteins significantly altered in the two ecotypes of A. tetracladia: At72 and At61, and the proteins common to both ecotypes
(A). Percentage of significantly altered proteins, the content of which increased (in black) or decreased (in white) under exposure to Ag* or AgNPs (B).

stream, from which At61 was isolated, may also contribute to
explain the low tolerance of this ecotype to Ag*. Moreover, fungi
are sensitive to inorganic nutrients (e.g. NO;3; Fernandes et al,,
2014), which may alter the toxicity of metals (Fernandes et al.,
2009). The exposure to the lowest tested concentration of nitrate
led to an increase in fungal biomass of At72 (ca. 15%, P < 0.05;
Fig. S2), but not of At61. This suggests that the nitrate from AgNO3
alleviated the toxicity of Ag" to At72.

The aggregation state of nanoparticles plays a critical role in
toxicity, as dispersed AgNPs exhibit greater negative effects over
aggregated ones (Dorjnamjin et al., 2008). Indeed, DLS and zeta
potential supported these findings in our study; higher agglomer-
ation and lesser stability of nanoparticles probably explained the
lower impacts of AgNPs in At61 (Table 1). Moreover, the bioaccu-
mulation percentage of Ag by At61 was almost twice than by
At72, reflecting the higher tolerance of the former to AgNPs.

Gene Ontology enrichment analysis based on protein clustering
predicted that different biological processes are likely to be associ-
ated with the responses of A. tetracladia ecotypes to Ag* or AgNPs
(Figs. 2C and 3C). Some of the predicted processes were common to
both stressors in both fungal ecotypes, such as processes related to
protein homeostasis. Particularly, in At72, the content of proteins
involved in transcription (positive regulation of RNA polymerase
Il transcriptional preinitiation complex assembly) and peptide cat-
abolism increased under exposure to Ag" more than to AgNPs
(clusters 4; Fig. 2C); the content of proteins involved in oo amino
acid biosynthesis and signal recognition particle (SRP)-dependent
protein translocation increased moderately by Ag*, but decreased
by AgNPs (clusters 2; Fig. 2C). This indicates that protein home-
ostasis was strongly affected by AgNPs in At72. In At61, protein
homeostasis was dependent on transcription (DNA-templated reg-
ulation and termination), ribosomal subunit assembly and biogen-

esis, SRP-dependent protein translocation, o-amino acid
biosynthesis and transport, and protein refolding and transport,
as the related proteins were up-regulated mainly by AgNPs (clus-
ters 1, 3 and 5; Fig. 3C). Moreover, 23.9% of the common proteins
in both ecotypes were predicted to be involved in protein biosyn-
thesis (translation). In At72, both Ag forms led to up-regulation of
proteins associated with translation (all except cluster 4; Fig. 2C),
particularly under exposure to AgNPs. A similar trend was found
in At61: the translation-related proteins (cluster 1, 3 and 5;
Fig. 3C) were up-regulated particularly by AgNPs. Our findings
agree with the studies showing effects of AgNPs on protein biosyn-
thesis, transcription and translation in microbes (Yuan et al., 2013;
Mirzajani et al., 2014). Another highly overrepresented process in
both ecotypes (cluster 1 in At72; cluster 3 in At61) was related
to cell cycle (Figs. 2C and 3C), as the involved proteins (e.g. fimbrin)
increased by both Ag forms, consistently to that found in other bio-
logical systems (Nair and Chung, 2014; Kang et al., 2016).

Protein degradation is crucial for cell protection under stress
(Zhu et al., 2006). A highly overrepresentation of the ubiquitin-
dependent endoplasmic reticulum-associated protein degradation
(ERAD) was observed in At72 in response to Ag" (cluster 1, 2 and
4; Fig. 2C) but not to AgNPs. Consistently, the protein level
expressed by CDC48 gene increased in At72, particularly under
exposure to Ag*. The CDC48 gene is essential to ERAD pathways,
and its mutation is linked to apoptosis in yeast (Braun et al.,
2006). Apoptosis allows a rapid removal of unwanted or damaged
cells affording nutrients and space for the fittest ones (Azevedo
et al., 2009).

Vesicle-mediated transport is involved in exporting macro-
molecules across cell wall in fungi and concentration of these fun-
gal substances in vesicles can increase their food acquisition
efficiency (Casadevall et al., 2009). In At72, the impairment of
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Fig. 2. Heatmap (A) and clustering analysis (B) of the proteins with significant variation and Gene Ontology (GO) enrichment analysis (C) in the ecotype of A. tetracladia: At72,
under exposure to Ag* and AgNPs. Unsupervised clustering was performed for the standardized protein of the 172 altered proteins. Membership value represents how well
the protein profile fit the average cluster profile (B). Each cluster was tested for overrepresented GO (C) compared with the cluster 5, using a Binomial statistical test with
Benjamini-Hochberg adjustment (P < 0.05). Ct: Control.
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Fig. 3. Heatmap (A) and clustering analysis (B) of the proteins with significant variation and GO enrichment analysis (C) in the ecotype of A. tetracladia: At61, under exposure
to Ag* and AgNPs. Unsupervised clustering was performed for the standardized protein of the 260 altered proteins. Membership value represents how well the protein profile
fit the average cluster profile (B). Each cluster was tested for overrepresented GO (C) compared with the cluster 4 using a Binomial statistical test with Benjamini-Hochberg
adjustment (P < 0.05). Ct: Control.
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Fig. 4. Principal component analysis of overall responses of proteins involved in
antioxidant activities and activities of antioxidant enzymes in two ecotypes of A.
tetracladia: At72 (A), and At61 (B), unexposed (Ct) or exposed for 3 days to ECyq of
AgNPs or Ag*. KATG_PODAN: catalase-peroxidase (Podospora anserina); KAT_-
BORAT1: catalase-peroxidase (Bordetella avium); CATE_PSEPU: catalase HPII (Pseu-
domonas putida); AHPC_SALTI: alkyl hydroperoxide reductase C (Salmonella typhi);
ESTE_PSEFL: arylesterase (Pseudomonas fluorescens); SODC_BOTFU: superoxide
dismutase [Cu-Zn] (Botryotinia fuckeliana); SODF_BORPE: superoxide dismutase
[Fe] (Bordetella pertussis); SODF_PSEPK: superoxide dismutase [Fe] (Pseudomonas
putida); SODM_THETS8: superoxide dismutase [Mn] (Thermus thermophilus) and
SODM_YEREN: superoxide dismutase [Mn] (Yersinia enterocolitica).

vesicle-mediated transport is suggested by down-regulation of
related proteins (cluster 3; Fig. 2C), mainly under exposure to
Ag*. AgNPs can increase cell membrane permeability by progres-
sive release of lipopolysaccharides and membrane proteins, lead-
ing to cell death (Sondi and Salopek-Sondi, 2004). In At61, the
overrepresentation of fatty acids biosynthesis (cluster 5,

Table S3) might be recognized as a mechanism for recovery of
damaged membrane lipids (e.g. ergosterol) mainly under exposure
to AgNPs.

Several metabolic processes involved in energy production
were also highlighted by the GO enrichment analysis although dif-
ferently in each fungal ecotype. In At72, proteins involved in the
synthesis of acetyl-CoA from pyruvate (cluster 7, Fig. 2C) increased
under exposure to AgNPs but decreased under Ag” exposure. For
At61 (Fig. 3C), the featured processes were ATP synthesis coupled
with proton transport (cluster 1), carbohydrate metabolism (clus-
ters 1 and 5), tricarboxylic acid cycle (clusters 1, 5 and 6) and gly-
oxylate cycle (cluster 5). The majority of proteins involved in these
metabolic processes increased mainly by AgNPs, suggesting
increased need of energy in fungal cells to compensate the stress
induced by nanoparticles and contributing to explain the higher
tolerance to this silver form in At61.

Sporulation of freshwater fungi is a sensitive endpoint to both
Ag forms (Pradhan et al., 2011), potentially compromising the dis-
persal and survival of fungi in streams. However, some studies
reported an increase in fungal reproduction under low doses of
AgNPs (Kasprowicz et al., 2010; Tlili et al., 2016). In our study,
the overrepresentation of ascospore formation and up-regulation
of the proteins involved in cell division (Fig. 3C) can be envisaged
as a survival strategy of At61 under the stress induced by both Ag
forms considering that: i) fungal spores have thick cell-walls,
energy reserves and low metabolic rates (Moore-Landecker,
2002) and ii) the production of asexual spores often decrease under
stress conditions (Pradhan et al., 2011).

The process of cellular redox homeostasis was also featured by
GO enrichment analysis in At61 (cluster 5; Fig. 3C). This is crucial
for the preservation of several cellular processes including
responses to ROS, signalling and removal of xenobiotics (Ayer
et al.,, 2014). The up-regulation of alkyl hydroperoxide reductase
in At61 by either form of Ag supports its role as the first line of
defense against peroxides (Ayer et al., 2014). The up-regulation
of proteins with antioxidant activities (e.g. SOD) upon exposure
to AgNPs supports the higher tolerance of At61 to this toxicant. A
similar trend was observed for arylesterase, which reduces the
oxidative stress by hydrolysing lipid peroxidases in oxidized
lipoproteins (Aslan et al.,, 2008). In At61, the up-regulation of
glycerol-3-phosphate (G3P) catabolism related proteins (e.g. G3P
dehydrogenase) was mainly observed under AgNPs. Besides being
involved in carbohydrate and lipid biosyntheses, G3P dehydroge-
nase play a crucial role in stress responses as observed in algae
(Lai et al., 2015). At61 also exhibited increased level of glutathione
synthetase under exposure to Ag" or AgNPs, supporting the role of
glutathione in maintaining cellular redox homeostasis (Ayer et al.,
2014). In At61, both Ag forms stimulated the SOD activity, pin-
pointing the efficiency of this enzyme to counteract the superoxide
anions (Lubrano and Balzan, 2015). These outcomes suggest higher
efficiency of At61 to combat the oxidative stress induced by AgNPs
as further supported by the correlation between responses of
antioxidant enzymes and related proteins (Fig. 4). In At61, the
biosynthesis of nucleosides triphosphate (NTPs) was also overrep-
resented (cluster 5; Fig. 3C); NTPs are the building blocks of DNA
and RNA, and supply energy to several cellular reactions. In At61,
proteins related to the biosynthesis of NTPs, including the nucle-
oside diphosphate kinase, increased mainly under exposure to
AgNPs. In At72, DNA repair was among the most overrepresented
process (cluster 6). Indeed, RuvB-like helicase 1 and Casein kinase
[ homolog hhp2 are key proteins involved in DNA damage response
(Dhillon and Hoekstra, 1994; Peterson and Coté, 2004); both pro-
teins increased considerably by AgNPs, indicating DNA damage in
At72. This can further support the lower tolerance of At72 to AgNPs
than At61.
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5. Conclusions

Our study showed higher tolerance of the fungal ecotype from
metal-polluted stream (At61) to AgNPs than the ecotype from
non-polluted stream (At72). The negligible amount of extracellular
dissolution of ions, released from nanoparticulate Ag, suggests a
minor role of the dissolved Ag" in the toxicity of AgNPs to both fun-
gal ecotypes. Our results also reinforced the role of antioxidant
enzymes of the ascorbate-glutathione cycle against the oxidative
stress induced by both Ag forms. The proteomic responses suggest
that the majority of proteins controlling biological pathways dif-
fered with the Ag form and fungal ecotype. Several of these pro-
teins might be used as potential biomarkers for the stress
induced by AgNPs and/or Ag®. The responses in At72 were mostly
associated with DNA repair, peptide and protein catabolism, cell
cycle and vesicle-mediated transport; whereas cellular redox
homeostasis, cell cycle, cell division, protein homeostasis, transla-
tion, protein transport and refolding, energy production, spore for-
mation and nucleic acids biosynthesis were mainly associated with
At61. Our study provides evidence that the mechanisms of action
and the environmental background of microorganisms are key fac-
tors to determine biological responses to toxicants. This is particu-
larly relevant in face of the increasing release of emergent
contaminants into natural environments.
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