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Abstract Silver nanoparticles (AgNPs), exhibiting a broad size range and morphologies
with highly reactive facets, which are widely applicable in real-life but not fully verified for
biosafety and ecotoxicity, were subjected to report transcriptome profile in yeast
Saccharomyces cerevisiae. A large number of genes accounted for ∼3% and ∼5% of the
genome affected by AgNPs and Ag-ions, respectively. Principal component and cluster
analysis suggest that the different physical forms of Ag were the major cause in differential
expression profile. Among 90 genes affected by both AgNPs and Ag-ions, metalloprotein
mediating high resistance to copper (CUP1-1 and CUP1-2) were strongly induced by
AgNPs (∼45-folds) and Ag-ions (∼22-folds), respectively. A total of 17 genes, responsive
to chemical stimuli, stress, and transport processes, were differentially induced by AgNPs.
The differential expression was also seen with Ag-ions that affected 73 up- and 161 down-
regulating genes, and most of these were involved in ion transport and homeostasis. This
study provides new information on the knowledge for impact of nanoparticles on living
microorganisms that can be extended to other nanoparticles.
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Introduction

Metal–microbe interactions have been the subject of considerable research attention since
last decades, interest has arisen because of the biotechnological potential of microorganisms
for metal removal and/or recovery, the possible transfer of accumulated metals to higher
organisms in food chains, and the toxicity impacts of metals in nanoparticulate forms
toward microbial metabolism and growth; hence, Saccharomyces cerevisiae can serve as
model microorganisms. Metallic nanoparticles exhibit physical properties that are different
from both the ion and the bulk material. This makes them exhibit unique properties such as
increased catalytic activity due to morphologies with highly active facets [1, 2].
Nanomaterials, such as nanotubes, nanowires, fullerenes, and quantum dots, have received
heavy attentions for their possible enormous applications [3]. Despite of the wide
application of these nanomaterials, there is a serious concern regarding the impacts of
manufactured nanomaterials on human health and the environment. Studies on nano-
particles have shown that they can pass through biological membranes and affect the
physiology of the cell [4]. There have been several reports on the toxicity and risks of
nanomaterials in recent years [5–9].

The potential hazard of manufactured nanoparticles (NPs), their release into the aquatic
environment, and their harmful effects remain largely unknown [10]. It is also considered
that the toxicity test of NPs should be performed in an environmentally relevant mode to
avoid misleading information on toxicity of NPs [11]. The effect of NPs on microorganisms
is much more extensive and diverse thanon plants, invertebrates, and vertebrates [12]. NPs
including TiO2 and Ag have been used as antibacterial agents regardless of the particle
sizes, but this activity is enhanced when delivered in nanoparticulate forms. Furthermore,
there is insufficient evidence to suggest that all NPs have toxic effects, or in fact that all
NPs are toxic to any organisms exposed in an environment. Toxicity assays using specific
microorganisms can be used to assess the detrimental effects of various NPs on living
organisms and understand their impacts and mode of action. The detailed toxic action of
NPs in the cells or interaction with proteins/enzymes, cellular components, and genome
responses seems to have been overlooked over the years. A detailed study on a particular
type of NPs, impact of size, chemical nature, and genome response to NPs allows
elucidating the mode of NP’s toxic effects at a molecular and genetic level. Toxicity of NPs
can be studied in bacteria and yeast (S. cerevisiae) as the model organisms to understand
their potential ecological impact.

Currently, two major effects of NPs can be seen and that were studied extensively using
bacterial models: (a) cell membrane/cell wall damage and (b) oxidative toxicity by
generation of reactive oxygen species. Recently, toxicity of AgNPs in bacteria has been
studied using recombinant bacterial biosensors which elucidated the oxidative toxicity of
AgNPs compared to microparticles of the same composition [13]. Similarly, studies have
also shown the oxidative toxicities of other nanomaterials, such as fullerene, metal oxide
NPs including ZnO, CuO, SiO2, and TiO2 [12, 14, 15, reviewed in 16]. The toxicity of
nanomaterials may vary because of their variable sizes, surface chemistry, or chemical
nature of nanomaterials. Likewise, the NPs may also have different effect on different types
of cells, which depends on cell wall composition [15]. Therefore, the Scientific Committee
on Emerging and Newly Identified Health Risk has suggested that identification of
toxicological characteristics of nanomaterials needs to be made on a case-by-case basis
[17].

To our knowledge, no genomic response to NPs has been studied. Assessing genomic
response to NPs using yeast as a model eukaryote would allow toxicological impacts at
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genetic levels. Here we used AgNPs as the model nanomaterials that exhibit a broad size
and morphologies with highly reactive facets [5]. Despite of Ag being used as an
antimicrobial agent for over a century [18, 19], very little is known on its effect in
nanoparticulate form on biological systems. Studies have shown that soluble Ag uses
copper transport system in living cells because of structural similarity between copper and
Ag [20, 21]. Recently, transcriptome analysis for the response of few metals such as soluble
metal ions including silver, which has been shown closely grouped with zinc, was
performed [22]. Ag in nanoparticle form may have size-dependent toxicity effects in
addition to its bactericidal effects.

In this study, we report on whole genome response to silver in two physical forms (a)
nanoparticulate form (AgNPs) and (b) soluble Ag-ions in yeast. Transcriptomes of yeast
treated with equimolar mass of silver in these two forms were analyzed. Genes that
responded differentially by AgNPs were compared with those that were unique to Ag-ions.
Thus, distinct genomic responses can be attributed to the different physical forms of metals.

Materials and Methods

Strain, Media, and Chemicals

S. cerevisiae S288C (α SUC2 mal mel gal2 CUP1) was used for all transcriptome analysis
and was grown in YPD (1% yeast extract, 2% polypeptone, 2% glucose) at 30 °C. AgNPs
were purchased from Nanopoly, Co. (Korea). The AgNPs having a size range 5–10 nm was
previously characterized in this laboratory [13] and verified that no agglomeration or
aggregation occurred when suspended in YPD medium (Fig. 1).

Fig. 1 Transmission electron microscope image of silver nanoparticles suspended in the YPD medium. The
nanoparticles measured an average size of ∼10 nm
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Cytotoxicity Assays

The effect of AgNPs and Ag-ions on cell growth and viability was determined by first
diluting an overnight culture of yeast to an optical density of 0.3, at 600 nm, in YPD
medium and incubating for different time intervals. To this, different concentrations of
equimolar mass of silver in the form of AgNPs or AgNO3 (Ag-ions) were added and
the yeast were incubated at 30 °C, and growth was monitored by observing changes in
OD600 as a function of time (Fig. S1A and B). The effective concentration of added
metal that inhibits by 30% with respect to AgNP concentration was calculated by
following Eq. 1

Ia ¼ Ac � At

Ac
� 100 ð1Þ

where Ia is the percent inhibition, Ac is the area under the control growth curve, and At is
the area under the growth curve at each test concentration. An equivalent Ag mass in the
form of AgNO3 was added for comparison between AgNPs and Ag-ions.

RNA Purification and Microarray Hybridization

For microarray studies, independent yeast colonies were grown overnight in YPD under
identical conditions. These cultures were diluted to an OD600 of 0.01 and allowed further to
grow until till the OD600 reaches to 0.3. Cells were then exposed to effective concentration
(140 μM) of (a) AgNPs, (b) equimolar concentration of Ag-ions (AgNO3), and (c) with no
metal (control) in YPD. The cells were harvested after 120 and 210 min of incubation at
30 °C, and total RNAwas extracted and purified using RNeasy kit (Qiagen). The quality of
purified RNA was analyzed spectrophotometrically as well as resolving on a 2% agarose
gel. The purified RNA was then stored at −70 °C.

Synthesis of cDNA and Labeling

At least 35 μg of total RNA from treated or untreated samples was added with 0.4 μM
oligo-dT primer (QIAGEN) and denatured at 65 °C for 10 min, cooled on ice for
2 min, and the labeled cDNA was synthesized. The reaction mixture contained 0.5 mM
each of dATP, dGTP, and dCTP; 0.2 mM dTTP (QIAGEN); 9.5 mM DTT, 15 μM
Cy3- or Cy5-labeled dUTP (PerkinElmer Life Science); 1 μL PowerScript Reverse
Transcriptase (Clontech); and an appropriate amount of 5× first-strand buffer
(Clontech). The reactions were performed at 40 °C for 2 h. The template cDNA was
dissolved by the addition of 0.1 N NaOH for 15 min at 65 °C and neutralized by
adding 0.1 N HCl. An equal amounts of Cy3- and Cy5-labeled (treated and untreated)
cDNA probes solution was mixed and purified using QIA quick PCR purification kit
(Qiagen). Hybridization solution was prepared by adding 25 μL of 20× sodium saline
citrate (SSC), 10 μL of 0.1% sodium dodecyl sulfate (SDS), 15 μL of formamide, 1 μL
of Salmon sperm DNA, and 50 μL of purified labeled cDNA.

Hybridization and Washing of Microarrays

The hybridization solution was applied to Agilent Yeast Oligonucleotide microarrays (Cat.
No. G4140B) covered with glass coverslip. The hybridization was carried out at 65 °C for
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17–18 h under moist conditions in a hybridization chamber according to manufacturer’s
instruction. After incubation, the cover-slips were removed by gentle plunging with
solution containing 2× SSC and 0.1% SDS (1 min). DNA microarray slides were rinsed
twice with solution I (0.2× SSC and 0.1% SDS) for 3 min, once with solution II (0.1× SSC
and 0.1% SDS) for 5 min, and finally rinsed with solution III (0.1× SSC) for 1 min. The
arrays were then dried by centrifugation at 600 rpm for 30 s. A total of three biological
replicates and three reciprocal experiments (dye swap) was performed to avoid dye bias and
error analysis.

Scanning and Data Analysis

The hybridized microarrays were scanned with a GenePix 4000B laser scanner (Axon
Instrument, Inc., Foster City, CA, USA). Spot validation was performed with GenePix Pro
3.0 software (Axon Instrument, Inc., Foster City, CA, USA) to filter out defective spots
which failed to hybridize well during the experimental procedures. For normalization, R
language software (version 2.5.1) and “limma” package (version 2.9.1) were used as
described previously [23–25]. For functions such as (a) background correction, (b) loess
normalization, and (c) scale normalization between arrays were sequentially performed
using “limma” package [26]. For the dye swap experiments, the absolute log2 ratio value of
swapped pairs was averaged with the normal pairs, and the finalized expression set of genes
was obtained.

To evaluate significantly expressed genes in triplicate experiments, significance analysis
of microarrays (SAM) version 3.02 was used [27], where the response type and the number
of permutations were chosen as “one class” and 100, respectively, and all the other options
were set to default. Then, non-significant genes, of which false discovery rate from SAM
analysis having more than 5%, were filtered out. Finally, only genes whose absolute log2
ratios of ≥1 or ≤−1, which represent up- or down-regulated genes, respectively, in treated
samples having at least ≥2-fold differences relative to control in at least one treatment were
chosen among 6,263 genes for further analysis.

Principal component analysis (PCA) of the biological replicates was performed using
Tanagra 1.4 program [28]. The first three principal components captured over 70% of the
variability data. K-means clustering on the average fold change in gene expression values
was performed with K=3 or 5 for genes. The hierarchical (Euclidean distance and average
linking) and K-means clustering of the transcriptome was performed using Cluster 3.0 and
visualized with Java TreeView 1.14r3 [29, 30]. Gene Ontology (GO) analysis was
performed using Gene Ontology mapping, and the group of genes to more general terms
and/or bins into broad categories were determined by SGD Gene Ontology Slim Mapper
(GO-Slim: Process; Saccharomyces Genome Database, Stanford, CA, USA) as well as the
Munich Information Centre for Protein Sequences (MIPS) database to classify genes
according to their function.

Real-Time RT-PCR

For real-time reverse transcription (RT)-PCR, three primers and probe sets (forward primer,
reverseprimer, reporterprobe) for testgenesCUP1-1, YHR138C, and BOP2 and a control
ACT1 gene (Applied Biosystems, USA) were as shown in Table S1. Reporter probes were
labeled at the 5′ end with the fluorescent reporter dye 6-carboxy-fluorescein (5′-FAM)
and the 3′-end with a non-fluorescent quencher. The methods for RT reaction are
described in the Supplementary Information section.

1282 Appl Biochem Biotechnol (2011) 164:1278–1291



Results

Transcriptome analysis of yeast exposed to equimolar mass of Ag in colloidal nanoparticles
(5∼10 nm size) and soluble ionic (AgNO3) forms revealed a total of 530 differentially
expressed genes at 120 min. The differentially expressed genes by AgNPs and Ag-ions
were 191 and 339 genes, respectively. The concentration at which 30% growth inhibition
occurred was first determined to be 140 and 46.7 μM for AgNPs and Ag-ions, respectively.
Ag-ions severely inhibited the growth of yeast above 46.7 μM of Ag-ions (equivalent to the
Ag mass) which was distinct to the growth responses seen in AgNPs exposure. Both
AgNPs and Ag-ions inhibited the growth of yeast cells in a concentration-dependent
manner (Fig. S1A and B). The growth inhibition occurred during 140 μM of AgNPs
exposure, which was similar to that of cells exposed to 46.7 μM of Ag-ions in YPD
medium (Fig. S1B). This result demonstrated that Ag in the form of ions was more toxic
than the NPs by at least 3-fold. The AgNP concentration at which 30% growth inhibition
occurred (140 μM) was chosen for global gene expression studies with Ag-ions as well.

The microarray data points of responses showing consistent results from triplicate and
reciprocal experiments were subjected to PCA analysis (Fig. 2). The data included three
variables, such as two different exposure times as well as two different forms of Ag
(nanoparticulate and ionic forms). The first two components account for over 70% of the
variance allowing most of the information to be visualized in two dimensions. An
approximate understanding of a class’ expression dynamic was obtained quickly by looking
at its location in space. For example, genes occupying the lower quadrant (high PCA-1, low
PCA-2) are up-regulated early but return to background later in time. These genes have
expression levels that decrease over time but maintain a high overall expression level
relative to the control [31] (for, e.g., PHO89, HSP12, and HSP26; Fig. 2; Supplementary
Table S2). Genes with low overall expression levels that decrease over the course of Ag
exposure (irrespective of its physical form) can be found in the lower left quadrant. The
genes in the upper right quadrant show overall expression levels that increase over the
course of Ag exposure (e.g., CUP1-1 and CUP1-2; Fig. 2; Supplementary Table S2). The
differentially expressed genes are clearly distributed, and the PCA suggested that the
toxicity of Ag was a major contributing factor in the transcription profile. The genes which
showed ≤2-fold expression differences consistently in each condition were compiled. Under
normal growth conditions, AgNPs affected the expression of 191 and 189 genes at 120 and
210 min, respectively, after the exposure. While Ag-ions affected the expression of 339
genes at 120 min, the genes affected by AgNPs and Ag-ions were about 3% and 5.4% of
the total genome, respectively. The effect of Ag-ions was more pronounced with 170 up-
and 169 down-regulated genes, compared to 167 up- and 24 down-regulated genes after the
AgNPs exposure (Table 1).

Hierarchical clustering analysis showed tight clustering of genes, and the expression
patterns associated with two forms of Ag were considerably different in the distribution of
the samples into separate clusters, suggesting similarities in their transcription profiles to
colloidal AgNPs, distinct to Ag-ions (Fig. 3). A substantial number of the affected genes
were still unknown in their functions, and the largest number of genes affected by AgNPs
and Ag-ions was found to be responsive to chemical stimulus, stress, and transport related
cellular process (Figs. 2 and 3). Hence, the general toxic effects of AgNPs and Ag-ions
appear to be the altered function brought on by genes associated with chemical stimuli,
stress, and cellular transport functions (Fig. 3). A noticeably large number of genes
involved in cellular rescue and stress response were up-regulated by AgNPs, specifically at
early growth stages at 120 min (46 genes) compared to 210 min (37 genes) or Ag-ions
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exposure (32 genes). Ag-ion exposure resulted in significant repression of a number of genes
categorized to various functional groups, compared to the case for AgNPs (Figs. 3 and 4a, b). A
majority of genes repressed were involved in transcription (P ¼ 6:97 � 10�11) followed by
metabolism (P=0.736), protein synthesis (P ¼ 3:65 � 10�06) and cell growth. Most
number of genes affected by AgNPs belonged to the metabolism (P ¼ 1:67 � 10�06,
1.17×10−03, at 120 and 210 min, respectively, and Ag-ions with P ¼ 2:44 � 10�03) and
cellular stress (P ¼ 1:58 � 10�09, 4.93×10−04, at 120 and 210 min, respectively, and
Ag-ions with P ¼ 4:88 � 10�04) category according to MIPS database.

Effect of AgNPs on Yeast

Nineteen most highly up-regulated genes were found as a result of common response to
AgNPs through 120 and 210 min of exposure. CUP1-1 and CUP1-2 genes that encode
the metallothionein protein responsible for binding copper and mediate high resistant to

Fig. 2 Principal component analysis of independent biological replicates with identical treatments with
unfiltered expression dataset with K-means=3 for genes. The first three components captured were over 70%
of the variability in the data. The colors indicate the differentially expressed genes affected by AgNPs and
Ag-ions. The strongly expressed genes are indicated in the figure (see also Table 1). The data included three
variables, such as two different exposure times as well as two different forms of Ag (nanoparticulate and
ionic forms). The first two components account for over 70% of the variance allowing most of the
information to be visualized in two dimensions. An ellipse enclosing 95% of the genes is drawn to
distinguish between high and low variance genes. Genes occupying four quadrants are separated by dividing
principal component axis
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copper and cadmium were consistently and strongly up-regulated through 120 to 210 min
(∼40–45-folds) followed by GSC2 (encodes for a subunit of 1,3-beta-glucan synthase)
and YSR3 (membrane protein; 4.6-folds; Table S2). It is well documented that the CUP1-1
and CUP1-2 are synthesized in response to increased cytosolic copper [32, 33], whereas
GSC2 and YSR3 (LBP2) are responsible for maintaining the integrity of the cell wall and
membrane sphingolipids [34–36]. Induction of GSC2 and YSR3 particularly after the
exposure of AgNP strongly suggests that AgNPs caused cell wall and membrane damages.
Out of total 19 genes that were strongly expressed, 12 genes (PHO89, HSP12, HSP26,
HOR7, GSC2, AMS1, CIT2, STR3, TMA10, HSP42, RTC3, and YBR085C-A genes)

Table 1 Summary of genes affected in S. cerevisiae 288C exposed to AgNPs and Ag-ions compared to
untreated cells

Experiment Stress Exposure
time (min)

Genes uniquely affected Total number of genes affected

Up-
regulated

Down-
regulated

Total %
genome

Up-
regulated

Down-
regulated

Total %
genome

1 AgNPs 120 17 10 27 0.43 167 24 191 3.052

2 AgNPs 210 5 37 42 0.67 142 47 189 3.02

3 Ag-ions 120 73 161 234 3.74 170 169 339 5.416

Fig. 3 Hierarchical clustering analysis (Euclidean distance and average linking) of unfiltered expression data
of 140 μM Ag elemental mass in the form of NPs (120 and 210 min of treatment) and Ag-ions (120 min of
treatment) are indicated above the figure. Gene Ontology mapping (GO-Slim: Process) for the genes and
clusters presented in the figure are shown on its right side. The values indicated below the process are the
number of genes under each cluster and those in the parenthesis indicating the number of genes with
unknown Gene Ontologies. The color scale below the dendrogram extends from −3 to +3 in log2 space
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dominantly induced at 120 min, while their expression was found to be recovered over time,
which was evidenced by declined expression ratios at 210 min (Table S2). PCA and
hierarchical clustering placed these genes close together and separated from the others
(Figs. 2 and 3). These results suggest that AgNPs severely affected the genes involved in
response to vacuolar phosphate transport [37], heat shock [38], hyperosmotic stress, cell wall
proteins [39], and metabolism [40] at the early growth stages (120 min).

Conversely, TIS11, CCC2, TAF1, and FIT2 were moderately expressed at 120 min, but
these were found to be highly induced at 210 min of AgNP exposure. These four genes
encode cell wall protein as well as transport proteins mainly the Cu2+ and iron transporters
(Table S3). Further, 16 genes differentially up-regulated at 120 min were found normally
expressed at 210 min of AgNPs exposure (Table 1). All these genes were related to
metabolism, except GRX1, which is responsible for activation to oxidative stress (Table S3)
[41]. This result indicated that early exposure of AgNPs caused metabolic imbalance and
oxidative toxicity (oxidative stress) in yeast, which is consistent to the effect of AgNPs on
high number of genes that take part in cell rescue and stress responses (Fig. 4a). Prolonged
exposure with AgNPs (210 min) resulted in uncoupled function of copper and iron
transporters, which under normal conditions involved in maintaining Cu2+ and iron
homeostasis.

Effect of Ag-Ions in Yeast

Exposure of yeast cells with Ag-ions revealed 73 differentially up-regulated and 161
differentially down-regulated genes, which amounts for 3.74% of the total genome (Table 1).
Most genes differentially up-regulated by Ag-ions are normally expressed by AgNPs at
120 min exposure (Table S4). However, these genes tend to strongly induced by prolonged
exposure of AgNPs through 120 min up till 210 min (Table S4). Further, Ag-ions likely
targeted genes responsible for iron retention (FIT2), transporter proteins (SAM3, PRM10,
MEP1), cell division (MND1, GSP2), and stress (GRE3; Table S4). A total of 90 genes found
commonly up-regulated by Ag-ions and AgNPs (Fig. 2). Most strongly up-regulated genes to
both AgNPs and Ag-ions are those including CUP1-1 and CUP1-2 (mediates resistance to

Fig. 4 Effects of silver nanoparticles (AgNPs) and silver ions (Ag-ions) in S. cerevisiae 288C after 120 and
210 min of exposure: a total number of genes induced to AgNPs and Ag-ions and b total number of genes
repressed to AgNPs and Ag-ions
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high levels of copper and cadmium), PHO89 (Na+/Pi cotransporter), and heat shock genes,
such as HSP12 and HSP26 (Table S2). This result indicated that Ag-ion toxicity was similar
to toxicity occurred by AgNPs, but only after 210 min of exposure.

Expression of three candidate genes (CUP1-1, YHR138C, and BOP2) was selected to
validate the microarray results using real-time RT-PCR analysis. The responses of these three
genes found in microarray results correlated well with the responses seen with real-time
RT-PCR assays (Fig. S2).

Discussion

AgNPs at 120 min of exposure seemed to cause mechanical damage to membrane-bound
transport proteins, which resulted into ionic imbalance predominantly with copper and iron
after the longer exposure. The fact that highly reactive facets of AgNPs did not have ionic
effect at initial growth stages (120 min) suggests that they mainly caused damage to
membrane proteins and cell wall. However, at later growth stages (at 210 min), AgNPs
appeared to have released ions in the medium, which resulted in the effect similar to that of
Ag-ions.

The unfiltered microarray data were initially subjected to PCA and hierarchical
clustering analysis that allowed the differentially expressed genes placing close together
and separated from the others (Figs. 2 and 3). The severely affected genes by AgNPs were
uniquely expressed at 120 min of exposure, and 12 of them were involved in response to
vacuolar phosphate transport [37], heat shock [38], hyperosmotic stress, cell wall proteins
[39], and metabolism [40]. AgNPs and Ag-ions affected a common set of genes, and
notably few of them dominantly induced were related to copper transport and heat shock.
Under the normal conditions, increased cytosolic copper activates the copper-sensing
transcription factor Ace1p, resulting in the expression of the metallothionein genes CUP1-1
and CUP1-2 in yeast (reviewed in [33]). Several copper transporting ATPases have shown
to induce by and transport Ag-ions in addition to copper [20, 42, 43]. Ag-ion has no
biological significance, and its transport occurs through copper transport system due to the
structural similarity, which causes detrimental effect to the cell [20, 21]. Our results showed
that exposure of yeast by AgNPs or Ag-ions strongly induced CUP1-1 and CUP1-2 genes
(Table S2), suggesting that AgNPs or Ag-ions seem to use copper transport system to
internalize Ag in to the cell, and as a result CUP1-1 and CUP1-2 along with CCC2 genes
were induced strongly to prevent toxicity (Table S2 and S3). Both CUP1-1 and CUP1-2
genes are involved in high-level resistance and induction in conditions of excess copper or
silver [20, 21, 32, 33, 44], whereas CCC2 is responsible for pumping copper from cytosol
into an extracytosolic compartment and iron uptake [45] and this could be the reason
behind their significantly high induction against Ag-ion or prolonged exposure of AgNPs
(Table S3).

Nineteen genes were commonly induced to both AgNPs and Ag-ion (Table S2). Out of
these, eight genes, such as PHO89, HSP12, HSP26, AMS1, NCE103, along with three
others (RTC3, YDR034W-B, and YNL134C) of unknown function, were strongly induced
to colloidal AgNPs at 120 min, compared to those induced to same NPs at 210 min of
exposure or with direct Ag-ion exposure (Table S2). The toxic effects of AgNPs or Ag-ions
can be related to detrimental effects on the functions associated with these genes. For
example, PHO89 was induced at 120 min but not at 210 min, which is consistent with
previous reports that PHO89 was induced at early growth stages (budding yeast) to
phosphate starvation [37, 46], suggesting that AgNPs or Ag-ions influenced efflux of
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cellular phosphate, whereas HSP12 and HSP26 were induced to changes in osmotic stress
[38] and AMS1 encodes for a vacuolar membrane mannosidase, which is involved in
formation of inner surface of the vacuolar membrane [47]. The NCE103 that commonly
induced is regulated by the inorganic carbon (Ci) concentration in the surrounding medium,
which is active under oxidative stress conditions [48, 49]. Our result demonstrated that
AgNPs or Ag-ions caused osmotic stress followed by damage to vacuolar membrane and
oxidative stress. The genes responsible for these toxicities responded quickly after the cells
were exposed to AgNPs or Ag-ions (120 min), and their levels were found to be recovered
at later stages (210 min).

Furthermore, 20 genes were differentially induced at 120 min in AgNP exposure that
were not significantly induced later at 210 min of AgNP exposure (Table S3 and Fig. 3).
These 20 genes were identified to involve in metabolism, cellular transport, stress response,
and cation homeostasis according to functional categories of MIPS database. These results
also indicated that AgNP exposure to yeast resulted in the damage at early growth stages,
possibly due to the toxicity caused by osmotic stress, disruption of the Na+/Pi-transporter,
vacuolar membrane, and response to oxidative stress.

Interestingly, 18 genes specifically induced by AgNPs after prolonged exposure (after
210 min) were also found to be induced by Ag-ions exposure (120 min), but these genes not
induced significantly by AgNPs (log2 ratio=≤1- or ≤2-folds) at 120 min of exposure (Table S4;
Fig. 3). Most of these genes induced at 210 min are involved in cellular ion transport
(P ¼ 1:21 � 10�06) followed by stress response (P ¼ 4:93 � 10�04), metabolism
(P ¼ 1:17 � 10�03), and transcription categories according to MIPS database combined
with the order of number of genes induced (Figs. 3 and 4a, b). Only five genes were unique to
210 min of AgNP exposure that were not induced in other two cases (Figs. 2 and 3 and
Table 1). Based on this result, it is clear that longer exposure of AgNPs caused the similar
effect as that of Ag-ions (Table S4). Additionally, Ag-ion toxicity was more severe than the
AgNPs, possibly because soluble Ag-ions may directly interact with the copper ion transport
system than insoluble metallic AgNPs. It should be noted that the exposure of AgNPs for
genome response analysis was designed for a short exposure time (120–210 min) during
which time the NPs were intact (Fig. 1). This can be clearly understood by the fact that
growth inhibition with Ag-ions was more severe than with the AgNPs (Fig. S1 and
Table 1) as well as induction of genes that engaged in metal ion homeostasis and transport
functions.

In addition, Ag-ions repressed greater number of genes compared to AgNPs, and this
can be illustrated by inefficiency of transcriptional processes (P ¼ 6:97 � 10�11),
metabolism (P=0.73), and other cellular functions (Fig. 4b). AgNPs initially were in the
form of intact nanoparticles in the medium, which later appeared to have released the
Ag-ions and therefore a common set of genes induced to both AgNPs and Ag-ions
(Table S4). However, AgNPs specifically affected metabolism and induced stress
responses as evidenced by number of genes induced at 120 min, respectively (Figs. 3
and 4a). Taken together, a large number of genes induced to both AgNPs and Ag-ions and
our result indicated that early exposure of AgNPs possibly caused mechanical damage
due to the highly reactive facets of nanoparticles and size (∼10 nm). This is because
HSP12, HSP26, GSC2, YSR3, and SSA4 are primarily induced by damage to cell wall,
membrane proteins, and heat shock [34–36, 38]. These genes induced more strongly at
early growth stages at 120 min with AgNPs exposure compared to their expression levels
at 210 min of AgNPs or by Ag-ions. AgNPs themselves induced genes differentially
beyond 120 min of treatment and tend to uncouple the function of copper and iron
transporters that are involved in Cu2+ and iron homeostasis (P=>10−03). For example,
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CCC2 moderately induced at 120 min (log2 ratio=1.3- or 2.4-fold) but it was strongly
expressed at 210 min of AgNP exposure (log2 ratio=2.2- or 4.6-fold), and this gene is
responsible for exporting cytosolic Cu2+ into an extracytosolic compartment and
facilitates iron uptake [45]. A similar trend was seen with TIS11, TAF1, and FIT2 genes
that expressed during starvation of iron, iron homeostasis, and iron retention [50–52]. It is
clear that NPs initially affect the transport system mainly involved in transport of ions
probably through damaging the cell wall integrity combined with uncoupling the cellular
metal ion balance. We used the nanoparticulate and soluble ionic forms of Ag in equimolar
instead of ecotoxic levels because of the baseline risk, which comes from the amount of silver
that is in the environments and the equivalent AgNPs can then add to that risk, whether by
facilitating ions’ behavior or disrupting cell activity on their own [53].

Conclusion

The present study showed that the physical form of metallic colloidal nanoparticles do have
significant impact on the genome and thus the altered behavior of yeast cells. Here, silver in
two different physical forms, such as nanoparticles and soluble ionic forms, were tested to
study the genomic response in yeast as a model microorganism. It was found that silver
nanoparticles induced differential expression of at least 17 genes that are responsive to
chemical stimuli, stress, and transport process in addition to the well-known severe impact
exhibited by soluble ionic silver. This study demonstrates the impact of nanoparticles has
on the genome of yeast as a model eukaryotic microorganism. There is a need to label other
metallic nanoparticles that may have detrimental effect on living organisms including
humans and in the ecosystem.
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