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g r a p h i c a l a b s t r a c t
� It is the first report NPs had effects on
antibiotic production of S. coelicolor.

� 1000mg/L Al2O3 NPs resulted in 3.7
and 4.6-fold enhance production of
RED and ACT.

� Al2O3 NPs could increase the
expression levels of antibiotic
biosynthetic genes.

� Effects of NPs on antibiotic secretion
are attributed by the nano effect.
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Toxic effects of nanoparticles (NPs) on microorganisms have attracted substantial attention; however,
there are few reports on whether NPs can affect the secondary metabolism of microbes. To investigate
the toxic effects of Al2O3 NPs on cell growth and antibiotic secretion, Streptomyces coelicolor M145 was
exposed to Al2O3 NPs with diameters of 30 and 80 nm and bulk Al2O3 at concentrations up to 1000mg/L.
The results indicated that differences in the toxicity of Al2O3 NPs were related to the particle size. In
treatment with Al2O3 NPs, the maximum yields of undecylprodigiosin (RED) and actinorhodin (ACT)
were 3.7- and 4.6-fold greater than that of the control, respectively, and the initial time of antibiotic
production was much shorter. ROS quenching experiment by N-acetylcysteine (NAC) confirmed that ROS
were responsible for the increased RED production. From 0 to 72 h, ROS had a significant impact on ACT
production; however, after 72 h, the ROS content began to decrease until it disappeared. During ongoing
exposure (0e144 h), ACT production continued to increase, indicating that in addition to ROS, nano effect
of Al2O3 NPs also played roles in this process. Transcriptional analysis demonstrated that Al2O3 NPs could
increase the expression levels of antibiotic biosynthetic genes and two-component systems (TCSs) and
inhibit the expression levels of primary metabolic pathways. This study provides a new perspective for
understanding the mechanisms of antibiotic production in nature and reveals important implications for
exploring other uses of NPs in biomedical applications or regulation of antibiotics in nature.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Because physical and chemical properties of nano particles
(NPs) vary significantly from their bulk counterparts (Robichaud
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et al. 2009; Oberdorster and Oberdorster, 2005), and due to their
unique antimicrobial, electronic, optical and structural strength
enhancement properties, there has been an increase in the use of
nanoparticles in many applications (Balazs et al. 2006; Dinesh et al.
2012; Lee et al. 2010). Among NPs, aluminum oxide (Al2O3) NPs are
one of the most commonly used varieties, which are widely used in
absorbent material, antibacterial materials and abrasive materials
(Bhatnagar et al. 2010; Ganguly and Poole, 2003; Martı

́

nez-Flores
et al. 2003; Sadiq et al. 2009).

Increasing usage of NPs will inevitably lead to their release into
the environment and necessitates a basic understanding of their
interactions with natural biological processes, which could cause
risks to ecosystems (Eduok et al. 2013; Schaumann et al. 2015).
Al2O3 NPs are toxic to various gram-positive and gram-negative
bacteria (Jiang et al. 2009), which could induce the generation of
reactive oxygen species (ROS) and cause cell membrane damage
(Ding et al. 2016; Qiu et al. 2012; Simon-Deckers et al. 2009). A
possible mechanism by which Al2O3 NPs attached to bacterial
surfaces might be via electrostatic interactions (Kaweeteerawat
et al. 2015; Mu et al. 2015). FT-IR analyses and Zeta potentials
analysis indicated that the surface charge-based attachment of
nanoparticles to bacterial cell walls should be responsible for their
toxicity (Kamnev, 2008; Pakrashi et al. 2011).

Streptomyces, a kind of Actinobacterium, are widely distributed
in soil, accounting for 5e30% of the total soil microorganisms, and
play an important role in mineralization of complex organic mat-
ters. Streptomyces have complex life cycles, undergoing differen-
tiation from spore to substrate mycelia, aerial mycelia, spore
chains, and mature spore (Bentley et al., 2002). More importantly,
they can produce two-thirds of the clinically used antibiotics of
natural origin. S. coelicolor is the best-known representative of the
Streptomyces genus, and it has a 8.7-Mb genome that codes for
more than 20 gene clusters whose gene products are involved in
the biosynthesis of secondary metabolites as antibiotics (Borodina
et al. 2008). Two of these secondary metabolites are pigmented.
One is a diffusible, blue pigment called actinorhodin (ACT), and the
other is undecylprodigiosin (RED), a red pigment associated with
the cell wall (Cerde~no et al. 2001; Gottelt et al. 2010; Kim et al.
2016). ACT inhibits the growth of gram-positive bacteria (Xu
et al. 2012) and was the first antibiotic whose entire biosynthetic
gene cluster was cloned (Taguchi et al. 2013); furthermore, ACT
related genes have served as an excellent model system for
studying antibiotic biosynthesis and regulation. RED has antimi-
crobial activities and immunosuppressive and anticancer proper-
ties (Papireddy et al. 2011; Williamson et al. 2006). Antibiotic
production of S. coelicolor is controlled by many factors, such as
metabolic and nutritional status and transcriptional regulators
(van Wezel et al. 2000; Yang et al. 2005), and it has been proposed
that there is a coupling between antibiotic synthesis and antibiotic
regulatory protein (Hindra et al. 2010). These regulatory mecha-
nisms can be altered by varying culture conditions and changing
various factors (Sch€aberle et al. 2014). However, there are few
reports on whether nanomaterials could affect antibiotic
production.

In this study, various concentrations of Al2O3 with different
particle sizes were applied during the fermentation period of
S. coelicolor. Subsequently, toxicity assays were performed to
determine the effects of Al2O3 NPs on cell viability, and antibiotic
secretion. To explore the mechanisms of how Al2O3 NPs affected
antibiotic production, transcriptome analysis was carried out on
the expression of S. coelicolor genome after exposure to Al2O3 NPs
or not. To the best of our knowledge, this is the first report to
show that Al2O3 NPs have a significant effect on antibiotic
secretion.
2. Materials and methods

2.1. Characterization of Al2O3 particles

The a-Al2O3 NPs with particle size of 30 nm and 80 nm and bulk
particles (BPs) was purchased from Shanghai Macklin Biochemical
company (Shanghai, China). The morphologies and sizes of the
three kinds of Al2O3 particles were determined via a scanning
electron microscope (SEM, JEOL, Beijing, China). The particles were
added to YBP medium (yeast extract: 2 g/L, beef extract powder:
2 g/L, peptone: 4 g/L, NaCl: 15 g/L, glucose: 10 g/L, MgCl2: 1 g/L),
which was then sonicated (100W, 40 kHz) for 30min to facilitate
dispersion. The sizes of the particles and agglomerates in solution
were measured by dynamic light scattering (DLS) with a Zetasizer
nano ZS (Malvern, Worcestershire, UK). The data were collected in
triplicate at 25 �C.

2.2. Bacterial culture

S. coelicolor M145 was purchased from the China General
Microbiological Culture Collection Center (Beijing, China) and was
cultivated on mannitol soy (MS) plates for 7 days at 30 �C. The
spores were harvested, suspended in 20% (v/v) glycerol and stored
at �80 �C (Li et al. 2016; Sigle et al. 2016). Fermentation cultures of
M145 were prepared by inoculating 300 mL (108 cfu/mL) of the
spore suspension into a shaking flask with 100mL of sterilized YBP
medium. The cultures were incubated on an orbital shaker at 30 �C.

2.3. Cell viability staining and confocal laser scanning microscopy

The cytotoxicity of Al2O3 NPs to M145 was assessed by
measuring changes in the relative abundances of viable cells bac-
teria with the LIVE/DEAD Bac-Light bacterial viability kit (L-13152,
Invitrogen, USA) after being cultured for 48 h in YBP medium with
various amounts of Al2O3 NPs (Liu et al. 2018). Two kinds of fluo-
rescent nucleic acid stains, SYTO 9 and propidium iodide (PI) were
used to distinguish bacteria with intact cell membranes from bac-
teria with damaged membranes (Binh et al. 2014). The fluorescence
intensity wasmeasured by amicroplate reader (Synergy H4, BioTek,
Vermont, America) with fluorescence wavelengths of green (exci-
tation 485 nm and emission 530 nm) and red (excitation 485 nm
and emission 630 nm). The relative abundances of viable bacterial
cells in each well were calculated with the method previously
described (Liu et al. 2018). The fluorescence images were obtained
with a confocal laser scanning microscope (CLSM, LSM880 with
Airyscan, Zeiss, German) with the same wavelengths as the
microplate reader.

2.4. Intracellular reactive oxygen species (ROS)

To measure the ROS levels, the cell permeable reagent of 20,70-
dichlorofluorescein diacetate (DCFH-DA) (Beyotime, China) was
used as a fluorescent probe to measure the intracellular ROS con-
centration. Briefly, after exposure to 30 nm, 80 nm and bulk parti-
cles of 0, 10, 50,100, 500 and 1000mg/L for 48 h, the cells were
centrifuged and washed three times with 0.9% NaCl. They were
then suspended in 0.1M phosphate buffer (PBS, pH 7.2) with
10 mmol/L DCFH-DA and incubated in the dark at 30 �C for 30min,
followed by washing three times with 0.9% NaCl. The fluorescence
intensity was measured by a microplate reader with an excitation
wavelength of 485 nm and an emission wavelength of 530 nm. The
relative ROS level was represented as the fluorescence intensity
ratio of the exposure group to the control group with the same dry
mass (Liu et al. 2018).
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2.5. ROS elimination analysis

M145 was cultured in two media, pure YBP medium as the
control and YBP with Al2O3 NPs (80 nm, 1000mg/L), with shaking
at 30 �C. 2mM N-acetylcysteine (NAC, an ROS scavenger) (Ding
et al. 2016), was then added to the medium one hour before
Al2O3 NPs was added. Every treatment was conducted in triplicate,
and the ROS concentrations, mortality, the concentrations of the
two antibiotics and the expression levels of pathway-specific reg-
ulatory genes (actII-ORF4, redD) were measured.

2.6. Extraction and quantification of antibiotics

Aliquots of 10mL of culture medium were removed at intervals
of 24 h. To estimate dry mass of the M145, 5mL samples were
washed three times with 0.9% NaCl and collected on a preweighed
filter by vacuum; subsequently, the filters containing the mycelium
were freeze-dried and the mass was determined (Hesketh et al.
2007; Huang et al. 2015). To estimate the antibiotic concentra-
tions, another 5mL of the culture was centrifuged at 4000 �g for
10min. The supernatant from the cells was separated, to which an
equal volume of 1M NaOH was added. The mixture was then
centrifuged at 4000 �g for 5min after incubation for one hour at
room temperature. Finally, the value of the absorbance at 633 nm
was measured with an ultraviolet spectrophotometer to quantify
the ACT abundance (T6, Persee, Beijing, China) (Bhatia et al. 2016).
RED is an intracellular red pigment that must be extracted from the
cell pellet before measurement. Therefore, the cells were sus-
pended in 5mL of methanol (adjusted to a pH of 2 beforehand with
0.1M HCl) and incubated at 37 �C with shaking at 150 rpm over-
night. Cells were then removed by centrifugation at 4000 �g for
5min, and the RED concentrations were determined by measuring
the absorbance at 533 nm (Bhatia et al. 2016). The concentrations of
the antibiotics were calculated frommolar extinction coefficients of
100,500 and 25,320 per cm path-length for RED and ACT, respec-
tively (Patkari and Mehra, 2013).

2.7. Transcriptome sequencing and gene expression analyses

M145 was cultured in two types of media, pure YBP medium as
the control and YBP with Al2O3 NPs (80 nm, 1000mg/L), with
shaking at 30 �C for 20 h. Samples were then collected by centri-
fugation and ground into powder in liquid nitrogen. RNA isolations
were performed with Trizol (Invitrogen, Carlsbad, USA) according
to procedures recommended by the manufacturer. RNA purifica-
tion, cDNA synthesis, DNA library construction, sequencing and
data analyses of the transcriptome were performed by the Gene
Denovo Biotechnology Co. (Guangzhou, China) with an Illumina
HiSeq™ 2500 instrument.

2.8. Statistical analysis

Data were expressed as the mean± SD and analyzed with the
IMB SPSS statistics 22 statistical software. Significant differences
were assessed with one-way ANOVA with the Student-Newman-
Keuls test (S-N-K test), and p< 0.05 was considered statistically
significant. Each experiment was performed independently at least
three times.

3. Results and discussion

3.1. Characterization of the Al2O3 particles

Based on the SEM images of various sizes of Al2O3 particles
(Fig. S1), the diameters were consistent with those specified by the
manufacturer. The particles were ellipsoidal in shape. The distri-
butions of the various sizes in the YBP medium were measured by
DLS analysis, which showed that the aggregated size of the NPs was
between 827 and 912 nm, and for the BPs, there was no significant
difference in size between the powdered particles and those in
solution (Table S2). The different aggregate sizes in themediamight
underlie the various effects of NPs and BPs on M145.

3.2. Toxic effects of different size of Al2O3 particles on S. coelicolor
M145

To verify whether Al2O3 particles were toxic to M145, a series of
indicators were examined, including bacterial cell viability, ROS
concentration and mycelia morphology. Exposure to 100 or
1000mg/L of Al2O3 NPs resulted in significant differences (p< 0.05)
in the viability of cells exposed to both 30 or 80 nm Al2O3 particles
(Fig. 1a). In addition, the survival rate of M145 cells exposed to
80 nm Al2O3 NPs was greater than that of cells exposed to 30 nm
NPs. These results indicated that the toxicity of Al2O3 NPs was
related to particle size, with larger particles being less toxic.
Compared with NPs, the toxic potency of BPs to M145 was much
lower. Even concentrations of BPs as high as 1000mg/L resulted in
survival rates of 80%, while the survival of M145 cells exposed to
the same concentration of NPs was only 20e35%.

Excessive production of ROS induced by nano particles could
cause oxidative stress leading to bacterial inactivation. ROS con-
centrations were proportional to the concentrations of Al2O3 par-
ticles (Fig. 1b). When the concentrations were greater than 100mg/
L, there were significant differences (p< 0.05) in the concentrations
of ROS in the cells exposed to Al2O3 of varying sizes (30 nm, 80 nm
or BPs), which were inversely proportional to the size of the par-
ticles. When the concentration of the NPs reached 1000mg/L, the
ROS concentrationwas 5- to 6-fold greater than that of the controls.
For BPs, even when exposed to 1000mg/L Al2O3, the ROS concen-
trations increased only slightly.

To further test the hypothesis that the toxicity of Al2O3 NPs was
related to particle size, CLSM was performed to visualize the bac-
teria after staining with SYTO 9 and PI (Fig. 1c). Different with
common bacteria, Streptomyces can formmyceliawith thousands of
cells. In the absence of NPs, CK (control) showed that the mycelia
were regular spheres and that most of them emitted green fluo-
rescence. After exposure to NPs, the mycelia size decreased and
were more irregular, and red fluorescence became dominant at
higher NP concentrations. These results indicated that the toxicity
of Al2O3 NPs to M145 was related to both size and concentration.

3.3. Effects of Al2O3 particle size on antibiotic production by
S. coelicolor M145

After 21 h of culturing, control M145 did not produce any anti-
biotics, while RED was observed in cells exposed to 1000mg/L
Al2O3 NPs (80 nm) with an OD533¼ 0.13 (Fig. S2a). After 48 h, this
treatment was also the first to produce ACT, with an OD633¼ 0.28
(Fig. S2b). These results suggested that exposure to Al2O3 NPs
promoted production of antibiotics by M145.

To further study the effects of various sizes and concentrations
of Al2O3 NPs on antibiotic production, a set of exposure experi-
ments (with the relevant controls) were performed. RED is a type of
intracellular antibiotic that cannot be secreted; therefore, it grad-
ually degraded as the cells died. On the other hand, ACT is secreted
after being produced and gradually accumulated in solution. The
maximum RED concentration obtained in the control was
approximately 1.0mg/L (Fig. 2a). Antibiotic production was pro-
portional to the Al2O3 NP concentration. When cells were exposed
to 1000mg/L and 80 nm Al2O3 NPs, the maximum RED



Fig. 1. Toxicity of Al2O3 particles to S. coelicolor M145 related to variations in size and concentrations in YBP medium after treated for 48 h. The sizes of particles were 30 nm, 80 nm
and bulk particles (BP), with the concentration of 0, 10, 50, 100, 500 and 1000mg/L a: Relative abundances of viable M145 cells exposed to various treatments; b: Intracellular ROS
concentrations in M145 cells exposed to various treatments; c: Confocal laser scanning microscopy (CLSM) images of S. coelicolor M145 cells after different treatments. CK indicates
“control”. The scale of each image was 3.9mm� 3.9mm, and objective amplification was 10� .
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concentration of 3.7mg/L was observed after 72 h, which was 3.7-
fold greater than that of the control. However, 30 nm Al2O3 NPs,
had a lesser effect on antibiotic production because the 80 nm
Al2O3 NPs were less toxic to M145 than the 30 nm Al2O3 NPs, and
the bacterial survival exposed to 80 nm NPs was higher than that
exposed to 30 nm NPs. BPs did not affect the time to produce an-
tibiotics and had little effect on antibiotic yield. The RED concen-
trations decreased rapidly after 72 h and reached 0.5mg/L after
120 h under various treatments.

Similarly, ACT production was greatest after exposure to
1000mg/L of 80 nm Al2O3 NPs (Fig. 2b). M145 began to produce
ACT at 48 h, and the maximum concentration of approximately
5.0mg/L was reached after 168 h in 1000mg/L of 80 nm NPs. There
was a significant difference in ACT production between cells
exposed to 80 nm and 30 nm NPs at a concentration of 1000mg/L.
Compared with the control, the antibiotics were produced
approximately 24 h earlier and the ACT concentration was
increased by 4.6-fold.

3.4. Different expression of genes involved in antibiotic production
after exposure to Al2O3 NPs

Regulation of the production of antibiotics involves complex
interactions, and pathway-specific regulators are generally



Fig. 2. Time course of antibiotic production in pure cultures of M145 and in cultures of cells exposed to Al2O3 particles of 30 nm, 80 nm and bulk particles (BP) with concentrations
of 100 and 1000mg/L for 120e168 h. a: Production of undecylprodigiosin (RED); b: Production of actinorhodin (ACT), Error bar represent standard deviation (n¼ 3).
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considered to have the most direct impact on antibiotic production
via transcriptional activation of the relevant biosynthetic genes. In
M145, pathway-specific regulatory proteins include RedD/RedZ and
ActII-ORF4, which are involved in the biosynthesis of RED and ACT,
respectively (Yu et al. 2016). Factors that influence the rates of
production and the concentrations of RED and ACT are mostly
affected by regulation of transcription or translation of redD
(SCO5877)/redZ (SCO5881) and actII-ORF4 (SCO5085), respectively
(Liu et al. 2013). In this study, the production of the antibiotics and
the transcription of redD/redZ and actII-ORF4 were significantly
Fig. 3. Gene expression profiles. a: RED; b: ACT. Shown are the relative expression levels o
1000mg/L Al2O3 NPs (80 nm) for 24 h. (For interpretation of the references to color in this
increased after exposure to Al2O3 NPs (Fig. 3). These changes were
the direct cause of the earlier biosynthesis of RED and ACT and the
greater ultimate yields. The genes involved in RED production
reside in a single cluster (SCO5877 to SCO5898), and the genes
involved in ACT production are in another cluster (SCO5071 to
SCO5092) (Bentley et al. 2002). The effects of Al2O3 NPs on the
transcription of these two gene clusters were examined (Fig. 3).
Compared to the control, all of the RED-related genes were signif-
icantly up-regulated after exposure to Al2O3 NPs (Fig. 3a). For ACT,
except for SCO5082, SCO5083, SCO5084, SCO5094 (Fig. 3b), all of
f each gene; CK indicates control, Al2O3 NPs indicates that the cells were exposed to
figure legend, the reader is referred to the Web version of this article.)
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the other genes were significantly up-regulated after exposure to
Al2O3 NPs. As an extracellular antibiotic, and consistent with a
requirement for export and mechanisms of resistance, the gene
cluster associated with ACT production encodes three putative
export pumps, actII-ORF2, actII-ORF3, and actVA-ORF1 (Tahlan
et al. 2010). The transcription of actVA-ORF1 (SCO5076), which
can export antibiotics to reduce cytotoxicity, was significantly
increased after exposure to Al2O3 NPs.

To validate the transcriptome data, genes closely related to
antibiotic production were quantified by qRT-PCR. Seven genes
from the ACT pathway, two genes from the RED pathway, two genes
from the two-component system (SCO4229, SCO4230), and one
membrane protein gene (SCO2699) were quantified (Table S1), and
S. coelicolor hrdBwas used as the internal control. The fold-changes
obtained from the qRT-PCR analysis were consistent with those
from the transcriptome experiments (Fig. S3).
3.5. Mechanisms of the effects of Al2O3 NPs on S. coelicolor M145

ICP-MS was used to quantify the dissolved Al3þ concentrations
in suspensions of 100 or 1000mg/L Al2O3 NPs of different sizes
(Table S3). The Al3þconcentrations under all of the exposure con-
ditions were low, and the morphologies of the M145 cells and the
antibiotic production were not affected at these Al3þ concentra-
tions. This result indicated that Al3þ was not the main cause of the
toxicity of Al2O3 NPs to M145.

Changes in morphology of M145 cells exposed to 1000mg/L of
80 nm Al2O3 NPs for 48 h were assessed by TEM (Fig. S4). Control
cells not exposed to NPs maintained their ellipsoidal shapes
(Fig. S3a1, 3b1). In contrast, cells exposed to NPs exhibited signifi-
cant morphology deformations and were distorted and smaller
than the control cells (Fig. S4a2, 4b2). The EDS analysis showed that
the Al concentration in the cells treated with Al2O3 NPs cells was
0.34%, while the background content was 0.30% for the control cells.
The Al concentrations were not significantly different between
these two treatments, indicating that Al2O3 NPs did not enter the
Fig. 4. Role of ROS in Al2O3 NP-mediated cell death and antibiotic production. Al2O3 NPs i
NPs þ NAC meant M145 cells were treated with a combination of 80 nm Al2O3 NPs (1000m
96 h; b: The relative abundance of viable M145 cells after treatments for 96 h; c: Time co
production after treatments for 168 h; e: Transcriptional analysis of the redD and f: actII-OR
levels in the two experimental groups compared with the control level at each time point,
cells (Fig. S5). As the sizes of the NP aggregations reached
approximately 800 nm in YBP medium, they were too large to
penetrate cells. Therefore, the toxic effect of Al2O3 NPs on Strepto-
myceswas likely related to the ROS generated from the NPs and the
membrane interaction between the cells and the NPs.

Al2O3 NPs induced ROS formation in a dose-dependent manner
(Fig. 1b). To clarify the roles of ROS in cell death and antibiotic
production, the ROS eliminating agent, N-acetylcysteine (NAC), was
added one hour before the addition of the nano particles (1000mg/
L, 80 nm). After culturing for 36 h, the ROS concentrations in
M145 cells exposed to NPs reached a maximum and then gradually
decreased to background levels. After NAC addition, the ROS con-
centrations were reduced to the level of the controls, indicating
that the effects of ROS were substantially eliminated (Fig. 4a).
Compared to exposure to Al2O3 NPs (1000mg/L, 80 nm) alone,
exposure to NAC resulted in greater survival; however, there was
still a discrepancy compared to the control conditions (Fig. 4b).
These results suggested that the ROS produced after exposure to
Al2O3 NPs causes damage to the cells that ultimately results in cell
death; however, effects from other factors, such as the direct
interaction of nano particles with cell membranes, are possible.

Compared to cells exposed only to Al2O3 NPs (1000mg/L,
80 nm), the RED yield decreased significantly after eliminating
intracellular ROS, and time required for RED production was also
delayed. RED productionwas delayed by 3 h after addition of NAC to
the medium, compared to production at 21 h when the cells were
exposed only to Al2O3 NPs. Under the influence of ROS, RED accu-
mulated continuously and reached a maximum level at 72 h. With
suppression of ROS in the later period, RED was no longer pro-
duced, and it was degraded after cell death during the later period
(Fig. 4c). This result indicates that ROS is the main mechanism
underlying the stimulation of RED production. ACT production was
delayed for 10 h after NAC addition compared to the ACT produc-
tion at 48 h when the cells were exposed only to Al2O3 NPs. There
was significantly less ACT produced after NAC addition, indicating
that during this stage, ROS played a significant role in promoting
n the figure meant M145 cells were treated with 80 nm Al2O3 NPs (1000mg/L); Al2O3

g/L) and 2mM N-acetylcysteine (NAC). a: ROS levels in M145 cells after treatments for
urse of undecylprodigiosin production after treatments for 120 h and d: actinorhodin
F4 genes after treatments for 96 h. The y-axis shows the fold change in the expression
which was set to one.
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the production of antibiotics. After the cells were cultured for 72 h,
the concentrations of ROS were lower, while the ACT concentration
continued to increase until it reached equilibrium after 144 h
(Fig. 4d). This result suggested that there were other factors
affecting the ACT yield such as the interaction between nano par-
ticles and cell membrane.

To assess the effect of NAC supplementation on gene expression,
two pathway-specific regulatory genes, redD and actII-ORF4, which
are involved in the biosynthesis of RED and ACT, respectively were
chosen for analysis. Compared to cells exposed only to NPs
(1000mg/L, 80 nm), the expression level of redD decreased signif-
icantly after eliminating intracellular ROS (Fig. 4e). The effect at the
transcriptional level confirmed that ROS is likely responsible for the
increased RED production. For ACT, compared to the control cells
there was no significant difference (p> 0.05) in the expression level
of actII-ORF4 after NAC was added at 20 h, indicating that at this
point ROS played an important role in improving the expression of
the ACTgene. However, after 48 h, therewas no significant decrease
in the expression level of actII-ORF4 after eliminating intracellular
ROS, confirming that other factors, rather than ROS, affect the
expression of the ACT gene during this period (Fig. 4f).

In a previous study, it was found that ROS and NPs were two
main factors that affected the growth of S. coelicolor (Liu et al. 2018).
It was hypothesized that other signals caused by interactions be-
tween NPs and cells affected antibiotic production. It has been re-
ported that regulation of secondary metabolism involves not only
pathway-specific but also global regulators, many of which are
members of two-component systems (TCSs), which is the pre-
dominant type of signal transduction system employed by bacteria
tomonitor and respond to changing environments (Hakenbeck and
Stock, 1996). A thorough analysis of the transcriptome indicated
that the expression levels of many genes involved in two-
component systems were dynamically changed (Table S4, Fig. S6),
with some genes being upregulated. Genes such as vanSB/vanRB
(SCO3589/3590) and senX3/regX3 (SCO4229/4230) encode sensor
kinases that monitor changes outside of the bacterial membranes
Fig. 5. Model showing how Al2O3 NPs affect primary
after NPs were added and response regulators that transfer the
signals into the cells. It was possible that the interaction of nano-
materials with membranes enhanced the expression of genes
related to two-component systems, which further enhanced the
biosynthesis and secretion of antibiotics.

Al2O3 NPs inhibited the primary metabolism of S. coelicolor.
Many genes involved in primary metabolism were downregulated
after exposure to NPs; however, the fatty acid metabolic pathway
was an exception (Fig. S7). The pathway for the syntheses of fatty
acids shares some genes, such as fabF and fabG, with the pathway
for RED synthesis (Sachdeva et al. 2008). Acetyl-CoA is an impor-
tant substrate for RED and ACT synthesis, so the primary metabolic
pathway must have exhibited decreased acetyl-CoA utilization.
Various pathways that can generate acetyl-CoA, such as amino acid
and fatty acid degradation pathways, were upregulated to ensure
the accumulation of antibiotic-expression of genes.

Based on analysis of the transcriptome and the biochemical
assays performed in this study, it is proposed that S. coelicolor ex-
hibits a complex resistance mechanism to survive in the presence
of Al2O3 NPs (Fig. 5). Exposure of S. coelicolor to 1000mg/L of Al2O3
NPs resulted in enhanced ROS production, which could increase the
expression of antibiotic-biosynthesis genes in the period between
0 and 72 h and increase the antibiotic yields. At this stage, many
primary metabolic pathways were down-regulated, and
S. coelicolor focused on the production of antibiotics to resist the
hazards of Al2O3 NP exposure. During the entire exposure period
(0e144 h), the ACT production continued to increase, evenwith the
death of the bacteria after 72 h. This outcome might be due to the
effects of the nanomaterials on the membrane surfaces. Nano-
particles continued to affect Streptomyces, and cells reacted to the
nanomaterials as they would do to harmful microbes; therefore,
they elevated the concentration of the extracellular antibiotic ACT
to combat the nano particles, and two-component systems played
an important role in the process of transferring the extracellular
signals into the cells.
and secondary metabolism in S. coelicolor M145.
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4. Conclusions

In this study, the effects of Al2O3 NPs exposure on S. coelicolor
growth and antibiotic production were investigated. The toxicity of
Al2O3 was inversely related to the size of the particles. Compared
with NPs, the toxicity of BPs to S. coelicolor M145 was much lower.
However, compared with 30 nm particles, 80 nm particles
improved the secretion of antibiotics and more effectively
advanced the initial time of antibiotic production, while BPs had
little effect on antibiotic production. The transcriptome data
showed significant upregulation of ACT and RED biosynthetic
pathways, and this regulation was activated by pathway-specific
regulatory proteins. ROS played a crucial role in responding to the
effects of the Al2O3 NPs on antibiotic production. Our data also
suggested a contribution of TCS in this process. Al2O3 NPs not only
affected secondary metabolic pathways but also inhibited primary
metabolism of S. coelicolor, which resulted in damage to cell
membranes. When cells were attacked by nanomaterials, some
primary metabolic pathways were shut down, while others, which
were focused on production of secondary metabolites to resist
hazards of pollutants, were upregulated. This was the first study
explore the toxic effects of Al2O3 NPs on cell growth and antibiotic
production by S. coelicolor.
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Materials and Methods 

Analysis of concentrations of Al3+ in media 

To estimate dissolution of Al2O3 in the media, the Al3+ concentrations were 

determined after shaking for 48 h at concentrations of 100 or 1000 mg/L Al2O3. 

The suspensions were centrifuged at 10,000 ×g for 20 min, and then the 

supernatant was filtered twice through 0.22 μm membranes. The Al3+ 

concentration was quantified by inductively coupled plasma mass spectrometry 

(ICP-MS) (Elan drc-e, Perkin Elmer, America). 

TEM 

The intracellular effects of NPs were assessed by transmission electron 

microscopy (TEM) (HT7700, Hitachi, Beijing, China) and energy dispersive 

X-ray spectroscopy (EDS) at the Tianjin Institute of Industrial Biotechnology, 

Chinese Academy of Sciences. After treatment with Al2O3 NPs (80 nm, 1000 

mg/ L) for 48 h, the cell pellets were centrifuged at 4,000 ×g for 10 min and 

then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (PBS, pH 7.2). 

After fixation, the samples were treated with 1% osmium tetroxide for 1 h. 

Next, the pellets were dehydrated in a series of solutions with increasing 

ethanol concentrations (30, 50, 70, 80 and 90%, for 15 min each), rinsed in 

acetone three times for 20 min at room temperature, and then embedded in 

resin. The resin blocks were sectioned using an ultramicrotome (Leica EM UC7, 

Solms, Germany) with a diamond knife. The ultra-thin sections were stained 

with uranyl acetate (2%, 20 min, 25°C) for TEM observation.  

Quantitative real-time PCR (qRT-PCR) 
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Quantitative real-time PCR (qRT-PCR) analysis of genes closely related to 

antibiotic production was performed based on the previously described methods 

(Zhang et al. 2017). The primers used are listed in Table S1, and the quantification 

was performed on a Roche Light Cycler 480 thermal cycler (Roche, Basel, 

Switzerland) with SYBR Premix Ex Taq (TaKaRa). The reactions were carried out 

under the following conditions: 95°C for 1 min followed by 40 cycles of 95°C for 5 s, 

60°C for 20 s and 72°C for 30 s. PCR analyses were performed in triplicate for each 

transcript, and the hrdB gene (Gottelt et al. 2010), which encodes the major sigma 

factor of Streptomyces, was used as an internal control. 

 

 

 

 

 

 

 

 

 

 

 

 

 



S4 
 

Results 

Table S1 List of primers used for quantitative RT-PCR 

Gene     Name  Primer sequence 

SCO5071 actⅥ-A F CGGCCACCAGATGCAGAA 

  R TTGCGGGCGTCGAACTTGC 

SCO5072 actⅥ-1 F CACGCCCTCGTGCTGTCCT 

  R CGATGTGCGGTGGGTTGAA 

SCO5082 actⅡ-1 F CGGTCGCTGCGGAGGATGTT 

  R TAGGCGGCGAGTTCGTCGTG 

SCO5083 actⅡ-2 F GGCTGGGCGACATCTACGG 

  R TGGGCGGGAACATTTGCT 

SCO5085 actⅡ-ORF4 F CCTGGTGCTGCTGCTCCTCA 

  R ATTCCCGGTCGTCGCTCGTC 

SCO5086 actⅢ F GAAGAAGGACTGCGGACGACG 

  R GACCGTAACGCTCGACCACC 

SCO5087 actⅠ F GACGATGACGACGACCACCGGACGAA 

  R CCCGAGGTGAGCAGTTCCCAGAA 

SCO5877 redD F GGACCTGGTGGACGAACTGTGGG 

  R AGTCTCAGGAAGCGGTTGCCGTC 

SCO5881 redZ F ACCCGTGTCCTGGTGTGCTGCGA 

  R CTTGCCGAGTCGTGCGAGTTCCG 

SCO5820 hrdB  F GGGCTACAAGTTCTCCACG 

  R AGGTCCTGGAGCATCTGGC 

SCO4229 senX3 F AGTACTCACCGGCGTCATCG 

  R CACGGGATCGGTGTGGAGCG 

SCO4230 regX3 F TGGTGACCGCCAAGGACAGC 

  R TACGGCTCGGATGCGGGCGA 

SCO2699  F GTGTCCTGTCCGGCAACGTCGTC 

  R GCCGTAGCCGCCGCTCTTGTCGT 
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Table S2. Characterization of various sizes of Al2O3 (n=10) 

  30 nm  80 nm  BPs 

Particle size 34.5±1.5 nm 88.4±5.8nm 5.62±0.57 µm 

DLS 827±33 nm 871±41 nm 5.73±0.69 µm 
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Table S3. Concentrations of Al3+ in various sizes of of NPs (30 and 80 nm) and BPs 

and different concentration (100 mg/L and 1000 mg/L) Al2O3 NPs in YBP medium.  

 100 mg/L 

(mg/L) 

1000 mg/L 

(mg/L) 

30 nm 2.18±0.11 10.58±0.38 

80 nm 1.34±0.05 6.21±0.46 

BPs 0.62±0.02 1.18±0.03 
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Table S4: List of genes involved in two-component system that were up-regulated.  

Gene ID Gene name Biological role Fold change 

(log2C) 

SCO0382 algD GDP-mannose dehydrogenase 7.7 

SCO1290 phoD alkaline phosphatase 7.6 

SCO1613 glnA glutamine synthetase 2.0 

SCO2068 phoD alkaline phosphatase 5.5 

SCO2286 phoD alkaline phosphatase 10.2 

SCO3079 atoB acetyl-CoA acetyltransferase 1.7 

SCO3589 vanSB two component sensor kinase 2.3 

SCO3590 vanRB two-component system response 

regulator 

1.7 

SCO4142 pstS phosphate-binding protein 7.5 

SCO4229 senX3 sensor kinase 3.3 

SCO4230 regX3 response regulator 3.5 

SCO4947 narG nitrate reductase A subunit alpha 6.8 

SCO4948 narH nitrate reductase 9.5 

SCO4949 narJ nitrate reductase subunit delta 

NarJ3 

7.9 

SCO4950 narG nitrate reductase subunit gamma 

NarI3 

6.5 

SCO5399 atoB acetyl-CoA acetyltransferase 1.9 

SCO5584 glnB nitrogen regulatory protein P-II 2.2 

SCO5585 glnD uridylyltransferase 2.9 

SCO6685 desR transcriptional regulator 2.1 

SCO6731 atoB acetyl-CoA acetyltransferase 1.7 

SCO6816 pstS ABC transporter 4.9 

SCO6962 glnA glutamine synthetase 2.0 

SCO7534 mtrB histidine kinase 1.7 
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Figure S1: The SEM images of Al2O3 particles of various sizes. a: 30 nm; b: 80 nm; c: 

Bulk particles. 
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Figure S2: Time course of production of antibiotics in pure culture of S. coelicolor 

and that interacted with Al2O3 particles. a: Production of antibiotics in pure culture of 

S. coelicolor and that exposed for 21 h to Al2O3 particles; b: picture of production of 

antibiotics in pure culture of S. coelicolor and that exposed for 48 h to Al2O3 particles. 
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Figure S3: Validation of transcriptome data by use of quantitative RT-PCR. The 

fold changes of genes from various functional passways were determined by 

quantitative RT-PCR and the transcriptome. Negative fold changes implied down 

regulation of genes after exposure to Al2O3 NPs. 
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Figure S4: TEM imaging of changes in morphology of M145 after exposure to 80 nm 

Al2O3 NPs at 100 mg/L for 48 h. a: the images×20000, a1: the control not exposed to 

NP, a2: M145 exposed to NP; b: the images×7000, b1: the control not exposed to NP, 

b2: M145 exposed to NP. 

 

 

 

 

 

 

(a1) (a2) 

(b1) (b2) 
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Figure S5: Aluminum (Al) content in cells quantified by use of EDX, a:control 

without exposure to NP, b: S. coelicolor M145 exposed to NPs 

 

 

 

 

 

(a) (b) 
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Figure S6: Profiles of expression of genes by a two-component system. Displayed are 

relative expressions of each gene. CK means control, Al2O3 NPs means exposed to 

1000 mg/L Al2O3 NPs. Color indications are red for increased expression, green for 

decreased expression and black for unchanged expression. 
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Figure S7: Changes in expressions of genes related to primary metabolic pathways. 
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