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Nanoscale zero valent iron or nZVI is a reactive iron nanoparticle which has been considered as a
promising treatment agent for various contaminants due to its small size and high reactivity. While the successful
in-situ environmental application of nZVI has been demonstrated, the increasing use of nZVI possibly leads to the
potential environmental impact of nZVI. This research aims to understand the effect of nzVI particularly on
environmental bacteria. In this study, Pseudomonas putida were selected as the model bacteria as they are
ubiquitous in the environment. Exposure of P. putida to 1.0 g/L of reactive nZVI (R-nZVI) decreased the bacterial
viability by three order of magnitude. Bacterial exposure to oxidized nZVI (O-nZVl), a non-toxic form remained in
the environment, resulted in one-order of magnitude reduction in cell viability. Proteomic analysis revealed the
significant effect of both forms of nZVI on bacterial membrane as suggested by the decreased abundance of
membrane-bound proteins and the up-regulation of proteins playing a role in membrane protein folding.
Prolonged exposure in the presence of carbon source resulted in the rebound in number of viable cells,
suggesting that bacterial cells can adapt themselves to the nZVI-induced damage. According to TEM analysis, nZVI
heavily adsorbed onto the bacterial surface and partially localized around the bacterial membrane, fluidizing
bacterial membrane. Fatty acid profile analysis showed the significant conversion of cis-isomer to trans-
unsaturated fatty acid upon nZVI exposure. The altered membrane composition resulted in the tightly packed
bilayer, and more rigid membrane as confirmed by fluorescent anisotropy measurement. It is likely that this
membrane rigidification is a bacterial adaptive response to counteract the membrane fluidizing effect of nzVl.
Interestingly, repetitive exposures of bacteria to an environmentally relevant concentration of R-nZVI (0.1 ¢/L)
induced the emergence of the small colony variant (SCV) of P. putida exhibiting much smaller colony size and
higher persistence to nZVI exposure. Single bacterial exposure to higher concentration of R-nZVI (i.e. 0.5 and 1.0
g¢/L) also increased the number of this SCV phenotype by approximately ten-fold. It appears that nZVI-induced
oxidative stress involves in the emergent SCV phenotype. While most of the SCV phenotype could revert back to
normal phenotype in the absence of nZV, the irreversible SCV phenotype was also detected. Characterization of
this irreversible SCV phenotype reveals partial loss of the environmentally relevant traits including swimming
motility and biofilm formation. While P. putida F1 is a model strain for toluene degradation study, its irreversible
SCV phenotype is slightly more susceptible to toluene and showed four-fold longer lag phase of growth under
toluene as sole carbon source, compared to the normal phenotype. Overall, this study unveils the significant
effect of nZVI on bacterial membrane (i.e. membrane fluidizing effect) as well as bacterial adaptation responses
to the occurred damage. It demonstrates that the bacterial adaptation should be considered for accurately
predicting the toxicity of nZVI. The study on adaptability of other microorganisms is also required. Additionally,
nZVI in-situ injection strategies (e.g. single and repetitive injection) should be taken into concern since it may

induce the variation in bacterial phenotype.
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Chapter 1
INTRODUCTION

1.1)  Background

Nanoscale zero-valent iron refers to as zero-valent iron (Feo) with particle size
typically in a range between 1 and 100 nm (Zhang and Elliott, 2006). A typical
structure of iron nanoparticles consists of two parts: Fe” core and iron
oxide/hydroxide shell structure generated by oxidation of the Fe’ core (Mukherjee et
al., 2016; Ramos et al., 2009b; Yan et al., 2010b). The FeO core as a redox active
material exhibits the property of reducing agent with high tendency for electron
donation while chemical adsorption or precipitation can occurs at the iron oxide
shell. Due to its small size, high reactivity and cost effectiveness, nZVI has been
considered as promising treatment for various environmental contaminants
(Mukherjee et al., 2016). These contaminants include chlorinated hydrocarbons,
inorganic anions, heavy metals and radioactive compounds (Mukherjee et al., 2016;
Zhang and Elliott, 2006). In addition to the mentioned mechanisms, nZVI can also
interact with O, generating H,O, as well as other reactive oxygen species (ROS) via
Fenton reaction(He et al., 2016). Thus, nZVI has also been used as a catalyst for

oxidative degradation of the contaminants (Li et al., 2015a; Moon et al., 2011).

In addition to lab-scale, the pilot tests and field-scale remediation of
pollutants by nZVI have been demonstrated in various environmental context, for
instance, groundwater (Mueller et al., 2012a), soil (El-Temsah and Joner, 2013; Singh
and Bose, 2015), activated sludge (Wu et al., 2013) and industrial wastewater
(Hansson et al., 2012). Typically, nZVI particles are directly injected into the
contaminated site (Grieger et al., 2010; Henn and Waddill, 2006; Kim et al., 2017,

Zhang and Elliott, 2006) which are more convenient and cost-effective than
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constructing macroscale-ZVI-based reactive barrier (Kim et al., 2017). The nZVI dose
for in-situ contaminant remediation depends on contaminated sites which range from
55 ke to 380 kg for pilot test (Stefaniuk et al., 2016). For the field scale application,
the total dose of nZVI ranges from 150 kg to 1 ton (Stefaniuk et al., 2016).

The direct contact between contaminants and nZVI particles is important to
the remediation efficiency (Shi et al., 2015). However, during in-situ injection of nZVI
particles, the mobility of nZVI particles is limited to the area around the injection
point due to their electrostatic and magnetic attraction (Phenrat et al., 2007), thus
limiting their contaminant removal efficiency in the subsurface area. Accordingly,
several approaches, for example, surface modification of nZVI or co-injection with
surfactants, have been adopted to enhance the mobility of nZVI particles in the
contaminated sites (Shi et al., 2015). However, the surface modification of nZVI could
reduce their reactivity (Phenrat et al., 2009b).

While nZVI is considered highly reactive material, nZVI rapidly become
oxidized resulting in a limited lifetime of nZVI (Kim et al., 2017). The presented
oxidant in groundwater for example O,, nitrate nitrite, sulfate are potent electron
acceptor competing with reduction of the contaminants (Shi et al., 2015) and
resulting in rapid oxidation of nZVI (Ahn et al., 2016). Recently, it was found that the
aging or the oxidization of nZVI could result in the remobilization of the adsorbed
heavy metals (Calderon and Fullana, 2015; Su et al., 2014). In order to maintain the
efficacy of heavy metal immobilization, nZVI re-dosing has been proposed (Su et al,,
2014). The typical injection of nZVI as well as nZVI re-dosing if practiced will likely

result in an extensive amount of nZVI released into and retained in the environment.
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Figure 1.1 Proposed distribution of nZVI particles during in-situ application

Source: ((Shi et al., 2015))

1.2) Research Problem Statement

The intensive environmental applications of nZVI both in situ and ex situ lead
to the concern on the environmental impact especially environmental bacteria,
which are the key players in various biological processes. On the contrary to the
burgeoning literature/interest regarding the characteristics, environmental fate and
applications of nZVI, the environmental impact of these nanoparticles is still limited
and yet controversial. Many studies reported the bactericidal effect of nZVI toward
various strains of bacterial including Escherichia coli (Auffan et al., 2008; Chaithawiwat
et al,, 2016b; Chen et al., 2011b; Kim et al,, 2010; Lee et al.,, 2008a; Li et al., 2010),
Pseudomonas (Diao and Yao, 2009a; Sacca et al., 2014) and Bacillus (Chen et al.,
2011b; Diao and Yao, 2009a). Lee et al. (2008) reported that exposure to 0.09 ¢/L of
nZVI under aerobic condition reduces the viability of £. coli by 3 to 3.5 order of
magnitude within 60 minutes; whereas the exposure to 0.009 ¢/L of nZVI in
anaerobic condition reduce cell viability by 3.5 order of magnitude within 10 minutes
(Lee et al., 2008b). The exposure to 0.1 ¢/L of nZVI under aerobic condition
decreased viability of P. fluorescens and B. subtilis by 99% and 80%, respectively

(Diao and Yao, 2009a). On the contrary, the survival Klebsella oxytoca decrease by
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only 40% after exposed to 10 ¢/L of nZVI under aerobic condition (Sacca et al,,
2013). The combined systems between nZVI and bacteria have been reported to
enhance the efficiency of remediation processes (Bose et al., 2016; Murugesan et al.,
2011; Shin and Cha, 2008). Bose et al. (2016) reported that P. putida (MTCC 1194)
could grow in the presence of 10 ¢/L of nZVI and the aniline degradation by cell-
nZVI system is higher than system containing only cells or nZVI (Bose et al., 2016).
Microbial nitrate reduction was found greater in the presence of nZVI comparing to
system containing only nZVI or microbial process (Shin and Cha, 2008). The
variations in experimental results are due to the different experimental conditions
including selected bacterial strains (Chaithawiwat et al., 2016a), types and
concentrations of nZVI and exposure conditions (Lefevre et al., 2016).

To relate and generalize the toxicity of nZVI to environmentally relevant
situation, several studies were conducted using a microbial microcosm (Kirschling et
al., 2010; Ma et al., 2015; Sacca et al,, 2014; Tilston et al., 2013). While a toxicity
study using a mixed culture could represent the complex and ecologically relevant
environment, using a pure bacterial culture is more suitable/eligible for deciphering
the toxicity mechanism (Maurer-Jones et al., 2013). Several approaches have been
used to elucidate the toxicity mechanism or the effect of nZVI on bacteria, for
example, electron microscopes (Auffan et al., 2008; Fajardo et al., 2013; Lee et al,,
2008a; Sacca et al., 2014), fluorescent probes (Kim et al., 2010), proteomic analysis
(Fajardo et al., 2013; Sacca et al., 2013; Sacca et al., 2014), gene expression
(Chaithawiwat et al., 2016b; Fajardo et al., 2013; Sacca et al., 2014) or using mutants
strains lacking of defense enzymes (Auffan et al., 2008; Chaithawiwat et al., 2016Db).
Accordingly, effects on bacterial membrane and oxidative damage have been
proposed as the two main mechanisms of bacterial inactivation (Lefevre et al., 2016).
Using proteomic analysis could reveal the big picture of nZVI effect on bacterial cells

i.e. membrane damage and induction of oxidative stress (Sacca et al., 2014).
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However, most studies focused only the toxicity mechanism of fresh or reactive nZVi,
whereas nZVI mainly remained in the environment in less reactive or oxidized form
(Adeleye et al., 2013) and can cause a considerable toxicity to bacteria (Auffan et al.,
2008).

While the toxicity mechanism of nZVI on bacteria has been concerned, the
information regarding bacterial response to nZVI-induced damages is still limited.
Bacteria, for example, P. putida, is capable to adapt themselves to several stresses
including organic solvents, making them a commonly found bacteria in the
environment (Nelson et al., 2002a). The information about bacterial stress response
may explain the discrepancy of nZVI toxicity on bacteria. This information may also
provide the understanding about shift in bacterial community following nZVI
exposure or predicting the nZVI-susceptible bacterial strain in worst case scenario of
nZVl-injection since some bacterial stress responses are strain-dependent.
Furthermore, the understanding about bacterial response can be adopted in

designing and improving the combined cell-nZVI degradation system.

1.3)  Research objectives

The goals of this research were to understand the effects of nZVI on
environmental microorganism particularly those potential bacteria involved biological
processes in the contaminated site. To achieve these goals, several objectives are
established as follows.

1. To elucidate the different effects of two forms of nZVI, reactive-nZVI and
oxidized-nZVI, by inferring from bacterial protein expression.
2. To investigate morphological and physiological adaptation in bacteria after

nZVI exposure.
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3. To investigate the biological consequence of bacterial adaptation to nZVI

exposure.

The effects . . Consequence
of nZVI Physiological of

responst?s bacterial adaptation
& adaptation to nZVI

on bacterial cells:
A big picture

Figure 1.2 Research outline

1.4)  Hypotheses

1. R-n2ZVI exposure differently affects the expression of bacterial proteins
comparing to O-nZVI exposure. Proteins related to oxidative stress are highly
up regulated in R-nZVI exposure.

2. During short-term exposure, bacterial membrane as an initial target for cell-
nZVI interaction, becomes more rigid to counteract the fluidizing effect of
nZVl.

3. Bacterial cells partially lose their fitness, in order to compensate with the

survival under nZVI-induced stress condition.

1.1) Dissertation organization

This dissertation is divided into 7 chapters. This chapter includes background,
research problem statement, objectives, hypotheses, and dissertation organization.
Chapter 2 provides a literature review on environmental application of nZVI as well
as bacterial stress response mechanisms. Chapter 3 provides detail of materials and

methods used in this study. Chapter 4 presents a proteomic analysis of
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environmental bacterial exposed to reactive nZVI and nonreactive (oxidized) nZVI.
Chapter 5 is based on a publication entitled “Membrane modification of P. putida F1
in response to nZVI exposure: Effect of short term and repetitive nZV| exposure”
which was published in Environmental Science and Technology. Chapter 6 is a part
of a manuscript entitled “Emergence of phenotypic variants of P. putida F1 due to
nZVI exposure and their environmentally relevant characteristics.” This manuscript
will be submitted for publication in a peer reviewed journal. Conclusions and

recommendations for future work are presented in Chapter 7.
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Chapter 2
LITERATURE REVIEWS

2.1) Nanoscale Zero Valent Iron
2.1.1) Characteristics

Nanoscale zero-valent iron (Feo) refers to as zero-valent iron with particle size
is typically in a range between 1 and 100 nm (Zhang and Elliott, 2006). nZVI is known
as a highly redox active material. Due to their size, nZVI have much higher specific
surface area than granular or macro- or micro-scale zero valent iron which is known
as an effective reducing agent (Zhang et al., 1998). A typical structure of nZVI consist
of two parts: Fe” core and iron oxide/hydroxide shell structure (Figure 2.1). The
metallic core exhibits the property of reducing agent, serving as electron donors or
reductants for the reduction of the contaminants such as chlorinated hydrocarbons
(Liu et al., 2007; Singh and Bose, 2015; Taghavy et al., 2010). High reactivity of nZVI is
driven by the oxidation of Fe” core (Liu et al., 2005). In the presence of oxygen, the
metallic core of nZVI will be oxidized to hydroxide or oxyhydroxide shell (Li et al.,
2006). This oxide/hydroxide shell of nZVI can act as a protective phase to stabilize
the particles in aqueous suspension (Nurmi et al., 2004). The (hydrous) oxide shell
provides sites for metal ions adsorption (Li and Zhang, 2006; Uztim et al., 2008)
which can be further reduced by the Fe” core (Li and Zhang, 2006). On the other
hand, the formation of oxide shell and an impurity on oxide shell can decrease the
reactivity of metallic core of nZVI (Sarathy et al., 2008). The composition of the oxide
shell and the nature of its surface are influenced by particle size and the
environment. Under subsurface condition, the oxidation of nZVI will result in both
magnetite (Fe;04) and maghemite (Y-Fe,Os) formation within the oxide layer (Reinsch

et al., 2010).
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Figure 2.1 Core-shell structure of (A) nZVI and (B) mechanisms involved in

transformation of arsenic. Source: (Ramos et al., 2009b))

Specific surface area is an important factor affecting properties of
nanoparticles. Recent researches have shown that nZVI has a greater rate of reaction
with contaminants than microscale zero valent iron (mZzVI) (Singh and Bose, 2016;
Wang and Zhang, 1997). Such a large specific area provides more sites where reaction
occurs, which is one reason why nanoscale iron particles might exhibit greater rates
of reaction with contaminants, thus making them more effective in reducing certain
kinds of contaminants.

In Fe’ core, the oxidation that occurs upon its addition to acidic, oxygen
saturated aqueous solutions results in the formation of the surface-bound Fe(ll) and
either hydrogen peroxide (eq 1). The generated H,O, can be further reduced to H,O

by transferring electrons from Fe’ (eq 2).

H+

v

Fe'(s) +O,(aqg) Fe(l)aq) + H,05(aq) (1)

H+

v

Fe'(s) + Oy(aqg) Felll)ag) + 2H,0() 2)
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The products of reaction (1) can further react according to equation (3),

generating hydroxyl radicals (Fenton’s reaction).

Fe(l)ag) + H,Ox(ag) — > Felll)(@ag)+ OH-(aq) + OH-(aq) (3)

Lee et al. (2014) compared the generation of oxidants by nZVI and mZVI
under aerobic conditions (Lee et al., 2014). While the oxidant production by mzZVI is
steadier and results in higher yield, nZVI particles rapidly generate oxidants and reach
the saturation level within few hours (Lee et al., 2014). The same study also reported
that the addition of EDTA, an iron chelator, could enhance the production of oxidant
since a soluble Fe(ll)-EDTA complexes could reduce the passivation of nZVI surface
(Lee et al,, 2014). Additionally, the higher redox potential of Fe(ll)-EDTA/Fe(l)-EDTA
couple than that of Fe(lll)/Fe(ll) couple involves in the faster reaction of Fe(l)-EDTA

with O, and H,0, than that of free Fe(ll) (Lee et al,, 2014).

2.1.2) Environmental applications

nZVl is extensively used in environmental application such as wastewater
remediation because of its higher reactivity and larger specific surface area than
microscale zero-valent iron (mZVI) (Chang and Kang, 2009; Macé et al., 2006; Nurmi
et al,, 2004; Wang and Zhang, 1997) , which is also known as an excellent electron
donor. mZVI has been used in creating permeable reactive barriers (PRBs) which are
trenches filled with reactive material (mZVI) designed to allow contaminated
groundwater to pass through and react with it.

Because of its small size and ability to remain in suspension, nZVI is typically
injected directly into contaminated sites and effectively transported by groundwater
flow (Figure 2.2). The concentrations of injected nZVI vary from 0.75 to 50.0 ¢/L

(Elliott and Zhang, 2001; Tuomi, 2008). A benefit of using nZVI is being able to inject



it directly into a contaminated aquifer, which avoids the need to dig a trench for
installation of the PRB. Using this injection technique is believed to be faster and
more effective for groundwater treatment than either pump-and-treat or PRB

methods.

@ Incorporation of
nanoparticles

Injection well Injection well e

Groundwater fow —

Contaminated
groundwater

treated
groundwater

Reactive A
treatment zone

Figure 2.2 In situ environmental application of nanoparticles.

Source: (Mueller and Nowack, 2010)
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nZVI has been known as an alternative for transformation of variety of
common environmental contaminants such as chlorinated organic compounds,
pesticides, organic dyes, heavy metal ions, inorganic anions (Zhang, 2003) and
radioactive compound (Yan et al., 2010a) (Table 2.1).

The core-shell structure of nZVI exhibits the distinctive mechanisms in
contaminants removal. Zero valent iron core or metallic core can serve as electron
donors or reductants for the reduction and precipitation of metal ions (Li and Zhang,
2006). At low pH (pH < 8), iron oxides are positively charged and attract ligands (e.g.,
phosphate). The increase in solution pH above the isoelectric point results in the
negatively charged oxide which can form surface complexes with cations (Li and

Zhang, 2006).

Reduction Reduction
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Iron
oxide
shell

Precipitation < Co-precipitation
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Mo F g e

I. Adsorption
[
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Figure 2.3 Contaminants removal by iron oxide shell of nZVI. R-X: chlorinated organic
contaminants, M organic/inorganic contaminants and Men%: metal cations. Source:

(Mu et al., 2017)
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One limitation of nZVI for in situ application is that nZVI has a strong
tendency to agglomerate in solutions (Nurmi et al., 2004),(Phenrat et al., 2007). This is
difficult to avoid under environmental conditions and may result in reduced
potential surface area of applied nZVI. Because of the potential agglomeration and
attachment to soil surface (Lowry, 2009), the migration of injected nZVI is very
limited (Saleh et al., 2008). There are several ways to form stable suspensions of
dispersed nZVI in laboratory, for example, modifying surface of nZVI with polymers
(He et al., 2006; Phenrat et al., 2008; Sirk et al., 2009; Tiraferri et al., 2008). In 2006,
He et al. reported that coating palladized iron nanoparticles with sodium
carboxymethyl cellulose (CMC) can increase their mobility in soil and reduce their
aggregation(He et al., 2006). The reactivity of trichloroethelene degradation of CMC-
coated nanoparticles was also greater than non-coated nanoparticles. In contrast,
Phenrat et al. reported that surface modifications can reduce nZVI reactivity
(Phenrat et al., 2009b). They suggested that coating materials may block the reactive
site at the surface.

Common groundwater anions, for example, NO5, CL, 50427, HPO427 and HCO5,
can also affect nZVI reactivity for contaminant remediation (Lim and Zhu, 2008; Liu
et al,, 2007; Reinsch et al,, 2010). Reinsch et al. (2010) reported that the degree of
passivation of nZVI surface by these constituents after one month are HCO5 < HPOaz_
<50, < CU< NO, , and that the oxidation of nZVI can be limited at more than 5
mN NO; (Reinsch et al., 2010). Similarly, Lim et al. (2008) reported the inhibitory
effect of groundwater anions on the degradation of 1,2,4-trichlorobenzene by Pd/Fe
nanoparticles (nPd/Fe) (Lim and Zhu, 2008). They proposed that the effect of these
anions on the reactivity of nPd/Fe can be divided into 3 groups based on their
inhibitory mechanisms i.e. (1) catalyst poisoning (sulfide and sulfite), (2) redox-active

compounds (nitrate and nitrite) which compete for the reductive sites and (3)



passivating compounds (phosphate and carbonate) which reduce the available

adsorptive and reductive sites on nZVI surface (Lim and Zhu, 2008).

Table 2.1 Common environmental contaminants that can be transformed by nZVI

(Modified from (Zhang, 2003))
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Contaminants

Contaminants

Chlorinated methanes
Carbon tetrachloride
Dichloromethane
Chloromethane
Chlorinated benzenes
Hexachlorobenzene
Pentachlorobenzene
Tetrachlorobenzenes
Trichlorobenzenes
Dichlorobenzenes
Pesticides

DDT

Lindane

Organic dyes
Orange |l

Acid Orange

Acid Red

Heavy metal ions
Mercury

Nickel

Silver

Cadmium

Trihalomethanes
Bromoform
Dibromochloromethane
Dichlorobromomethane
Chlorinated ethenes
Tetrachloroethene
Trichloroethene
cis-Dichloroethene
trans-Dichloroethene
1,1-Dichloroethene
Other polychlorinated hydrocarbons
PCBs
Pentachlorophenol
Other organic contaminants
N-nitrosodimethylamine
TNT

Inorganic anions
Arsenic

Perchlorate

Nitrate

Radioactive compound

Uranium
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Figure 2.4 Proposed fate and transport of nZVI particles in the environmental and

interaction between nZVI and environmental microorganisms. EPS: Extracellular

polymeric substances. ROS: Reactive oxygen species. Source: (Lefevre et al., 2016).

2.2) Effects of nZVI on living organisms/microorganism

As an interest in the in situ environmental application of nanoscale zero valent
iron (nZVI) is increasing, the concern regarding the environmental impact of these
reactive iron particles became a topic of interest since high amount of nZVI has been
released and retained in the environment (Mueller et al., 2012b). Iron is an essential
nutrient for microorganism generally exists in the environment as an soluble Fe(ll)
and insoluble Fe(lll) depending on their environmental conditions (e.g. oxygen
concentration or pH) (Straub et al.,, 2001). Even though large amount of natural-
occurred iron is already exist in the environment, the huge release of nZVI particles

may cause unintended consequence due to their high reactivity.
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2.2.1) Effects of nZVI on mammalian cells

In the study of Keenan and colleagues in 2009, human bronchial epithelial
cells were treated with nZVI and ferrous ion (Fe(ll)) (Keenan et al., 2009). After a 60
minute-exposure to nZVI or Fe(ll), lung cell viability decreased following a dose-
response relationship, while cells exposed to weathered nZVI resulted in minimum
toxicity. They indicated that Fe” does not directly pose a cell damage, while Fe(ll) is a
prerequisite for cell damage. The relationship between Fe(ll) oxidation, cytotoxicity
and ROS generation was supported by the observation that the addition of iron
chelator which prevents Fe(ll) oxidation, limited cell damage, and cell exposed to

preoxidized nZVI also resulted in no cell damage (Keenan et al., 2009).

2.2.2) Effects of nZVI on aquatic organisms

In 2009, Li et al. (Li et al., 2009) investigated the potential effect of nZVI on
medaka (Oryzias latipes). The decreases of superoxide dismutase activities and
increases of malondialdehyde, indicating oxidative damaged occurred when fish
(medaka) embryos were exposed to nZVI. For adult fishes, they found the
disturbance of antioxidant balance in liver and brain in the beginning of exposure,
but it could be recovered with the exposure time. Some histopathological and
morphological changes in gill and intestine of adult fishes were also observed. They
mentioned that desquamated structure of gill filament and secondary ¢ill lamellae,
the deformed intestinal villi and intestine wall, swollen cells and iron accumulation,
which are observed in gills and intestines exposed to 50 pg/ml nZVI, may affect the
corresponding functional performances. This leads to a concern on the potential that
direct contact between fish and high concentrations of nZVI slurry (4.5-10 ¢/L slurry
used in pilot remediation) (Gavaskar A., 2005), may induce the aforementioned

histopathological and morphological changes.
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2.2.3) Effects of nZVI on microorganisms

Effects of nZVI on microorganism, particularly bacteria, have been studied in
various bacterial strains as shown in Table 2.2. In 2008, Lee et al. studied the effects
of nZVI and other types of iron-based compounds on E. coli (Lee et al.,, 2008b). They
observed a strong bactericidal effect of nZVI under deaerated condition, while under
air saturation condition, the inactivation was significantly lower due to corrosion,
surface oxidation and formation of iron oxide layer (Lee et al., 2008b). This
bactericidal effect was not observed in other types of iron-based compounds (FeO
powder, iron oxide and Fe(lll) ions). However, Fe(ll) also exhibited a significant
bactericidal activity under deaerated condition suggested that Fe(ll) can contribute to

the bactericidal activity of nZVI, while Fe(lll) has no cytotoxicity.



Table 2.2 Summary of reported nZVI effect on bacterial cells.

Source: (Lefevre et al., 2016)
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Bacterial strain

nZVI characteristics

nZvl

concentrations

Effects

References

K. planticola

nZVI (NANOFER 25S)

1000-
10,000 mg/L

No effect on viability and
activity.
Attachment of nZVI to cell

surface was observed.

(Fajardo et al.,

2013)

K. oxytoca

nZVI (NANOFER 25S)

1000-
10,000 mg/l

No bactericidal effects.
Attachment of nzVI to cell
surface without significant cell
damage was observed.
Proteomic analysis revealed the
overproduction of

tryptophanase.

(Sacca et al,,

2013)

P. fluorescens

Synthesized nZVI

100-
10,000 mg/l

Complete inactivation at all
concentrations tested.
Iron precipitate coating on cell

surface was observed.

(Diao and Yao,

2009a)

P. stutzeri

nZVI (NANOFER 25S)

1000~
10,000 mg/L

Slight toxicity, no effect on
activity.

Proteomic analysis revealed the
oxidative stress response.
Attachment of nzVI on cell
surface and down-regulation of
membrane transport proteins
suggested effect on bacterial

membrane

(Sacca et al,,

2014)

Alcaligenes

eutrophus

Synthesized
bare-nZVI, chitosan-
nZVI, sodium-oleate-

aVAY

650 mg/l

Decrease of activity in the first

2 days.

(An et al.,
2010)

Agrobacterium
sp. PH-08
(Gram -)

Synthesized nZVI

100-250 mg/L

Significant toxicity (53.2 and
5.3% survival after 1 h-exposure
to 100 mg/l CMC- and bare-nZVl,
respectively).

Drastic damage of cell

membrane was observed.

(Zhou et al,,
2014)

Agrobacterium

nZVI (NaBond, China)

100-

11.4 and 32% decrease in cell

(Le et al., 2014)
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sp. PH-08

10,000 mg/L

viability after 6 h-exposure to
100 and 1000 mg/L nZVI,
respectively.

Slightly affect bacterial
degradation capabilities.
Attachment of nzVI cell surface
without disruption or

internalization was observed.

E. coli

nZVI (Toda Kogyo

Corp., Japan)

1000 mg/L

Toxic effect is strain-dependent.
Bacterial exponential and
decline growth phases were
more susceptible to nZVI
exposure than lag and stationary

phases.

(Chaithawiwat
et al., 2016a)

E. coli

nZVI (Toda Kogyo

Corp., Japan)

1000 meg/L

Bacterial strains lacking
antioxidant enzyme or sigma-s
factor were more sensitive to

nZV| exposure

(Chaithawiwat
et al., 2016b)

E. coli

Synthesized nZVI

7-700 mg/l

Severe toxicity (~ 75%

inactivation at > 70 mg/L nZVI).

(Auffan et al.,
2008)

E. coli

Bare nZVI (Toda
Kogyo Corp., Japan)
PSS-nzVI PA-nZVI
NOM-n2VI

1-2000 mg/l

1.8 and 5.2-log inactivation for 7
and 28% FeO nZVl, respectively.
Surface modification of nZVI
reduced the toxicity.
Attachment of nZVI on cell

surface was observed.

(Li et al,, 2010)

E. coli

Synthesized nZVI

1.2-110 mg/l

Severe toxicity under de-aerated
conditions.

Slight toxicity under aerated
conditions.

Significant cell damage.

(Lee et al,,

2008b)

E. coli

Synthesized nZVI

1.2-110 mg/l

Serious damage of cell
membrane and respiratory
activity was observed under de-
aerated conditions.

Negligible effect was observed in

aerated condition.

(Kim et al.,
2010)

B. nealsonii

nZVI (NANOFER 25S)

1000-
10,000 mg/l

Slight toxicity was observed at
5000 whereas 10,000 mg/L nZVI

drastically damage cells.

(Fajardo et al,,

2012)
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Reduced metabolic activity.
Cell content leakage was

observed.

B. subtilis

Synthesized nZVI

100-
10,000 mg/l

Strong bactericidal effect (100,
95, and 80% inactivation at 100,
1000, and 10,000 mg/l nZVI,
respectively).

Massive needle-shaped of iron
oxide coated on cell surface was

observed..

(Diao and Yao,

2009a)

B. cereus

nZVI (NANOFER 25S)

1000-
10,000 mg/l

Up-regulation of oxidative stress
response proteins. Down-
regulation of cell wall and
motility proteins.

No change in gene expression
levels.

Early sporulation was observed.

(Fajardo et al,,

2013)

Paracoccus sp.

YF1

Synthesized nZVI

50-1000 me/l

50 mg‘Lf1 nZVI promoted
bacterial growth and nitrate
removal. Higher concentration
than 50 mg/l decreased growth
and nitrate removal.
Attachment of nzVI to cell

surface was observed.

(Jiang et al,,
2015)

They mentioned that the bactericidal effect may result from the physical

disruption of bacterial cell membrane because the transmission electron microscopy

(TEM) images (Figure 2.5) of E. coli treated with nZVI showed the significant

membrane disruption and leakage of the intracellular contents (Lee et al., 2008b).

Iron, which is a strong reductant, may induce reductive decomposition of functional

group in the proteins and lipopolysaccharides of outer membrane, or nZVI may

disturb the respiratory system. They also mentioned that nZVI and Fe(ll) may react

with intracellular oxygen and pose oxidative damage to cells.
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Figure 2.5 TEM images of (A) E.coli cell and (B) E. coli treated with nZVI
Source: (Lee et al.. 2008b).

Diao et al. studied the use of nZVI in inactivating gram-negative and gram-
positive bacteria and fungus under aerobic condition (Diao and Yao, 2009a). Both B.
subtilis (gram-positive) and P. fluorecens (gram-negative) were completely inactivated
when treated 10 mg/ml nZVI (Diao and Yao, 2009a). When the concentration of nZVI
decreased to 0.1 mg/ml, P. fluorescens was still completely inactivated, while the
inactivation of B. sutilis decreased to 80%. They suggested that because B. subtilis, a
gram-positive bacteria, have a thicker cell wall providing more protection against
environmental stress, while P. fluorescens, a gram-negative bacteria, have a thinner
cell wall resulting in more susceptibility to stress. The exposure of 0.1-10 mg/ml nZVI
to Aspergillus versicolor, one of the fungal species, showed no inactivation effect
which could be because the fungal cell wall is extremely rigid.

Chen and colleagues in 2010 (Chen et al,, 2011a) studied the bactericidal
effect of nZVI toward gram-negative (E. coli) and gram-positive bacteria (B. subtilis) in
the presence of humic acid. B. subtilis was more tolerant to nZVI (1 ¢/l) than E. coli
while humic acid significantly reduced the bactericidal effect of nZVI. They also
mentioned the recovery of bacterial survival rate after 4 hour exposure to similar

level observed for untreated cells.
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The effect of nZVI particles on various types of microorganisms have been
extensively studied, however, their effect is still controversial and inconclusive.
Kirschling et al. studied effect of nZVI on microbial community in aquifer materials
from different TCE-contaminated sites and reported that nZVI may be toxic to only
certain groups of bacteria (Kirschling et al., 2010). Quantitative polymerase chain
reaction (gPCR) analyses , indicated that the introduction of nZVI to aquifer material
stimulate both sulfate reducer and methanogen populations due to the increases of
the dissimilatory sulfite reductase gene and archaeal 16s rRNA genes and there is no
deleterious effect on total bacterial abundance in the microcosms. They also
suggested that the initial changes in diversity were caused primarily by the nZVI-
induced changes in geochemical conditions such as oxidation and reduction
potential, hydrogen evolution and available iron, not by direct interaction between

microorganisms and nanoparticle surfaces (Kirschling et al., 2010).
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2.3)  Proposed mechanisms of action of nZVI and bacterial responses
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Figure 2.6 Proposed mechanisms of nZVI-induced toxicity in bacterial cells.

Source: (Sevcu et al,, 2011).

2.3.1) Oxidative stress

Oxidative damage is caused by the accumulation of ROS including superoxide
(0,), hydrogen peroxide (H,0,) and hydroxyl radical (OH*). These ROS can further
damage cellular macromolecules, for example, DNA, RNA, proteins and lipids (Sevcu
et al,, 2011). Several factors have been reported to induce the oxidative
stress/damage in environmental microorganisms including the presence of toxic
compounds (e.g. organic pollutants, metal, or antibiotics) or stress conditions (e.g.
water limiting condition, osmotic stress) (Figure 2.7) (Kim and Park, 2014).
Nanoparticles have also been reported to induce the oxidative stress in
environmental microorganisms (Choi et al., 2008; Kim et al., 2007). For instance, Choi
et al. reported the correlation between nitrifying bacteria inactivation by silver
nanoparticles and silver ions and intracellular ROS concentrations (Choi and Hu,
2008). However, at the same level of the intracellular ROS, silver nanoparticles
exhibits more toxicity than silver ions. This suggested the other factors besides ROS

involving in silver nanoparticles toxicity.
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So far, the nZVI-induced oxidative damage in various microorganisms is one of
the most extensively studied topic (Auffan et al., 2008; Chaithawiwat et al., 2016b;
Keenan et al., 2009; Li et al., 2009). A relationship between bactericidal effect of nZVI
and oxidative stress has been studied using E. coli Qc2472, a double mutant sodA
sodB, which is completely devoid of the antioxidant enzyme superoxide dismutase,
as a model strain . The mutant strain was found to have a greater sensitivity to
nMagnetite (Fe”/m/Oq) comparing to wildtype (Auffan et al., 2008). Similarly, a study by

Chaithawiwat et al. (2016) reported that £. coli strains lacking of genes encoding
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antioxidant enzyme (catalase and superoxide dismutase) are susceptible to nZVI
exposure than the wildtype strains, suggesting the nZVI-induced oxidative stress
(Chaithawiwat et al., 2016b). The altered susceptibility to nZVI also depends on
bacterial growth phase since the effect of antioxidant enzyme deletion is much more
pronounced in cells from lag and exponential phases (Chaithawiwat et al., 2016b).
The same study also reported that the deletion of RpoS, a stationary sigma factor
controlling the transcription of gene in response to general stresses, significantly
enhance bacterial susceptibility to nZVI in growth phase-independent manner
(Chaithawiwat et al., 2016b).

In order to counter oxidative stress, cells will express antioxidant enzymes
related to detoxifying the ROS and repairing the damaged macromolecules. The
major defensive enzymes are superoxide dismutase which dismutate O,- to H,0,,
and catalase which disproportionate H,0, into H,O and O, as shown in equation (6)

and (7), respectively.

Oz'— + ZHZ P Hzoz + 02 (6)

2H,0, — O, + 2H,0 ()

In E. coli, when cells sense the increased level of O,, some enzymes will be induced
such as manganese superoxide dismutase (encoded by sodA), the DNA repair
enzyme endonuclease IV (nfo), and O, resistant izoenzymes of fumarase (fumC),
aconitase (acnA), the cytosolic iron superoxide dismutase (sodB), the periplasmic
copper-zinc superoxide dismutase (sodC) and the Fur repressor (fur) (Storz et al,,
1990),(Storz and Imlayt, 1999). Several superoxide-induced proteins are known to be
regulated by the products of two regulatory genes, soxR and soxS (Storz and Imlayt,
1999). According to Chaithawiwat et al. (2016), the nZVI-induced damage is likely

attributed to the intracellular superoxide radical since the increased sensitivity to
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nZVI is most pronounced cells with the inactivation of sodA and sodB (Chaithawiwat
et al,, 2016b).

Hydroxyl radical, a non-selective strong ROS, can be generated nZVI via
Fenton’s reaction which is the interaction between Fe(ll) and H,0,. Accordingly, the
bacterial iron homeostasis is strictly controlled. A study on oxidative stress-related
genes showed that the activation of oxidative stress induces genes coding for several
ion transporters (Ceragioli et al., 2010). Intracellular free iron levels may have been
affected by the exposure to oxidative stress. Transcriptomic studies on the response
of Staphylococcus aureus to hydrogen peroxide and peracetic acid showed that iron
uptake systems were initially repressed, suggesting that this bacterium modulates
iron uptake in order to prevent secondary oxidative damage (Ceragioli et al., 2010).

Siderophore or iron carrier is the Fe (lll) specific chelater, which plays role in
scavenging iron and making it available to microbial cells (Neilands, 1995). Aerobic or
facultative aerobic microorganisms need iron for a variety of functions including
reduction of oxygen for synthesis of ATP, reduction of ribotide precursors of DNA,
and for formation of heme. The expression of siderophore is regulated by the ferric
uptake regulator (Fur), which is a conserved protein in different Gram-negative
bacteria encoded by fur and works as a repressor of iron uptake genes (siderophore
biosynthesis, receptors) when bound to its co-repressor Fe(ll). This Fur protein can
directly control some genes involved in iron uptake, or indirectly, via
extracytoplasmic sigma factors (ECFO) such as PvdS which controls the transcription
of pvdS (pyoverdine biosynthesis genes) or AraC regulator (Cornelis et al., 2009).
When cells sense some stresses, they typically require higher energy in order to
repair or re-synthesize the damaged macromolecules, and also to employ some
stress response mechanisms such as efflux pump which require energy to enable the
transport of substances across membranes. Enzymes such as glycerol-3-phosphate

dehydrogenase (G3PDH), 6 phosphogluconate dehydrogenase (6PGDH), enolase,
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citrate synthase, and isocitrate dehydrogenase (IDH) contribute strongly to the
control of key pathways of energy metabolism, including glycolysis, pentose
phosphate pathway, and the Krebs (citrate) cycle. Not only for energy production,
induction of these enzymes during stress may be necessary for generating reducing
equivalents (NADH, NADPH) that are needed for cellular antioxidant systems (Kultz,
2005).

Sergura et al., studied the proteomic analysis of response of P. putida DOT-
T1E to toluene and reported that two groups of highly induced protein based on
probably function are proteins involved in the channeling of metabolic intermediates
to the Krebs cycle and activation of purine biosynthesis and proteins involved in
sugar transport. Some induced proteins involved in general metabolism are
glucokinase (encoded by gck), fructose-1,6-bisphosphate aldolase (fda),
phosphoenolpyruvate carboxykinase (pflu3720), hydrolipoamide dehydrogenase (E3
component of 2-oxoglutaratedehydrogenase complex, ipdG), and succinyl-coenzyme
A synthetase (sucC). A sugar ABC transport protein was also found induced by
toluene. From this result, they suggested that the high energy demand required for
solvent tolerance is achieved via activation of cell metabolism.

CyoA (encoded by cyoABCDE) is the subunit Il of the cytochrome bo oxidase.
This enzyme functions as the terminal oxidases in the aerobic respiratory chain of E.
coli and contributes to the generation of a proton motive force (PMF). Cytochromes
are the major functional units in the respiratory chain and are essential components
in this energy transduction mechanism. The down-regulation of cyoA in the
investigation of soxRS gene deletion can be used as an indicator of the effect on
respiratory system and electron transport chain (Kabir and Shimizu, 2006).

In E. coli, the succinate dehydrogenase complexes are encoded by the
sdhCDAB operon (Heinzen et al., 1995). This enzyme complex is involved in aerobic

respiration, converting succinate to fumarate. It is composed of cytochrome b556
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(SdhQ), a hydrophobic protein (SdhD), a flavoprotein (SdhA) and an iron-sulfur protein
(SdhB) (Wood et al., 1984). This cytochrome b encoded by sdhC was reported to
primarily responsible for oxidative metabolism and utilization of succinate (Murakami
et al., 1985).

Protein damage in cells exposed to stress occurs mainly as oxidative or
structural (unfolding) damage. Some damaged proteins are repaired by enzymes that
reverse oxidative damage or assist in protein refolding. However, not all damaged
proteins are repaired. Many terminally damaged proteins are removed by proteolytic
degradation and regenerated. Thus, three processes are mainly responsible for
removing protein damage: (a) repair of oxidative damage, (b) refolding of structurally
damaged proteins, and (c) proteolysis (Kultz, 2005).

One protein that plays important role in damaged protein repairing is heat
shock proteins (HSPs). Molecular chaperones, or the cellular stress response system
that utilizes HSPs, under normal condition, do play an essential role in the synthesis,
transporting proteins across membrane, folding and degradation of unstable proteins
to prevent protein aggregation (Sergios A. Nicolaou, 2010). When cells sense the
stress condition, HSPs will play a role in preventing aggregation and assisting in
refolding of damaged proteins. Several families can be distinguished and are
designated, according to their average molecular mass. Several proteins in heat shock
family are Hsp90 (Hsp83 in S. cerevisiae), Hsp60 (the chaperonin or GroEL family)
(Mager and De Kruijff, 1995). Hsp70 (DnaK in E. coli) is known to contains the most
highly conserved proteins in the cell.

Studies on Hsp in E. coli reported that the heat shock regulon of E. coli
consists of over 20 genes including ¢roES, groEL, dnaK, and dnaJ (Bukau, 1993). In E.
coli, heat shock proteins GroES and GroEL can be induced by both peroxide- and
superoxide-mediated oxidative stresses as well as heat shock, starvation, and SOS.

DnaK can be induced by treatment with H,0,, nalidixic acid, UV irradiation, and
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starvation. The DnaK system of E. coli consists of DnaK, DnaJ and GrpE. This
chaperone system plays an important role in various cytoplasmic cellular processes.
In addition to an ATP-dependent refolding of damaged protein, the DnaK system also
assists in translocation through membrane.

There are many sigma factors associated with stress responses, for example,
032, the product of the rpoH gene and 0™ or 0" encoded by rpoS (Chung et al,,
2006). Under normal condition, 0’ isa very unstable protein. Its expression is
repressed predominantly at the translational level. In response to stresses, for
example, temperature upshift, both the stability and synthesis of o are transiently
elevated, which causes an increase in the concentration of 032, in turn giving rise to
an increase in the rate of Hsp synthesis. The inactivation of RpoS significantly

enhance bacterial susceptibility to nZVI (Chaithawiwat et al., 2016b).

2.3.2) Membrane disruption

The significant interaction between nZVI and bacterial cells has been
reported in many studies (Lee et al., 2008b; Sacca et al., 2014). While nZVI-induced
oxidative stress has been proposed as major toxicity mechanism of nZVI, the
interaction between the particles and bacterial surface appears to be essential for
the damage. In addition to destructive effect on membrane composition which result
in the leakage of intracellular content or affecting bacterial electron transport chain
(Lee et al., 2008b), the disturbed membrane permeability may promote the
penetration of nZVI or the soluble species thus enhancing the intracellular oxidative
stress (Lefevre et al., 2016).

Raffi et al. reported the formation of pits in £. coli cell wall and leakage of
inner vacuoles caused by the exposure to zero valent copper nanoparticles (Cuo)

(Raffi et al., 2010). They suggested that cu”* ions released from copper nanoparticles
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can bind to the surface of bacteria which is negatively charged. The bacterial surface
charge is negative because of the excess of the carboxylic groups in the lipoproteins
at the surface. The attached Cu’"ions can solidify protein structure or alter enzyme
functions (Dan et al., 2005). Hydrogen peroxide generated by cu” ions can also cause
damage to cytoplasmic membrane (Hoshino et al., 1999). In general, copper ions,
with strong reduction ability, can extract electron from bacteria. This can damage cell
wall and membrane and subsequently results in cytoplasm leakage and oxidizing the
cell nucleus. Cu”" ions can bind with plasma membrane and penetrate into cells
through membranes channels. The penetrated cu” ions possibly interact with
phosphorus- or sulfur-containing compounds in DNA, or combine with intracellular
amino acid or protease leading to protein denaturation (Tong et al., 2005).

The formation of pits in bacterial cell wall was also found in E. coli after
exposed to nAg (Sondi and Salopek-Sondi, 2004). The EDAX qualitative chemical
analysis and TEM showed the accumulation of nAg into cell membrane structure. In
addition, TEM also showed the leakage of intracellular content. It was suggested that
silver nanoparticles interact with building element of cell (Sondi and Salopek-Sondi,
2004).

Gou et al. studied the temporal gene expression in bacteria exposed to nAg
and nTiO, using a whole-cell-array library of E. coli K12 with transcriptional green
fluorescent protein (GFP)-fusions (Gou et al., 2010) . They found that the toxicity of
these two nanoparticles are compound-specific and concentration-dependent. Cell
membrane and transportation damage and oxidative stress were reported. However,
their toxic mechanisms of nAg and nTiO, are different due to the difference in the
altered expression of specific genes. The up-regulation of genes related to cell
membrane barrier function and transportation like sanA indicating membrane

permeability damages in cells exposed to nTiO,. Whereas, the exposure to nAg leads
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to the up-regulations of bolA which related to biofilm formation and the alteration of

outer membrane properties.

A proteome analysis of E. coli cells treated with nAg showed the
accumulation of envelop protein precursor, OmpACF (Lok et al., 2006). These protein
precursors require energy from adenosinetriphosphate (ATP) and proton motive force
to synthesize envelope protein and translocate proteins to membrane. This confers
to the dissipation of proton motive force. Silver nanoparticles were also found to
destabilize bacterial outer membrane. They suggested that nAg can disrupt outer
membrane component such as lipopolysaccharides or porins.

In 2007, Fang studied physiological adaptation of gram negative bacteria, P.
putida F1, and gram positive bacteria, B. subtilis CB310 in response to fullerene
exposure. The alteration of membrane lipid composition, phase transition
temperature and membrane fluidity were reported as the bacterial responses to
fullerene. The bacterial responses depended on the concentration and the cell wall
morphology. For B. subtilis, sram-positive bacteria, which is more tolerant to
fullerene (higher minimum inhibitory concentration), an increase in the level of
monounsaturated fatty acid was observed. This suggests the important role of
unsaturated fatty acid in gram-positive bacteria adaptation. The exposure to low
doses of fullerene resulted in increasing the proportions of iso- and anteiso-
branched fatty acids. In P. putida, under high concentration exposure, the level of
trans monounsaturated fatty acids increased. This is known as a general defense
mechanisms, which may decrease the permeability of the lipid bilayer. Fourier
transform infrared spectroscopy results showed increased phase transition
temperatures and membrane fluidity of P. putida under fullerene exposure. B.
subtilis showed increased membrane fluidity but a decrease in phase transition

temperatures.
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2.3.3) DNA/RNA damage

In 2010, Gou et al. reported that exposure to nAg results in the up-regulation
of genes involving DNA repair such as nfo, recN, uvrA and yfbE (Gou et al., 2010).
These up-regulations indicated that nAg exposure can cause DNA damage. This DNA
damage was also found in cells exposed to nTiO, However, genes and magnitude of
alterations were different. The exposure to nTiO, up-regulated recA and (exA, which
are the regulators of SOS system. These two genes subsequently induce genes
related to DNA damage such as polB, ssb, recN, nfo, mutt and uvrA.

In the presence of H,O,, the expression of a number of the proteins is
regulated by the oxyR transcription factor (Storz and Imlayt, 1999). Several defensive
enzymes induced by H,0, are hydroperoxidase | (catalase, katG), hydroperoxidase |l
(katE) and glutathione reductase (gorA). H,0O, can further react with Fe(ll), generating
HO- which can damage DNA. This results in the expression of several DNA repair
enzymes such as exonuclease Il (xthA), DNA polymerase | (polA) (Storz et al.,
1990),(Storz and Imlayt, 1999).

As previously mentioned, not only the antioxidant activities have been
induced but oxidative stress also induces activities related to the repair of damage
caused by oxidants (Storz et al., 1990). When hydroxyl radical attacks on the sugar
moiety of DNA, it leads to sugar fragmentation and production of strand breaks with
3'-phosphate or 3'-phosphoglycolate termini (Farr and Kogoma, 1991). Thymine
residues in DNA can be hydroxylated to produce 5-hydroxymethyluracil or
oxidatively degraded to produce thymine glycol or a urea residue. Exonuclease |l
the product of the xthA gene, is the major apurinic/apyrimidinic endonuclease (AP
endonuclease) activity found in £. coli, and has been shown to remove replication
blocks from the 3' termini of oxidized DNA in vitro. A second AP endonuclease
capable of removing 3' replication blocks is endonuclease IV (nfo). Several other DNA

repair activities are likely to be important for a defense against oxidative stress, as
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inferred from the study of hydrogen peroxide sensitivity of mutant strains (Imlay and
Linn, 1987). Strains with mutations in recA, a regulator of the SOS response (a
response induced by several types of DNA damage) are sensitive to hydrogen

peroxide (Imlay and Linn, 1987).

2.4) Roles of nZVI in bioremediation

Even though several studies reported the strong bactericidal effects of nZVI
(Diao and Yao, 2009b; Lee et al., 2008b), the successful combinations of nZV!
together with bioremediation have also been reported (Bose et al., 2016; Jagadevan
et al,, 2012; Kim et al,, 2012; Kocur et al,, 2016; Kuang et al., 2013). The abiotic
process by nZVI sequesters or concurrent with biotic process are expected to result
in synergetic effect on contaminant degradation. The initial degradation by nZVI may
decrease the toxicity of the contaminants toward bacteria that may playing a role in
remediating some residual or dead-end products. nZVI has also been used as an
electron donor or providing H, for some microbial reduction (Shin and Cha, 2008) .

Shrout and coworkers reported the decreasing of microbial perchlorate
reduction in the presence of ZVI (Shrout et al., 2005). Fe' particles, as an electron
donor, were added to anaerobic mixed culture capable of reducing perchlorate to
chloride. Bacterial perchlorate reduction was inhibited. They suggested that the
insoluble product of Fe” corrosion may accumulate on bacterial surface and hence
inhibit their activity.

In contrast, the advantage of adding nZVI as a reductant for microbial
reduction was reported by Shin et al. (Shin and Cha, 2008). Shin et al. reported that
co-remediation between nZVI and bacterial can degrade nearly 100% of nitrate
within three day, whereas the absence of bacteria under same condition (abiotic

system), only 50% of nitrate can be degraded after seven days (Shin and Cha, 2008).
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They suggested that Fe(ll) from the oxidation of nZVI, may acts as an electron donor
for nitrate microbial reduction.

Xiu et al. (Xiu et al., 2010b) studied the effect of nZVI on Dehalococcoides
spp. Dehalococcoides is known for its ability to completely dechlorinate
trichloroethylene (TCE) to ethane, nZVI was reported to inhibit bacterial
dechlorination but the dechlorination activity, however, can be recovered after lag
time. This co-remediation may be an alternative for remediate contaminated site.
Nevertheless, they suggested that this is unlikely to be a universal application and
more factors need to be studied.

The expression of tceA and vcrA, encoded for reductive dehalogenases, were
down-regulated in bacteria exposed to bare nZVI (Xiu et al., 2010a). On the contrary,
tceA and vcrA were up-regulated in bacteria exposed to nZVI coated with an olefin
maleic acid copolymer (Xiu et al., 2010a). The mechanism of tceA and vcrA gene-
expression inhibition by NZVI is still unclear.

The effective degradation of triclosan via palladized iron nanoparticles (nFe-
Pd) co-remediate with Sphingomonas sp. PH-07 was demonstrated (Murugesan et al.,
2011). Triclosan can be completely dechlorinated by nFe-Pd, resulting in the
formation of 2-phenoxyphenol, which is the dead-end products. This compound can
be subsequently aerobically degraded by Sphingomonas sp. PH-07, which was able
to grow in the presence of nFe-Pd. The compromising strategy for triclosan

degradation by hybrid treatment between nFe-Pd and bacteria has been proposed.
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Chapter 3

Materials and methods

3.1) Part 1 Elucidation of effects of reactive and oxidized nZVI on bacterial

membrane by proteomic analysis
3.1.1) nZVI source and iron content determination.

The nZVI particles obtained from Toda Kogyo Corp., Japan were used and
designated as R-nZVI. These nZVI particles are uncoated nZVI with reported average
size of 28 nm (Chaithawiwat et al., 2016a). The same nZVI particles stored under
aerobic condition at room temperature for approximately two years were designated
as O-nzVI. The Fe(ll) content of nZVI was determined using the Ferrozine method
(Voelker and Sulzberger, 1996). To determine the total iron and Feo, nZVI| was
digested in concentrated HCl and then quantified for the total iron using the
Ferrozine method, while the generated H, after acid digestion was used to quantify

Fe0 content (Hwang et al., 2014).

3.1.2) Cell preparation and determination of effects of nZVI on cell

viability

P. putida KT2440 was from the American Type Culture Collection. Bacterial
cells were cultivated in TSB medium at 150 rpm (orbital shaking) and 30°C. B. subtilis
168 cells (obtained from Professor Junichi Kato, Hiroshima University, Japan) were

cultivated in TSB medium, 150 rpm, 37°C.

Cells from mid-exponential phase were harvested by centrifugation at 5,000
rom for 15 min and washed twice with 0.85% NaCl before resuspended in 5 mM
carbonate buffer (pH 8.0). The bacterial cell suspension was diluted to an initial cell
concentration of 10° CFU/mL. For nZVI exposure, 10 mL of cell suspension in 27-mL

bottle were exposed 1.0 ¢/L of R-nZVI or O-nZVI. This nZVI concentration was
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selected based on the potential nZVI concentration in contaminated site
(Chaithawiwat et al., 2016a, b). Magnetic stirrer (700 rpm) was used to prevent the
aggregation of nZVI. Control condition was cells without nZVI exposure. Cell viability
at each time point was determined by the plate count method. The experiment was

carried out in at least three biological replication.
3.1.3) Proteomic analysis of nZVI-treated cells
3.1.3.1 Sample preparation for proteomic analysis

The proteomic analysis was mainly focused on P. putida KT2440. P. putida
KT2440 cells from mid-exponential phase were collected and prepared as described
in section 3.2.2). Cell suspension were then treated with 1.0 ¢/L of R-nZVI or O-nZVI
for 4 hours. To obtain adequate protein content for proteomic analysis, reaction
scale was enlarged to 200 ml of cell suspension in 1-L flask. Magnet was used to
separate nZVI particles from bacterial cells which subsequently were collected by
centrifugation. Cells were washed twice and resuspended in 10 mM Tris-HCLl (pH 8.5).
Cell suspension was sonicated on ice for four minutes (10% power, M73 ultrasonic

homogenizer microtip probe). After sonication, total protein extract was obtained by

centrifugation at 15,000 Xg for 3 min to remove cell debris.

The obtained supernatant was considered as total protein fraction. For protein
fractionation, this fraction was further ultracentrifuged at 99,000 rpm for one hour.
The obtained supernatant from this step was considered as bacterial soluble protein
fraction. The remained pellets were washed and followed by ultracentrifuged to
remove the soluble protein. Then the pellets were solubilized using SDS solution to
obtain membrane-bound protein.

Protein concentration was determined using a modified Lowry

method(Markwell et al., 1978). Fifteen micrograms of protein were separated on
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12.5% SDS-PAGE and stained with Colloidal Coomassie Brilliant Blue G-250(Paemanee
et al., 2016).

3.1.3.2 GeLC-MS/MS

In-gel digestion by trypsin and sample preparation for LC-MS/MS were
conducted as described in Paemanee et al. (2016) (Paemanee et al,, 2016).
Quantitative analysis of protein was performed using DeCyder MS differential analysis
software (DeCyderMS, GE Healthcare). For protein identification, the PMF data were
searched against the NCBInr database for proteobacteria using the MASCOT (version
2.2 Matrix Science, London, UK). Three missed cleavages were allowed.
Carbamidomethylation was set as fixed modification and methionine oxidation was

set as variable modification. Peptide tolerance are + 1.2 Da.

3.2) Part 2 Bacterial response to short-term and repetitive nZVI exposure:

Modification in bacterial membrane
3.2.1) nZVI source and characterizations.

Nanofer 25S, commercial iron nanoparticles, was obtained from NANOIRON
s.r.o., Czech Republic. Nanofer 255 is a polyacrylic acid-modified nZVI produced by
the hydrogen reduction of ferrihydrite. The hydrodynamic size and surface charge of
Nanofer 25S was determined by Dynamic Light Scattering (Malvern Zetasizer, Malvern
Instruments Ltd.). A refractive index of 2.87 was selected for hydrodynamic size
determination (Phenrat et al., 2009a). The Fe(ll) content of Nanofer 255 was
determined using the Ferrozine method (Voelker and Sulzberger, 1996). To
determine the total iron and FeO, Nanofer 25S was digested in concentrated HCl and
then quantified for the total iron using the Ferrozine method, while the generated H,
after acid digestion was used to quantify Fe’ content (Hwang et al., 2014). For surface

charge measurement, a stock solution of nZVI was dispersed in M9G to obtain a final
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concentration of 0.1 ¢/L and zeta potential of nZVI was measured using a Zetasizer

(Malvern Instruments Ltd.) at 25°C.
3.2.2) Bacteria, media, and cultivation conditions.

P. putida F1 was kindly provided by Professor J. Kato from Hiroshima
University (Japan). Bacterial cells were cultivated in M9 minimal medium (further
referred as M9G) which consists of (per 1 L): Na,HPO4 12H,0, 15.05 g; KH,POy, 3 g;
NaCl, 0.5 g; NH,CL, 1 g; MgSOyq, 2 mM; CaCl,, 0.1 mM; a solution of trace elements, 1
mL; and 0.4% glucose. One hundred mL of the trace element solution consist of
H3BOy, 0.116 g; FeSO,4-7H,0, 0.278 g; ZnSO4-7H,0O 0.115 ¢; MnSO4-H,0, 0.169 g;
CuSO4-H,0, 0.038 g; CoCl,-6H,0, 0.024 g; and MoOs3, 0.01¢. The cultivation conditions

were 200 rpm and 30°C.
3.2.3) nZVI toxicity assessment

Cells from mid-log phase were harvested by centrifugation at 5,000 rpm for
15 min and washed twice with 0.85% NaCl before resuspended in M9G medium. The
bacterial cell suspension was adjusted to an initial cell concentration of 10° CFU/mL
before being exposed to 0.1, 1.0 and 5.0 ¢/L of nZVI at 150 rpm, 30°C for six hours.
Bacterial viability was monitored using the plate count technique. A control
experiment was conducted in the same manner but without nZVI addition. The
effects of 0.1 g/L of Fe(ll), Fe(lll) and 3 mg/L polyacrylic acid which is an equivalent to
3% of surfactant in Nanofer 25S, the coating material of Nanofer 25S, were also
tested in the same manner as nZVI.

The nZVI concentration of 0.1 ¢/L was selected to study the effect of
repetitive nZVI exposure to bacterial cells. In every exposure cycle, bacterial cells
previously treated with nZVI for 24 hours were diluted (1:100) with fresh M9G

medium and re-dosed with nZVI. The nZVI re-dosing cycle was conducted for ten
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times. The obtained cells were tested for their sensitivity to nZVI by exposing cells
from mid-log phase to 0.1, 1.0 and 5.0 ¢/L of nZVI at 150 rpm and 30°C for one hour.
3.2.4) Sample preparations for scanning and transmission electron
microscopy, and cell surface charge measurement.
Scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) were used to observe interactions between nZVI and bacterial cell membrane.

To prepare a SEM specimen, cells with and without nZVI exposure were washed
once with 0.85% saline solution and fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 2 hours at 4°C. Specimens were rinsed with phosphate buffer
followed by distilled water. After that, they were dehydrated with a series of ethanol
(30 to 95%), critical point dried, and coated with gold. Specimens were observed

under a scanning electron microscope (JEOL model JSM-5410LV).

Samples for TEM were prepared by the Microscopic Center, Burapha
University, Chonburi, Thailand. Briefly, bacterial cells were treated with 0.1 ¢/L nZVI
for one and six hour. Cells were then harvested and washed once with 0.85% saline
solution, before fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer. Cell
resuspension was dropped on carbon-coated Cu grid and allowed to dry before
observed under a transmission electron microscope (Philips model TECNAI 20).

For surface charge measurement, the cell concentration in M9G medium was
diluted to approximately 10° CFU/mL and zeta potential was measured using a
Zetasizer (Malvern Instruments Ltd.) at 25°C.

3.2.5) Alterations in bacterial membrane fatty acid profile

Bacterial cells were harvested by centrifugation (5,000 rpm, 15 min) and
washed once with 0.85% NaCl. Cell pellets were stored at -80°C before fatty acid
extraction. Bacterial fatty acid was extracted using the Bligh and Dyer method(Bligh

and Dyer, 1959). Cell pellets were resuspended in 0.4 mL of water. Then, 2 mL of
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chloroform and 4 mL of methanol were added followed by 1.2 mL of water. The
mixtures were vortexed and left overnight. After that, chloroform and water were
added to obtain the final ratio (by volume) of 1:1:0.9. The mixtures were centrifuged
at 1,500 rpm for 10 minutes and the upper aqueous phase was discarded. The lower
organic phase was collected. Chloroform was evaporated under a gentle stream of
nitrogen gas. The obtained lipid was resuspended in hexane and derivatized using a

5% sulfuric/methanol solution at 60°C for two hours.

Fatty acid methyl esters were analyzed by an Agilent 7000C Triple
Quadrupole GC/MS system (Agilent Technologies Inc., USA). Separation was
performed on a HP-5ms column (30 m x 0.25 mm, 0.25 pm). The initial oven
temperature was held at 120°C for 2 min, followed by ramping (10°C/min) to 200°C,
holding for 2 min, and ramping (10°C/min) to the final temperature of 280°C, which
was maintained for 5 min. The cis and trans configuration of unsaturated fatty acids

was determined using standard cis- and trans-9-hexadecenoic acids.
3.2.6) Alterations in phospholipid headgroup

Samples were extracted for their metabolites following the protocol by
Vinayavekhin(Vinayavekhin and Saghatelian, 2001). Briefly, cells were centrifuged,
washed and resuspended in M9G medium. The cell suspension was extracted with
chloroform:methanol mixture (2:1) before centrifuged to separate the organic and
aqueous phase. The obtained organic phase was then dried under nitrogen steam
before dissolved in chloroform. The samples were analyzed by LC-MS as described
by Vinayavekhin (Vinayavekhin et al., 2015). The percentage of phospholipid was

determined by following equation;

o Peak area of phospholipid of interest
%Phospholipid =

Total peak area
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3.2.7) Bacterial membrane fluidity

Membrane fluidity was investigated by measuring fluorescence polarization of
a probe compound, 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporated into the
cytoplasmic membrane. Bacterial cells were harvested, washed, and resuspended in
M9G medium to obtain ODgy of 0.2. The 0.6 mM stock solution of DPH in
tetrahydrofuran was added to obtain a final concentration of 4 uM DPH. The mixture
was shaken at 200 rpm, 30°C for 10 minutes in the dark. A spectrofluorometer was
used to measure fluorescence polarization with excitation at 360 nm and emission at
430 nm, 10- and 10-nm slit width, respectively.The fluorescent anisotropy which
inversely correlates with the fluidity of bacterial membrane was calculated according
to Mykytczuk et al. (Mykytczuk et al., 2007).

3.2.8) Statistical analysis

Experimental data were statistically analyzed using Two-way ANOVA followed
by Tukey’s multiple comparisons or Student t-test with Holm-Sidak method
(GraphPad InStat version 3.10, 32 bit for Windows, GraphPad Software, San Diego
California USA, www.graphpad.com). The standard deviation of the data was

calculated and presented as error bars.

3.3) Part 3 Emergence of phenotypic variants of P. putida F1 due to nZVI

exposure and their environmentally relevant characteristics
3.3.1) nZVI source
nZVI, Nanofer 25S, was obtained as described in section 3.2.1.
3.3.2) Bacteria, media, and cultivation conditions.

P. putida F1 strain and cultivation conditions are as described in section 4.2.2.
In addition to M9G, tryptic soy broth (TSB) and M9 medium supplemented with

toluene (vapor phase, further designated as M9T) were used.
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3.3.3) Determination of the emergence of the SCV phenotype

3.3.3.1 Effect of nZVI concentration on the emergence of the SCV

phenotype

An overnight culture of P. putida F1 were diluted (1:100) in fresh M9G before
treated with 0.1, 0.5 or 1.0 ¢/L of nZVI at shaking condition 200 rpm, 30°C. After 24
hours of nZVI exposure, cells were diluted in fresh M9G and re-exposed to nZVI at
shaking condition 200 rpm, 30°C. The exposure were repeated for three cycles. The
frequency of the SCV phenotype in each cycle was determined using the plate count
technique. At least three biological replicates were carried out to determine the
frequency of the SCV phenotype.

Due to a limitation in detecting the smaller colony occurred at low frequency
which could be hindered by the normal cells, antibiotic resistance was selected as
an indicator for the SCV phenotype. The method was adopted and modified from
Edwards (2012) (Edwards, 2012). While the growth of the normal cells of P. putida F1
was inhibited in the presence of 4 mg/L of gentamicin (gm), the stable SCV
phenotype could persist up to 4 meg/L of gm (Appendix A). Thus, the SCV phenotype
in this study is referred to P. putida F1 cells able to grow on TSB agar plate
containing 4 mg/L of gentamicin. The following equation (equation 1) was used for

the determination of the frequency of the SCV phenotype.

number of cells grown TSB plate + gm

Frequency of the SCV phenotype = equation 1

total cells

3.3.3.2 Effects of oxidative stress and different forms of iron on the

emergence of the SCV phenotype

In addition to R-nZVI, the effect of other forms or products of nZViI (i.e.

oxidized form (O-nzVI), ionic Fe(ll) and Fe(lll), on the emergence of the SCV
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phenotype was also investigated. Cells were repeatedly exposed to 0.5 ¢/L of R-nZV,
O-nZVI and soluble iron species in a similar manner as described in 5.2.3.1. To assess
the role of nZVI-mediated oxidative stress, cells were exposed to 0.5 mM of H,0,
which is the equivalent level of oxidative stress caused by exposure to 0.5 ¢/L nZVI
as determined by H,DCFDA (Appendix B). The reported frequency of the SCV
phenotype are mean of three biological replicates.

3.3.4) Characteristics of the SCV phenotype
3.3.4.1 Bacterial growth rate

An overnight culture in M9G medium was inoculated in 100 ml of M9G, M9T,
MIT supplemented with 0.1% glucose, or TSB medium at 30°C, 200 rpm. For M9T
medium, cells with toluene induction (toluene-acclimated cells) were also
investigated in comparison to non-induced cells. The optical density (OD600) was
monitored with timeand exponential growth rate (u) was calculated according to
Zeyer et al. (1985) (Zeyer et al,, 1985). For toluene induction, cells were grown in
MOT medium, toluene-acclimated cells showing growth in late-exponential phase
were used as 1%(v/v) inoculum for fresh M9T medium for monitoring their growth
The reported growth rate is a mean based on at least three independent
experiments.

3.3.4.2 Toluene tolerance

Cells were grown in TSB medium at 200 rpom until mid-exponential phase
(OD600 = 0.6). The harvested cells with an initial concentration of approximately 10°
CFU/ml were then exposed to various toluene concentrations of 25 — 870 mg/L at
200 rpm for one hour. The survival of the cells after toluene exposure was

determined by the plate count technique.
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3.3.4.3 Toluene degradation

Toluene degradation was studied using the normal and SCV cells with
toluene induction to reduce lag phase during the degradation. For toluene induction,
cells were grown in M9T medium, toluene-acclimated cells showing growth in mid-
exponential phase were harvested by centrifugation at 5,000 rpm for 15 min before
being washed twice with 0.85% NaCl and resuspended in M9 medium. Initial cell
concentration was adjusted by diluting cell resuspension to OD600 of 0.05. A toluene
degradation test was conducted in 13-ml capped vial containing 2 ml of toluene-
acclimatized culture and an initial toluene concentration of 100 mg/L. With time,
vials were sacrificed for toluene quantification.

3.3.4.4 Swimming motility

Bacterial swimming motility, a flagella-mediate bacterial movement, was
determined in semisolid agar as described by Ha et al. (2014) (Ha et al., 2014). Briefly,
bacterial cells from an overnight culture were inoculated to the center of TSB plate
containing 0.3% agar using sterile toothpick. Swimming zone size was measured after
48 hours of incubation at 30°C. The reported swimming distance is a mean of at least
two independent experiments.

3.3.4.5 Biofilm formation

An overnight culture of P. putida F1 was inoculated in fresh M9G medium and
biofilm was statically grown in a 24-well polystyrene plate at 30°C. At each time
point, cell culture was removed and the wells were washed gently three times to
remove loosely bound cells prior to air drying. The attached cells were recovered by
resuspending in sterile DI water before serially diluted and plated on TSB agar.
Biofilm amount was quantified by crystal violet staining (Thuptimdang et al., 2015).

The reported swimming distance is a mean of at least two independent experiments.
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3.3.5) Fourier transform infrared spectroscopy (FTIR) analysis

For normal cells and the irreversible SCV phenotype, cells from mig-log phase
were resuspended in M9G medium before treated with 0.1 ¢/L of nZVI. After one
hour of nZVI exposure, cells were washed and lyophilized before analyzed by FTIR.
For reversible SCV phenotype (persistent phenotype), cells were repeatedly exposed
to 0.1 ¢/L of nZVI for ten cycles. During tenth cycle, cells were cultivated until mid-
log phase before divided into two groups. One group was re-dosed with nZVI; the
another group was persistent cells without nZVI exposure. Both groups were further
cultivated for one hour before collected and washed once with deionized water to
remove the excess nZVI particles. Cells were then lyophilized and submitted for FTIR
analysis. One mg of lyophilized sample were mixed with KBr (ratio 1:100) and
analyzed by FTIR spectroscopy (Spectrum One, PerkinElmer). FTIR spectra were
collected from 400 to 4000 cm . The obtained FTIR spectra were exported to cvs
files and analyzed using the software Spekwin32 (version 1.72.2).

3.3.6) Statistical analysis

The obtained results from 5.2.3.1, 5.2.3.2 and 5.2.4.1 were statistically
analyzed using two-way ANOVA with Tukey’s test (GraphPad Prism 6.07 for Windows,
GraphPad Software, San Diego California USA, www.graphpad.com). The standard

deviation of the data was calculated and presented as error bars.
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Chapter 4
Elucidation of effects of reactive and oxidized nZVI on bacterial

membrane by proteomic analysis

4.1) Introduction

While nZVl is highly effective for contaminant removal, its extensive in-situ
application also raises a concern about its environmental impact especially impact
on environmental bacteria. It induces oxidative stress, membrane damage and
subsequently cell death (Lefevre et al., 2016). However, during the in-situ
application, the oxidation of nZVI which can occur in both aerobic and anaerobic
conditions results in various forms of products including magnetite (Fe;O,) and
maghemite (Y-Fe,05) (Liu et al,, 2014). These iron oxide/hydroxide nanoparticles have
typically been reported as non-toxic forms of nZVI as determined by insignificant
effect on bacterial viability (Auffan et al., 2008); However, considerable toxicity were

observed at high concentration of oxidized nZVI (Auffan et al., 2008).
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Contaminant intectl
source TR, . 0-nZVI

Contaminated Zone

Figure 4.1 Direct injection of reactive nZVI (R-nZVI) to contaminated site. After interact
with the contaminants, large amount of the oxidized form of nZVI (O-nZVI) may

remain in the environment.

Proteomic analysis is an approach to gain insight in the alteration in bacterial
cells upon changing environment. So far, several proteomic analyses of bacterial
cells (i.e. B. cereus (Fajardo et al., 2013), P. stutzeri (Sacca et al,, 2014) and K. oxytoca
(Sacca et al., 2013)) exposed to nZVI have been reported. Bacterial exposure to
Nanofer 25S resulted in the down-regulation of membrane-bound proteins including
transporter proteins (Sacca et al., 2014) and flagella component (Fajardo et al., 2013),
suggesting an important destructive effect of nZVI on bacterial membrane. The up-
regulation of oxidative stress response proteins, for instance, catalase (Sacca et al,,
2014) and thioredoxin (Fajardo et al., 2013), indicating the nZVI-induced oxidative
stress. However, these studies mainly focused on the reactive nZVI (R-nZVI) due to
their much higher toxicity, compared to the aged or oxidized form (O-nZVI). While O-
nZVI exposure shows no effect on cell viability, adverse effects may be on cell
function/activity. Accordingly, a comparative study of bacteria cells treated with two

forms of nzZVI, R-nZVI and O-nZVI, was conducted. GeLC-MS/MS in which bacterial
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protein lysate from each nZVI treatment was separated by SDS-PAGE, followed by
gel excision, digestion and analysis by LC-MS/MS was performed to investigate
expressed proteins upon bacterial exposure to R-nZVI and O-nZVI. P. putida KT2440,
an environmental strain with complete genome sequence (Nelson et al., 2002b), was
selected as a model bacteria. The susceptibility of Gram positive bacteria, Bacillus

subtilis 168, to nZVI exposure was also conducted.

4.2) Results and discussion
4.2.1) Effects of R-nZVI and O-nZVI on bacterial viability

The characterization of nZVI before exposure revealed that the Fe’ content in
R-nZVI was 15%, whereas no FeO was detected in O-nZVI. The Fe(ll) and Fe(lll)
contents of R-nZVI were 67% and 38%, respectively. The iron composition of O-nZVI
was 71% of Fe(lll) and 29% of Fe(ll).

R-nZVI particles are redox-active materials and their high toxicity on bacteria
has been reported (Lefevre et al,, 2016). The toxicity of O-nZVI particles as
determined by cell viability is considered low due to their limited reactivity (Auffan
et al,, 2008). Exposure to 1.0 ¢/L of R-nZVI decreased viability of P. putida KT2440 by
almost three orders of magnitude, whereas exposure to 1.0 ¢/L of O-nZVI resulted in
one order of magnitude reduction in cell viability (Figure 4.2A), indicating the
considerable toxicity of O-nZVI. Similarly, Auffan et al. (2008) reported the 90%
reduction in survival of E. coli exposed to 0.7 ¢/L of magnetite (Fe;0,4) which is one of
an oxidized forms of nZVI (Auffan et al., 2008). This is due to the generated oxidative
stress from Fe(ll) in Fe;O, (Auffan et al., 2008).

Unfortunately, resuspension of B. subtilis 168 in 5 mM carbonate buffer
resulted in the steadily decreasing viability over time (Figure 4.2B, control), due to

the autolysis of bacterial cells. However, the addition of 1.0 ¢/L R-nZVI did not affect
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cell viability indicating the limited toxicity of R-nZVI on B. subtilis cells in this study
(Figure 4.2B). According to the limitation of maintaining viability of control B. subtilis
168 experiment, the subsequent studies of effect of nZVI on bacterial cells were
mainly focused on P. putida cells.

4.2.2) Proteomic analysis

The protein patterns of bacterial cells exposed R-nZVI and O-nZVI was shown
in Figure 4.3. While the patterns of total protein and soluble protein fraction of cells
exposed to either R-nZVI or O-nZVI were not different from those of cells without
nZVI exposure, the distinctive smear bands of membrane protein fraction of r-nZVI-
treated cells was observed. This may suggests the destructive effect of R-nZVI on
bacterial membrane proteins. After SDS-PAGE analysis, protein in each lane was

sliced into 15 bands before digested and analyzed by LC-MS/MS.

According to proteomic analysis, the number of proteins from total protein
fraction detected in P. putida KT2440 cells without nZVI exposure was 3,289. When
cells were treated with 1 ¢/L of R-nZVI, 3,289 proteins were detected, whereas the
total detected proteins of cells treated with 1 ¢/L of O-nZVI were 3367 (Figure 4.4A).
Among this, 2,756 proteins were detected in all conditions (i.e. cells treated with R-
nZVI or O-nZVI as well as cells without nZVI exposure). In 401 proteins specifically
identified as Pseudomonas proteins, 359 of them were found in control experiment,
whereas 379 and 371 (Pseudomonas) proteins were detected in cells treated with R-

nZVI and O-nZVI, respectively (Figure 4.4B).
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Figure 4.2 Time-dependent effect of nZVI exposure on bacterial viability of (A) P.
putida KT2440 and (B) B. subtilis 168. Cells from mid-exponential phase were
resuspended in 5 mM carbonate buffer (pH 8.0) before treated with 1.0 ¢/L of R-nZVI
(rectangle symbol) or O-nZVI (diamond symbol). The shown values were calculated

from at least three biological replicates.
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Figure 4.3 Protein profile of P. putida KT2440 after R- and O-nZVI exposure.
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Bacterial cells were exposed to 1 ¢/L of R- and O-nZVI before extract for total
protein solution by sonication. Total protein solutions were subsequent
fractionate to obtain soluble and membrane protein solution by ultracentrifuge.
Membrane-bound protein was solubilized by SDS buffer. Ten micrograms of
each protein solution were analyzed using one-dimensional SDS-PAGE. C, R, O

represent control, R-nZVI and O-nZVI, respectively.
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A Control B Control
R-nZVI1 0O-nZVI R-nZVI 0O-nZVI1
C R-nZVI1 O-nZVI

Figure 4.4 Venn diagram illustrating the distribution of identified proteins from P.
putida KT2440 cells. (A) Total identified proteins (peptides were searched against the
NCBInr database for proteobacteria); (B) Proteins identified as Pseudomonas proteins;
and (C) Pseudomonas proteins in cells exposed to R-nZVI or O-nZVI showing altered
expression with at least 1.3-fold change, comparing to control which are cells

without nZVI exposure.
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4.2.2.1 Differentially expressed proteins in P. putida KT2440 cells after

exposed to R-nZVI and O-nZVI

Only proteins which belong to Pseudomonas and exhibit a 1.3-fold change
were presented and discussed here. The biological functions of the detected
proteins were assigned based on Uniprot, KEGG or eggnog database. Among ninety-
eight differentially expressed proteins, twenty proteins were found in both cells
treated with R-nZVI or O-nZVI (Figure 4.4C). Upon nZVI exposure, the expression of
eight proteins which four of them are located at bacterial membrane decreased.
These four membrane-bound proteins were inner membrane protein translocase
component (YidQ), aeroraxis receptor, type IV pilus assembly (PilZ) and NADH
dehydrohenase subunit. Eleven proteins were up-regulated in response to both R-
nZVI and O-nZVI exposure (Table 4.1).

DsbE is a thioredoxin-domain containing protein involved in bacterial redox
homeostasis, as well as lipoprotein biosynthesis. In addition to playing role in
maturation of cytochrome ¢, Dsb protein (sulfide bond forming) is also involved in
correct folding of membrane protein (Missiakas and Raina, 1997). Along with other
Dsb proteins, DsbE have been reported as important proteins playing roles in
bacterial resistance to (redox) metal (e.g. copper) and oxidative stress (Hiniker et al.,
2005; Stuart et al., 2013; Teitzel et al., 2006). Peptidylprolyl isomerase (PPlase family
protein encoded by fk(B-2), an enzyme facilitating protein folding in cell membrane
(Fischer, 1994), was also up-regulated. Accordingly, proteomic analysis revealed that,
regardless of their reactivity, nZVI exposure affected bacterial membrane as indicated
by the low abundance of membrane-bound proteins and the up-regulation of
proteins involved in bacterial membrane processes. The accumulation of nZVI on
bacterial membrane is believed to contribute to nZVI toxicity by interfering the
transportation of solutes including nutrients across bacterial membrane (Diao and

Yao, 2009¢). As a strong electron donor, once interacted with bacterial cells, nZVI
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adversely affect their membrane by reducing the phospholipid bilayer as well as
bound proteins (Lefevre et al., 2016). Additionally, the disturbance in membrane may
further facilitate the internalization of nZVI which could cause the intracellular
oxidative stress (Lefevre et al., 2016).

Dihydropyrimidine dehydrogenase was substantially up-regulated by 1.97- and
2.75-fold when cells were treated with R-nZVI and O-nZVI, respectively. This enzyme
or NADP-dependent dihydropyrimidine dehydrogenase subunit PreA encoded by
pydA, is an enzyme in a reductive pathway for pyrimidine degradation (Hidese et al.,
2012). Ammonia which is a degradation product of this pathway could serve as
nitrogen and carbon source for bacteria (Hidese et al., 2012). The high up-regulation
of this protein expression may indicate cell starvation. Carbamate kinase (encoded by
arcC) is an enzyme in a final step of arginine deiminase, arginine metabolism pathway
of which their final products are ammonia, CO, and ATP (Dong et al., 2002). The up-
regulation of amidase which converts amide, carboxylic acids and

The abundance of succinate dehydrogenase also increased in cells exposed
to either R-nZVI or O-nZVI. Succinate dehydrogenase (encoded by sdhA) is an
enzyme in tricarboxylic acid cycle, catalyzing the synthesis of fumarate from
succinate involves in energy production (Benndorf et al., 2006). The generated FADH,
can transfer electron, generating proton gradient thus producing ATP. The higher
expression of this protein suggests the elevated demand of energy for energy-
dependent nZVI-response mechanisms.

Polynucleotide phosphorylase/polyadenylase (encoded by pnp) is an enzyme
catalyzing nRNA degradation process. Li et al. (2015) reported the 3- to 10-fold up-
regulation of this protein in P. putida ND6 exposed to naphthalene, and proposed
that the naphthalene-induced high level of polynucleotide
phosphorylase/polyadenylase leading to the decreased nucleotide level of

naphthalene (Li et al., 2015b).
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The interaction between nZVI particles and bacterial membrane is a critical
step for nZVI toxicity (Chaithawiwat et al.,, 2016a; Lefevre et al., 2016). Despite
extensive graphical evidence revealing the interaction between nZVI and bacterial
cells (Auffan et al., 2008; Fajardo et al,, 2013; Lee et al., 2008a; Sacca et al.,, 2014),
studies on nZVI-induced membrane damage are limited. Similar to our observation,
the exposure of P. stutzeri to 5 ¢/L of nZVI (Nanofer 25S) significantly affects the
abundance of membrane-bound proteins especially transporter proteins (Sacca et
al., 2014), while the down-regulation of proteins involved in cell motility and
peptidoglycan biosynthesis was observed in nZVI-treated B. cereus (Fajardo et al,,
2013).

During in-situ injection of nZVI, nZVI particles rapidly aggregate and settle
(Phenrat et al., 2007), resulting in high concentration of nZVI particles accumulated
around injection point and limited contaminant removal efficiency (Vecchia et al,,
2009). This suggested the potential of severe damage on surrounding microorganisms.
Several approaches have been reported to enhance the colloidal stability of nZVi,
thus increasing their mobility throughout the contaminated sites (Laumann et al,,
2014, Phenrat et al., 2009a; Saleh et al., 2008; Vecchia et al., 2009). The greater
traveling distance may also increases chance of indigenous bacteria getting contacted
with migrated nZVI (Stefaniuk et al., 2016).

In addition to membrane damage, bacterial exposure to either R-nZVI or O-
nZVI results in the altered expressions of proteins involved in protein biosynthesis

indicating the nZVI-induced protein damage.



Table 4.1 Expressed proteins in P. putida KT2440 cells after exposed to R-nZVI and
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O-nzVi
Protein ID Details TR/ | TO/ | Subcellula | Function®
TC* | T€” | r location®

gi|26986751 putative inner membrane protein translocase 0.75 | 0.31 ™M M
component YidC
[Pseudomonas putida KT2440]

gi|26988588 elongation factor P 0.59 | 0.35 C J
[Pseudomonas putida KT2440]

ci[71733714 histone deacetylase 0.44 | 0.50 C BQ
[Pseudomonas syringae pv. Phaseolicola 1448A]

gi|26988981 aerotaxis receptor 0.58 | 0.54 M N
[Pseudomonas putida KT2440]

gi[26991326 type IV pilus assembly PilZ 0.76 | 0.68 ™M N W
[Pseudomonas putida KT2440]

gi|148547037 | phenylhydantoinase 0.70 | 0.72 C S
[Pseudomonas putida F1]

gi[26990820 NADH dehydrogenase subunit | 0.69 | 0.72 M C
[Pseudomonas putida KT2440]

¢il148545524 | phosphoenolpyruvate carboxykinase 0.73 | 0.73 C G
[Pseudomonas putida F1]

qi|77457348 phosphopyruvate hydratase 1.34 | 0.77 /M G
[Pseudomonas fluorescens Pf0-1]

gi|26991554 50S ribosomal protein L9 1.32 | 1.30 C J
[Pseudomonas putida KT2440]

gi|313110692 | linear gramicidin synthetase subunit D 1.64 | 1.32 U S
[Pseudomonas aeruginosa 39016]

gi|170721726 | amidase 1.37 | 1.34 C S
[Pseudomonas putida W619]

gi|26990883 succinate dehydrogenase flavoprotein subunit 1.32 | 1.35 @Y caG
[Pseudomonas putida KT2440]

¢i|330982087 | conjugal transfer coupling protein TraG 1.30 | 1.36 U S

[Pseudomonas syringae pv. Aptata str. DSM

50252]
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gi|26987735 carbamate kinase 141 | 1.42 C E

[Pseudomonas putida KT2440]

qi|325276169 | polynucleotide phosphorylase/polyadenylase 132 | 146 C F

[Pseudomonas sp. TJI-51]

gi|26988446 FKBP-type peptidylprolyl isomerase 141 | 161 C O

[Pseudomonas putida KT2440]

gi|289677441 | regulatory protein, GntR 135 | 1.71 C EK

[Pseudomonas syringae pv. Syringae FF5]

gi|312962225 | thiol:disulfide interchange protein DsbE 1.35 | 1.82 ™M co

[Pseudomonas fluorescens WH6]

gi|26990740 dihydropyrimidine dehydrogenase 1.97 | 2.75 C FC

[Pseudomonas putida KT2440]

a
Fold change of differentially expressed proteins in cells treated with 0.1 ¢/L of R-nZVI in comparison to cells

without nZVI exposure

* Fold change of differentially expressed proteins in cells treated with 0.1 ¢/L of O-nZVI in comparison to cells
without nZVI exposure

“Subcellular localization: C, Cytoplasmic; CM, Cytoplasmic membrane; OM, Outer membrane; T, Transmembrane;
U; Unknown

? The abbreviations represent the classification of the Cluster of Orthologous Groups (COG) categories: Un: No
related COGs and hypothetical proteins, C: Energy production and conversion, D: cell division and chromosome
partitioning, E: Amino acid transport and metabolism, F: Nucleotide transport and metabolism, G: Carbohydrate
transport and metabolism, H: Coenzyme metabolism, I: Lipid metabolism, J: translation, ribosomal structure and
biogenesis, K: Transcription, L:DNA replication, recombination and repair, M: Cell envelope biogenesis, outer
membrane, N: cell motility and secretion, O: post translational modification, protein turnover, chaperones, P:
inorganic ion transport and metabolism, Q: secondary metabolites biosynthesis, transport and catabolism, R:
general function prediction only, S: function unknown, T: signal transduction mechanisms, U: Intracellular

trafficking, secretion and vesicular transport
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4.2.2.2 Differentially expressed proteins only in cells exposed to R-nZVI

Thirty five proteins were expressed only in cells exposed to R-nZV,
comparing to cells without nZVI exposure (Figure 4.4C). The expressions of twenty
two proteins were down-regulated, of which the altered expressions of five proteins
were more than 1.5-fold change (Table 4.2). Bacterial exposure to R-nZVI resulted in
the reduced protein biosynthesis since proteins related amino acid biosynthesis and
translation process are among the major down-regulated proteins.

While nZVI-induced oxidative stress has been proposed as a main nZVI
toxicity mechanism and the presence of antioxidant enzyme is essential for cell
viability (Auffan et al., 2008; Chaithawiwat et al., 2016b), the down-regulation of
catalase, an antioxidant enzyme, was observed in cell treated with R-nZVI (Table 2).
Fajardo et al. (2013) proposed that the insignificant level of catalase upon the
exposure of Bacillus cereus to nZVI may indicate that the ROS other than H,0,
played a role in nZVI toxicity (Fajardo et al., 2013). The abundance of catalase
depends on the concentration of H,0, as well as the exposure time (Chaithawiwat et
al., 2016b).

The decreased abundance of proteins involved in energy production were
also observed (Table 2). Isocitrate dehydrogenase is an enzyme in TCA cycle
catalyzing the conversion of isocitrate to Ql-ketoglutarate, generating NADH and CO..
Dihydrolipoamide acetyltransferase (acef) is a component in pyruvate
dehydrogenase complex catalyzing the conversion of pyruvate to acetyl-coA (de Kok
et al,, 1998); Acetyl-coA which could also be generated from acetate by Acetyl-coA
synthetase, will enter TCA cycle. The generated NADH from TCA cycle passes
electron to the electron transport chain, generating energy. The down-regulation of
NADH dehydrogenase which is a membrane-bound component that shuttles electron

from NADH was also observed.
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Bacterial exposure to R-nZVI resulted in the up-regulation of 13 proteins
(Table 4.2). Interestingly, eight of the up-regulated proteins are membrane-located
proteins, contributing to the transportation of solute across membrane. Rare
lipoprotein B (encoded by (ptE), a protein important for lipopolysaccharide assembly,
was also up-regulated. In contrast to previously mentioned enzymes in TCA cycle,
fumarate hydratase or fumarase, an enzyme catalyzing the conversion of fumarate to
malate in TCA cycle, was up-regulated upon R-nZVI exposure.

Several proteins involved TCA cycles, for example, succinate dehydrogenase,
aconitase and fumarase (fumA), are target for oxidative attack due to the presence of
iron-sulfur which is prone to oxidation (Chenier et al., 2008). In contrast to fumarase
(fumA), the up-regulation of fumcC, which encodes for iron-independent fumarase, is
induced by the exposure to superoxide (Park et al., 2006). In E. coli, the expression of
fumC is regulated by soxRS regulon. The oxidation at [2Fe-S2] cluster of SoxR, for
example, by H,O, exposure, induces the expression of soxS (encoding for SoxS
protein), which SoxS further control the expression of genes related to oxidative
stress response (Kim and Park, 2014). The exposure of P. putida KT2440 to
superoxide induced the expression of fumC but independent of SoxR (Park et al.,
2006). However, in this study, the dramatic up-regulation of fumarase encoded by
fumA (1.74-fold change) in cells treated with R-nZVI was observed. Even though, the
down-regulation of proteins involves in TCA cycle suggests the effect of R-nZVI-
induced oxidative stress, the reason of the up-regulated fumarase encoded by fumA
is still unclear.

Dihydrodipicolinate reductase (dapB) is an NADH/NADPH-dependent enzyme
in lysine biosynthesis via the Diaminopimelate pathway (DAP) (Cox, 1996). Lysine is
essential for protein synthesis (Cox, 1996; Hutton et al., 2007). Besides, lysine and
meso-diaminopimelate (meso-DAP), which is an intermediate of the DAP pathway,

are necessary for bacterial peptidoglycan synthesis (Cox, 1996; Hutton et al., 2007).
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Both two subunits of glycine-tRNA ligase (glyS and ¢lyQ) or glycyl-tRNA synthetase
were also down-regulated in cells treated with R-nZVI. Aminoacyl-tRNA synthetases
are enzymes that match tRNA to the corresponding amino acids (Ling et al., 2009).
The obtained aminoacyl-tRNA is further delivered to the ribosome for translation
process (peptide synthesis) by elongation factor TU (Ling et al., 2009). The down
regulation of this protein may suggest the reduced protein synthesis efficiency since

this protein plays role in protein translation fidelity.
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[Pseudomonas entomophila L48]

Protein ID Details TR/TC Subcellular | Function®
location”

gi|76556191 RNA polymerase beta subunit 0.43 C K
[Pseudomonas avellanae]

gi|26986805 Glycine—tRNA ligase beta subunit 0.59 C EJ
[Pseudomonas putida KT2440]

gi|26987139 serine protein kinase PrkA 0.59 C T
[Pseudomonas putida KT2440]

gi[26991408 dihydrodipicolinate reductase 0.59 C E
[Pseudomonas putida KT2440]

gi|26989191 50S ribosomal protein L20 0.63 C J
[Pseudomonas putida KT2440]

gi|26990716 isocitrate dehydrogenase 0.68 U C
[Pseudomonas putida Kt2440]

gi|26986806 Glycine—tRNA ligase alpha subunit 0.69 C EJ
[Pseudomonas putida KT2440]

gi[26987190 30S ribosomal protein S12 0.69 C J
[Pseudomonas putida KT2440]

gi|26987921 two-component response regulator PhoP 0.69 C T
[Pseudomonas putida KT2440]

gi[26990379 catalase/peroxidase HPI 0.73 C p
[Pseudomonas putida KT2440]

gi[26991173 acetyl-CoA synthetase 0.73 C
[Pseudomonas putida KT2440]

gi|26988529 GDP-mannose 4,6-dehydratase 0.74 C M
[Pseudomonas putida KT2440]

¢i|66047582 hypothetical protein 0.74 T un
[Pseudomonas syringae pv. Syringae B728a]

¢i|26987220 DNA-directed RNA polymerase subunit alpha 0.75 C K
[Pseudomonas putida KT2440]

gi|26991204 TolC family type | secretion outer membrane 0.75 OM M
protein [Pseudomonas putida Kt2440]

gi|104782526 NADH dehydrogenase subunit G 0.76 ™M C
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gi|26987080 dihydrolipoamide acetyltransferase 0.76 C C
[Pseudomonas putida KT2440]

¢i|148549015 ribonuclease 0.76 C K
[Pseudomonas putida F1]

gi|26988805 NAD-glutamate dehydrogenase 0.76 ™M S
[Pseudomonas putida KT2440]

gil26991411 heat shock protein GrpE 0.77 C )
[Pseudomonas putida KT2440]

gi|146306187 ABC transporter-like protein 0.77 M G
[Pseudomonas mendocina ymp]

gi[26991172 cationic amino acid ABC transporter periplasmic 0.77 ™M E
binding protein
[Pseudomonas putida KT2440]

gi|26991855 spermidine/putrescine ABC transporter ATPase 1.30 M E
[Pseudomonas putida KT2440]

gi|26987211 50S ribosomal protein L18 1.31 C J
[Pseudomonas putida KT2440]

¢i|148546410 17 kDa surface antigen 1.32 OM S
[Pseudomonas putida F1]

gi|229589165 phosphoserine aminotransferase 1.32 C E
[Pseudomonas fluorescens SBW25]

¢i[330966208 hypothetical protein PSYAC 16496 1.35 U Un
[Pseudomonas syringae pv. Actinidiae str.
M302091]

gi|26991882 secretion protein HlyD family protein 1.36 M U
[Pseudomonas putida KT2440]

¢i|28868589 type Ill helper protein HrpAl 1.37 C/E S
[Pseudomonas syringae pv. Tomato str. DC3000]
pili

gi|26988518 hypothetical protein 1.40 U Un
[Pseudomonas putida KT2440]

gi|229592159 histidine transport ATP-binding protein 1.41 ™M E
[Pseudomonas fluorescens SBW25]

gi|26987912 ribonucleotide-diphosphate reductase subunit 1.42 C F

beta
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[Pseudomonas putida KT2440]

gi|26991475 rare lipoprotein B 1.47 oM M

[Pseudomonas putida KT2440]

gi|26987633 Fe-S type, tartrate/fumarate subfamily hydro- 1.74 C C
lyase subunit alpha

[Pseudomonas putida KT2440]

gi|26991353 OmpA/MotB domain-containing protein 1.87 OM M

[Pseudomonas putida KT2440]

* Fold change of differentially expressed proteins in cells treated with 0.1 ¢/L of R-nZVI in comparison to cells
without nZVI exposure

bSubcettular localization: C, Cytoplasmic; CM, Cytoplasmic membrane; OM, Outer membrane; T, Transmembrane;
U; Unknown

¢ The abbreviations represent the classification of the Cluster of Orthologous Groups (COG) categories: Un: No
related COGs and hypothetical proteins, C: Energy production and conversion, D: cell division and chromosome
partitioning, E: Amino acid transport and metabolism, F: Nucleotide transport and metabolism, G: Carbohydrate
transport and metabolism, H: Coenzyme metabolism, I: Lipid metabolism, J: translation, ribosomal structure and
biogenesis, K: Transcription, L:DNA replication, recombination and repair, M: Cell envelope biogenesis, outer
membrane, N: cell motility and secretion, O: post translational modification, protein turnover, chaperones, P:
inorganic ion transport and metabolism, Q: secondary metabolites biosynthesis, transport and catabolism, R:
general function prediction only, S: function unknown, T: signal transduction mechanisms, U: Intracellular

trafficking, secretion and vesicular transport
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4.2.2.3 Differentially expressed proteins only in cells exposed to O-nZVI

Forty three proteins were expressed only in cells exposed to O-nZVI,
(compared to cells without nZVI exposure); eleven of them showed a fold-change >
1.5. Three of the expressed proteins were identified as hypothetical protein with
unknown function. The abundance of eleven proteins decreased in cells treated with
O-nzVI (Table 4.3). Bacterial exposure to O-nZVI caused the up-regulation of thirty-
two proteins.

Similar to cells treated with R-nZVI, the expressions of proteins involved in
protein biosynthesis were markedly affected by O-nZVI; three proteins were down-
regulated and ten proteins were up-regulated. All the down-regulated proteins were
ribosomal subunit proteins; the up-regulated proteins included proteins involved in
amino acid biosynthesis and transportation, and translation process. This results
suggested the notable effect of O-nZVI exposure on bacterial protein biosynthesis
process.

The bacterial stress response proteins namely Dnal and cold shock protein
are among down-regulated proteins. However, exposure to O-nZVI increased the
expression of heat shock protein 33 (Hsp33). Hsp33 is a cytoplasmic chaperone
rapidly acts on the oxidatively damaged proteins, preventing their aggregation
(Ruddock and Klappa, 1999). Since this protein functions in ATP-independent
manner, it has been proposed that this protein acts as an urgent response by binding
to oxidized protein until the suitable redox potential is restored and that other ATP-
dependent chaperone proteins can function (Ruddock and Klappa, 1999).

Beside the down-regulation of beta-ketothiolase, an enzyme catalyzing the
conversion of acetoacetyl-coA to acetyl-coA, six other proteins related to energy
production which are subunit of FOF1 ATP synthase, alcohol dehydrogenase,
carbohydrate kinase, dihydrolipoamide acetyltransferase, succinate dehydrogenase

and glucose-6-phosphate isomerase were up-regulated. The expression of glucose-6-
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phosphate isomerase increased by 2.17 fold compared to cells without nZVI
treatment. This enzyme is an important enzyme connecting the different pathways
for glucose metabolism by interconverting the glucose-6-phosphate and fructose-6-
phosphate (Dos Santos et al., 2004). The addition of Fe(lll) has been reported to
increase the activity of this enzyme (Yoon et al., 2009).

Two proteins involved in bacterial cell wall biosynthesis were up-regulated.
The expression of glucose-1-phosphate thymidilyltransferase increased by 1.58-fold,
compared to cells without nZVI treatment. This enzyme catalyzes the first step of
deoxy-thymidine di-phosphate (dTDP)-L-rhamnose biosynthesis, which is the
precursor of L-rhamnose, a main component of bacterial lipopolysaccharide
(Blankenfeldt et al., 2000). The up-regulation of D-ala-D-ala-carboxypeptidase
expression with 1.37-fold change was observed. This enzyme is for peptidoglycan
biosynthesis and its role in bacterial response to several stresses including metal
toxicity has been reported (Principe et al., 2009).

Exposure to O-nZVI also caused the notably alteration in the expression of
proteins involved in nucleotide, DNA biological processes (Table 4.3). These proteins
include DNA-directed RNA polymerase, DNA polymerase I, adenylsuccinate lyase,
phosphoribosylglycinamide formyltransferase, RNA polymerase sigma factor (RpoD)
and ribonucleotide-diphosphate reductase. DNA-directed PNA polymerase or RpoB
catalyzes the RNA synthesis from DNA template of which important for ribosome
biosynthesis, whereas ribonucleotide-diphosphate reductase catalyzes the formation
of deoxyribonucleotides which is further used in DNA synthesis. DNA polymerase |I
(Pol-Il encoded by polB) is an enzyme involved in DNA replication. This enzyme is a
part of SOS regulon functioning in response to DNA damage. However, the up-
regulation of Pol-Il has been reported to enhance the spontaneous untargeted

mutagenesis in E. coli cells (Al Mamun, 2007).
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Adenylosuccinate lyase (ASL) is an enzyme in purine biosynthesis pathway
which is important for cell replication. In addition, this enzyme also involved in
cellular metabolism since fumarate which is the product from ASL-catalyzed purine
biosynthesis is the intermediate of TCA cycles (Tsai et al., 2007). The up-regulation of
succinate dehydrogenase, an enzyme catalyzing the conversion of succinate to
fumarate, potentially enhances the amount of fumarate (Table 4.3). Fumarate can be
further converted oxaloacetate and citrate which can acts a metal chelation thus
reducing metal toxicity (Auger et al., 2016; Auger et al., 2013). However, the up-
regulation of enzymes, for example, fumarase, malate dehydrogenase or citrate
synthase was not observed in this study.

While the exposure caused the notably adverse effect, as determined by the
decreased abundance, on proteins involved in energy transduction and protein
biosynthesis processes (Table 4.2), bacterial exposure to O-nZVI induced the up-
regulation of proteins in response to occurred damages which are chaperone protein,
bacterial cell wall modification and enhanced protein biosynthesis (Table 4.3). In

addition, the effect of O-nZVI on nucleotide biological processes was also observed.
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Table 4.3 Expressed proteins only in P. putida KT2440 cells exposed to O-nZVI

[Pseudomonas stutzeri A1501]

. Subcellular .
Protein ID Details TO/TC b Function
location

beta-ketothiolase

gi|26990459 0.60 C
[Pseudomonas putida KT2440]
50S ribosomal protein L1

gi|26987185 0.62 C J
[Pseudomonas putida KT2440]
DnaJ domain-containing protein

qi|71737742 0.69 T o)
[Pseudomonas syringae pv. Phaseolicola 1448A]
type Il effector protein AvrE1l

gi|237799979 0.70 U S
[Pseudomonas syringae pv. Oryzae str. 1_6]
phosphoglyceromutase

gi[26991732 0.72 C G
[Pseudomonas putida KT2440]
30S ribosomal protein S7

gi|26987191 0.73 C J
[Pseudomonas putida KT2440]
hypothetical protein G1E_08484

gi|325273007 0.74 ™M Un
[Pseudomonas sp. TJI-51]
hypothetical protein

gi|26987867 0.75 oM M
[Pseudomonas putida KT2440] slyB
Cold shock protein (cspD gene product)

gi[26990715 0.75 C KO
[Pseudomonas putida KT2440]
ABC transporter ATP-binding protein

¢i|26987410 0.76 C S
[Pseudomonas putida KT2440]
50S ribosomal protein L7/L12

gi|26987187 0.77 U J
[Pseudomonas putida KT2440]
cysteine synthase

¢i|66044828 1.30 C E
[Pseudomonas syringae pv. Syringae B728a]
FOF1 ATP synthase subunit B

gi|[26992092 1.30 ™M C
[Pseudomonas putida KT2440]
DNA-directed RNA polymerase subunit beta’

gi|26987189 1.30 C K
[Pseudomonas putida KT2440]
aminotransferase AlaT

gi|26988602 1.30 C E
[Pseudomonas putida KT2440]
ribosomal RNA large subunit methyltransferase N

gi|146282579 1.31 C J




82

DNA polymerase |I

gi|104782409 1.31 L
[Pseudomonas entomophila L48]
30S ribosomal protein S10

gil26987194 1.32 J
[Pseudomonas putida KT2440]
hypothetical protein

gi|15600220 1.32 Un
[Pseudomonas aeruginosa PAO1]
Short chain alcohol dehydrogenase (adhA gene

¢i|26990544 product) 1.32 C
[Pseudomonas putida KT2440]
ABC transporter protein, ATP binding component

gi|320324638 1.32 M
[Pseudomonas syringae pv. Glycinea str. BO76]
carbohydrate kinase

gi|15598775 1.33 C
[Pseudomonas aeruginosa PAO1]
30S ribosomal protein S10

6i|26987194 1.34 J
[Pseudomonas putida KT2440]
dihydrolipoamide acetyltransferase

gi|15600209 1.35 C
[Pseudomonas aeruginosa PAO1]
adenylosuccinate lyase

gi|26990721 1.35 F
[Pseudomonas putida KT2440]
phosphoribosylglycinamide formyltransferase

¢i|26988190 1.35 F
[Pseudomonas putida KT2440]
urea amidolyase-like protein

gi|146305738 1.36 l, E
[Pseudomonas mendocina ymp]
hypothetical protein PFL_0033

gi|70733546 1.36 Un
[Pseudomonas protegens Pf-5]
D-ala-D-ala-carboxypeptidase

gi|26991483 1.37 M
[Pseudomonas putida KT2440]
general amino acid ABC transporter ATP-binding

¢i|26988035 protein 1.39 E
[Pseudomonas putida KT2440]
achromobactin transport system permease protein
ChrC

¢i|257484336 1.41 Un
[Pseudomonas syringae pv. Tabaci str. ATCC
11528]

gi|26987129 RNA polymerase sigma factor RpoD 1.42 K
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[Pseudomonas putida KT2440]

50S ribosomal protein L3

[Pseudomonas putida KT2440]

gi|148545739 1.43 J
[Pseudomonas putida F1]
ribonucleotide-diphosphate reductase subunit

gi|26987914 1.44 F
alpha [Pseudomonas putida KT2440]
short chain dehydrogenase (ycik gene product)

gi|26988494 1.57 S
[Pseudomonas putida KT2440]
glucose-1-phosphate thymidylyltransferase

gi|26988514 1.58 M
[Pseudomonas putida KT2440]
elongation factor Tu

gi|330984350 | [Pseudomonas syringae pv. Lachrymans str. 1.60 J
M301315]
heat shock protein 33

6i|26986995 1.63 o)
[Pseudomonas putida KT2440]
hypothetical protein PSPA7 2835

gi|152984128 1.63 Un
[Pseudomonas aeruginosa PAT]
succinate dehydrogenase iron-sulfur subunit

gi|26990882 1.81 C
[Pseudomonas putida KT2440]
Glutamine synthetase

gi[26991722 1.93 E
[Pseudomonas putida KT2440]
glucose-6-phosphate isomerase

gi|26991385 217 G
[Pseudomonas putida KT2440]
PhoH family protein

gi|26988026 2.76 E

° Fold change of differentially expressed proteins in cells treated with 0.1 g/L of O-nZVI in comparison to cells

without nZVI exposure

bSubcellular localization: C, Cytoplasmic; CM, Cytoplasmic membrane; OM, Outer membrane; T, Transmembrane;

U; Unknown

“ The abbreviations represent the classification of the Cluster of Orthologous Groups (COG) categories: Un: No

related COGs and hypothetical proteins, C: Energy production and conversion, D: cell division and chromosome

partitioning, E: Amino acid transport and metabolism, F: Nucleotide transport and metabolism, G: Carbohydrate

transport and metabolism, H: Coenzyme metabolism, I: Lipid metabolism, J: translation, ribosomal structure and

biogenesis, K: Transcription, L:DNA replication, recombination and repair, M: Cell envelope biogenesis, outer

membrane, N: cell motility and secretion, O: post translational modification, protein turnover, chaperones, P:

inorganic ion transport and metabolism, Q: secondary metabolites biosynthesis, transport and catabolism, R:
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general function prediction only, S: function unknown, T: signal transduction mechanisms, U: Intracellular

trafficking, secretion and vesicular transport

4.3)  Summary

When fresh or R-nZVI particles are injected to the contaminated site, they can
readily interact with various chemicals including the contaminants and remain in the
oxidized form (O-nZVI) in the environment. Bacterial exposure to 1.0 ¢/L of R-nZVI
resulted in the three-order of magnitude reduction in the viability of P. putida
KT2440, an environmental bacterium. Bacterial exposure to 1.0 ¢/L of O-nZVI which
mainly consists of Fe(lll) decreased cell viability by one-order of magnitude.
Proteomic analysis of cell treated with nZVI revealed that both forms of nZViI
extensively damage bacterial membrane particularly membrane-bound proteins as
indicated by the low abundance of membrane proteins, compared to cell without
nZVI exposure. Proteins related to bacterial protein biosynthesis were highly affected
by nZVI exposure. These proteins include proteins in amino acid biosynthesis
pathway, ribosomal subunit and elongation factor which involved in translation
process. The up-regulation of proteins playing role in folding of membrane proteins
accentuates the potential of nZVI-induced damage on membrane-bound proteins.
Oxidative stress has been reported as a major mechanism of nZVI toxicity, this could
explain the down-regulation of proteins involved TCA cycles upon bacterial exposure
to R-nZVI. However, the evidence for antioxidant enzyme was not observed. During
their in-situ injection, nZVI particles tend to aggregate around injection point. The
notable nZVI toxicity likely limited to bacteria surrounding injection since the contact
between nZVI particles and bacterial cells is important for nZVI toxicity. However, the
migration of nZVI may poses damage on bacteria residing in distant area from

injection point. The recovery of O-nZVI following in-situ remediation should be taken
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into concern since the contact with O-nZVI can also cause a considerable damage to

bacterial cells.
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Chapter 5
Bacterial response to short-term and repetitive nZVI exposure:

Modification in bacterial membrane

5.1) Introduction

For in situ application of nZVI, iron nanoparticles have been introduced to the
contaminated sites using various strategies, for instance, single direct injection, re-
circulation of nZVI-amended groundwater with nZVI re-dosing or multiple-time
injection of nZVI (Grieger et al., 2010; Henn and Waddill, 2006; Singh and Bose, 2015)
as well as construction of nZVI-containing reactive permeable wall. In order to
maintain the efficacy of heavy metal immobilization, nZVI re-dosing has also been
proposed (Su et al., 2014). The nZVI re-dosing if practiced will likely result in an
extensive amount of nZVI released into and retained in the environment leading to a

concern on potential impact on organisms.

Nanoscale zero valent iron particles were reported to cause adverse effects
to microorganisms, aquatic organisms, terrestrial organisms, and mammalian cells
(Stefaniuk et al., 2016). Focusing on microorganisms which are the key players in
many environmental processes and prone to environmental changes, the level of
nZVI toxicity ranges from altering bacterial activities (Jiang et al., 2015; Kumar et al,,
2014; Velimirovic et al., 2015) to the reduction in cell viability (Auffan et al., 2008;
Diao and Yao, 2009¢; Kim et al.,, 2010; Lee et al.,, 2008a). Oxidative stress largely
contributes to nZVI toxicity in microorganisms. Fe’ in nzVI particle can directly
transfer electron to the oxygen molecule generating hydrogen peroxide (Auffan et al,,
2008). The oxidized forms of Feo, Fe(ll) and Fe(lll) species, can further interact with
hydrogen peroxide, generating more reactive oxygen species (ROS) which can attack

bacterial biomolecules such as DNA, proteins and lipids (Sevcu et al., 2011).
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In addition to nZVI-induced oxidative stress, the interaction between bacterial
membrane and the iron particles also remarkably attributed to nZVI toxicity on
microorganisms and membrane is believed to be a critical step of nZVI toxicity
(Chaithawiwat et al., 2016a; Chen et al,, 2011b; Lefevre et al., 2016; Li et al., 2010;
Popova et al., 2008). Bacterial cytoplasmic membrane, a phospholipid bilayer with
embedded protein, serves as a protective layer for cell and provides a site for many
cellular processes. During nZVI exposure, iron nanoparticles tend to attach to
bacterial membrane, disrupting membrane composition, interfering membrane
functionality and promoting the iron-induced intracellular oxidative stress (Lefevre et
al., 2016). Sacca et al. reported the down-regulation of the membrane-bound nitrite
reductase indicating the susceptibility of membrane-bound protein to nZVI attack
(Sacca et al., 2014). The same study revealed the up-regulation of O-aminolevulinic
acid dehydratase after nZVI exposure, suggesting the higher production of heme
group which could reduce hydrogen peroxide as well as scavenge the excess
intracellular iron (Sacca et al., 2014). Chaithawiwat et al. reported that while a
suspension of 1 ¢/L of nZVI reduced the number of £. coli JM109 by 90%, the filtrate
of the suspension did not significantly affect bacterial viability (Chaithawiwat et al.,
2016a). This observation accentuates the significance of nZVI-membrane interaction

in the toxicity mechanism.

Previous studies on nZVI toxicity focused on the batch-based effect of nZVI
(Jang et al., 2014; Lefevre et al., 2016). Some nZVI application strategies and the
proposed nZVI re-dosing if practiced will likely result in repetitive exposure patterns.
Repetitive exposure of organisms to stress may strengthen them through the
adaptation while the cumulative effect may weaken them (Reinert et al., 2002;
Simonin et al., 2016; Simonin and Richaume, 2015). So far, there has been only one
report on the effect of sequential exposure of nZVI on bacteria. Ma et al. studied the

effect of sequentially increased concentration of nanoparticles, including nZVI, on
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microbial community, but no significant impact was found due to the aggregation of

nZV!l (Ma et al., 2015).

Due to the limited information regarding the exposure pattern of
environmental bacteria to nZVI, herein, the effect of repetitive nZVI exposure was
investigated. Susceptibility of bacterial cells to batch and repetitive exposure to nZVI
was compared. Despite substantial studies regarding nZVI-mediated membrane
damages, bacterial ability to adapt themselves to membrane damage is still unclear.
Bacterial membrane is a dynamic layer capable to quantitatively and/or qualitatively
adjust their compositions e.g. fatty acids, phospholipid headgroups, or membrane
proteins in response to the disturbance in membrane layer (Murinova and Dercova,
2014; Zhang and Rock, 2008). This study evaluates the changes in fatty acid profile as
well as phospholipid headgroup of bacterial membrane exposed to nZVI. Membrane
fluidity which is a biophysical property associated with the composition of bacterial
membrane and important for bacterial survival (Murinova and Dercova, 2014) was
also investigated. P. putida F1, which is a degrader for several contaminants including
toluene and trichloroethylene(Wackett and Gibson, 1988) was selected as a model

strain.

5.2) Results and discussion
5.2.1) nZVI characteristics

The toxicity of nanoparticles is known to depend on their physicochemical
properties including size (Raghupathi et al., 2011), surface properties, and the
reactivity of the particles (Phenrat et al., 2009¢), which are influenced by the
environmental matrix. While the primary size of pristine nZVI is in a nanometer range,
nZVI particles can react and/or interact with environmental constituents such as Ca2+,

resulting in rapid aggregation in natural water (i.e. groundwater and seawater) and
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formation of micro-sized aggregates during in situ applications (Adeleye et al., 2013;
Keller et al., 2012). The nanoparticle aggregates were reported to cause lower toxicity
than the pristine nanoparticles due to their lower reactive surface area for interaction
(Lowry et al,, 2012). In this study, in order to diminish the complexity from the
organic matter in the biological medium, M9G medium was selected. Based on the
dynamic light scattering, Nanofer 25S resuspended in M9G medium gave a z-average
hydrodynamic size of 5,064 + 308 nm and polydispersity index of 0.52 + 0.05,

indicating the broad-size aggregation of iron nanoparticles in M9G medium.

Considering the length of exposure time, the Fe’ and Fe(ll) contents, which
are mainly accountable for nZVI reactivity, were investigated. Prior to the exposure,
the main iron species of Nanofer 25S was Fe(ll) which contributed to 52.4 + 1.4% of
total iron, whereas FeO and Fe(lll) contents were 29.3 + 3.0% and 18.3 + 1.6%,
respectively (Figure 5.1). After one hour of exposure, Fe(lll) became the major iron
species which contributed to 95.6 + 0.48%, while Fe(ll) decreased to 4.4 + 0.48 and
no Fe’ was detected. This indicates that the reactive time of Nanofer 255 in this
study is considerably short, compared to the reported 2-hour lifetime of nZVI under

aerobic condition(Li et al., 2010).

The surface charge of nZVI is one of the factors affecting the interaction
between nZVI and bacterial cells. The surface charge of nZVI was determined by
measuring their zeta potential. The nZVI particles resuspended in M9G medium (at
pH 7) for one and six hours exhibited negative charges of -37.93 + 0.38 mV and -

29.03 + 0.47 mV, respectively.
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Figure 5.1 Percentage of the iron content of nZVI as a function of time. The inset

graph shows the percentage of iron species within one hour.



91

5.2.2) Rebound in bacterial viability after prolongation of nZVI exposure

Similar to many nZVI toxicity studies, the effect of nZVI on P. putida F1
viability is dose-dependent (Lefevre et al., 2016), as shown in Figure 5.2. Within one
hour of exposure to 0.1 and 1.0 ¢/L of nZVI, the viability of P. putida F1 decreased
by 2.6 and 3.3 order of magnitude, respectively. The one-hour exposure to 5.0 ¢/L
nZVI decreased cell viability by 2.2 order of magnitude and completely eradicated
bacterial viability after prolonged exposure, indicating the lethal dose for bacteria in
this study. Exposure to 0.1 g¢/L of Fe(ll), Fe(lll) or polyacrylic acid, a coating material of
Nanofer 25S, did not substantially reduce bacterial viability (Figure 5.3), suggesting

that the reduction in cell viability was mainly caused by the iron nanoparticles.

1 =e~Untreated Cells

Log (C,/C,)

Time (hr)

Figure 5.2 Time-dependent survival of P. putida F1 cells after nZVI exposure. Cells
from the mid-log phase with an initial concentration of 10° CFU/ml were exposed
to (@) 0.1 ¢/L, (M) 1.0 ¢/L. The control experiment without nZVI addition is

indicated by (O).The shown values were calculated from at least three biological

replicates.
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Exposure conditions is a critical factor for determining and interpreting the
environmental impact of nanoparticles(Holden et al., 2016). While 5.0 ¢/L of Nanofer
25S completely inactivated bacterial viability in this study, Sacca et al. reported that
Nanofer 25S, ranging from 1- 10 ¢/L, inactivated P. stutzeri by maximum of two orders
of magnitude (Sacca et al., 2014). Despite the strain-dependent susceptibility to nZVi,
their substantially lower nZVI toxicity is likely attributed to the deposition of nZVI
aggregates since the experiment was conducted in non-shaking condition. Therefore,

the contact between nZVI and bacterial cells is limited.
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Figure 5.3 Survival of P. putida F1 cells after exposed to 0.1 ¢/L of Fe(ll); 0.1 ¢/L of
Fe(lll) and 3 mg/L of polyacrylic acid (PAA). Cells from mid-log phase were exposed
under the indicated conditions for one hour before determining their survival by

CFU.
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A remarkable rebound in a number of viable cells was observed after
prolongation of exposure time to six hours (Figure 5.2). Presumptively, at certain nZVI
concentrations, after nZVI undergo full oxidation/aging, the remaining cells, which
could be uninjured or sublethally injured bacterial population, could resume growth
in the less unfavorable condition. To further investigate the susceptibility of the
regrown cells to nZVI, cells during the rebound phase were collected, washed and
resuspended in fresh M9G medium before exposed to 0.1 ¢/L of nZVI. The result
showed that bacterial cells from the rebound phase remain approximately as

susceptible to nZVI as the parental cells (Figure 5.4).

The component of medium is well known to influence the toxicity of
nanoparticles by altering the characteristics of nanoparticles (Li et al., 2014) as well
as affecting metabolic process of bacterial cells. In this study, the exposure to 1 ¢/L
of Nanofer 25S inactivated P. putida F1 cells by almost three orders of magnitude.
After nZVI underwent oxidation and lost their reactivity, P. putida F1 in this study
could use the available nutrient (glucose) to regain their growth and functionality. On
the contrary, the toxicity study by Sacca et al. was conducted in NaCl solution with
no provided nutrient, thus no rebound in cell viability was observed (Sacca et al,,
2014).

Despite the nZVI-induced rapid reduction in bacterial viability leads to a
concern on their environmental impact, the regrowth of bacteria under the
prolonged exposure suggests limited long-term effect of nZVI. The recovery of
bacterial activity after nZVI inhibition has been reported (Tilston et al., 2013; Xiu et
al., 2010b). Xiu et al. (2010) reported a lag phase for microbial activity of a
dechlorinating-microorganism consortium following the addition of 1 ¢/L of nZVI (Xiu
et al.,, 2010b). The result, taken together with the observation in this chapter,

accentuates the importance of exposure time in ecotoxicity study of nZVI because
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the transformation/aging of nanoparticles and bacterial adaptation likely occur

(Holden et al., 2016).
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Figure 5.4 Susceptibility to nZVI of cell obtained from rebound phase after nZVI
exposure. Normal cells from mid-log phase were exposed to 0.1 ¢/L of nZVI (@,
dash line). After six hours of exposure, bacterial cells were collected and washed
twice with 0.85% NaCl solution. The obtained cells were then resuspended in M9G
medium before retreated with 0.1 ¢/L of nZVI (O, dash line). The control
experiment without nZVI addition is indicated by bold line (@).The shown values

were calculated from at least two biological replicates.
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5.2.3) Repetitive nZVI exposure induced the emergence of bacterial

phenotypic variant

In practice, the indigenous bacteria potentially encounter the repetitive
exposure to nZVI through nZVI-redosing or recirculation of nZVI. To examine the
effect of repetitive nZVI exposure, bacterial cells were transferred to fresh M9G and
re-dosed with 0.1 ¢/L nZVI, the environmentally relevant concentration(Yang et al.,
2016). Interestingly, after re-dosing with nZVI for three cycles, an altered phenotype
of P. putida F1 cells, as characterized by a smaller colony morphology was detected
(Figure 5.5A). The proportion of small-colony phenotypic variant increased with the
number of nZVI re-dosing cycle, and was 75% of total cells after exposed to nZVI for
five cycles (Figure 5.5B). To prepare this phenotypic variant for a test to determine its
sensitivity to nZVI, bacterial cells were repeatedly exposed to nZVI for ten cycles to

ensure that most cells (> 90%) display a small colony characteristic.

While the one-hour exposure of normal P. putida F1 cells to 1.0 and 5.0 ¢/L
of nZVI decreased cell viability by more than two orders of magnitude, the exposure
of the phenotypic variant (obtained from the tenth nZVI re-dosing) to 1.0 and 5.0 ¢/L
of nZVI decreased cell viability by only 0.42 and 0.24 order of magnitude,
respectively (Figure 5.5C). The low concentration of nZVI (0.1 ¢/L) did not affect the
viability of the obtained phenotypic variant. After further cultured in nZVI-free M9G
medium for three to five cycles, the obtained phenotypic variants regained the
characteristics of normal phenotype i.e. colony morphology and sensitivity to nZVI
(Figure 5.6).

This observation suggests that repetitive exposure to nZVI induced the
emergence of the transient phenotypic variant capable of surviving or persisting in
the presence of lethal dose of compounds or conditions. After the stressor (nZVI) is

removed, these persister cells can resume the characteristics (susceptibility to nZVI)
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of the parental cells. This small colony phenotypic variant is further noted as the

nZVlI-persistent phenotype.

There have been only few studies on repetitive exposure of bacteria to
nanoparticles. Ma et al. reported that dosing of nZVI, nano titanium dioxide, or nano
cerium dioxide in sequencing batch reactors at 0.1, 1, 10, and 20 mg/L sequentially
every 2 weeks insignificantly affect nitrification and bacterial community composition
in activated sludge (Ma et al., 2015). On the contrary, repetitive exposure to titanium
dioxide nanoparticles as well as carbon nanotubes reduces the activity of soil
microorganisms (Simonin et al., 2016; Tong et al., 2012). These adverse effect findings
should be a concern because releases of nanoparticles to soil through applications
of biosolids, nanofertilizers and/or nanopesticides (Simonin et al., 2016) may create a

pulse or repetitive exposure condition (Reinert et al., 2002).
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Figure 5.5 (A) Altered colony morphology of P. putida F1 after repeatedly exposed to
0.1 ¢/L of n2VI. (B) The relationship between repetitive nZVI exposure and proportion
of persistent phenotype. (C) Comparison between survival of normal and nZVI-

persistent phenotype of P. putida F1 after exposed to various nZVI concentrations for

one hour.
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Figure 5.6 Susceptibility to nZVI of normal cells, persistent phenotype and reverted
phenotypic variant. Bacterial cells from mid-log phase were exposed to 1.0 ¢/L of
nZVI for one hour. The shown values were calculated from at least two biological

replicates.

5.2.4) Visualization of bacterial membrane-nZVI interaction

To explore the interaction between nZVI and bacterial membrane, the
electron micrographs of normal and the emergent nZVI-persistent phenotype of P.
putida F1 cells after exposed to 0.1 g/L of nZVI were examined. Figure 5.7A and B
shows the normal rod-shaped cell morphology and intact membrane of P. putida F1,
respectively. Exposure to 0.1 ¢/L of nZVI for one hour resulted in extensive
accumulation of nZVI onto bacterial cells surface (Figure 5.7C and D), as well as
remarkable penetration and localization around the cell membrane (Figure 5.7E).
These observations correlated with rough bacterial surface observed by SEM analysis
(Figure 5.8B.). The nZVI-induced deformed P. puitda F1 cells were shown in Figure

5.7D. Interestingly, this accumulation of nZVI onto bacterial surface was less after
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the exposure was prolonged to six hours (Figure 5.7F), or for the nZVI-persistent
phenotype (Figure 5.7G and H), thus causing less damage to these cells. SEM results
indicated there was no major difference in cell size between normal and the nZVI-
persistent phenotype (Figure 5.8), suggesting that the smaller colony size of the
persistent phenotype was likely caused by the low growth rate of the phenotype

rather than the smaller cell size.



Figure 5.7 TEM micrographs of normal P. putida F1 cells from the mid-log phase
(A) and (B) without nZVI exposure; (C), (D) and (E) after exposed to 0.1 ¢/L of
nZVI for one hour and (F) six hour; (G) nZVI-persistent phenotype of P. putida F1

after nZVI exposure for one hour and (H) six hour.
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Figure 5.8 SEM micrographs of normal P. putida F1 cells from mid-log phase (a)
without nZVI exposure; (b) after exposed to 0.1 ¢/L of nZVI for 1 hour, and the nZVI-
persistent phenotype (c) without nZVI exposure and (d) after exposed to 0.1 ¢/L of

nZVI for 1 hour.
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5.2.5) Decreasing membrane fluidity after nZVI exposure

Based on the TEM analysis (Figure 5.7E), the penetration of nZVI in bacterial
membrane layer disturbs the property of membrane. Herein, membrane fluidity
which is the reversible physical state of the membrane was focused. Fluidity refers to
a state in which the organization of membrane composition is disordered while
under the opposite condition, rigidity, membrane composition organizes orderly.
Membrane fluidity is required for the functionality of membrane-embedded proteins
as well as a regulation of bacterial signal transduction, thus is considered vital for

bacterial survival (Murinova and Dercova, 2014; Mykytczuk et al., 2007).

The changes in membrane fluidity state were investigated using DPH, which is
a fluorescent probe capable of intercalating into the lipid bilayer of the membrane
and is sensitive to lipid reorientation. The obtained data was expressed as the
fluorescent anisotropy which is inversely proportional to membrane fluidity. Once
nZVI particles intercalated into bacterial membrane layer, they disturbed the fluidity
of bacterial membrane (Figure 5.9). Before nZVI exposure, the fluorescent anisotropy
of normal cells was 0.28 + 0.02 which significantly increased to 0.56 + 0.06 after nZVI
exposure (Figure 5.9). Before nZVI exposure, the membrane of the nZVI-persistent
phenotype is significantly less fluid (i.e. more rigid) than that of the normal cells as
indicated by the fluorescent anisotropy of 0.36 + 0.03. After exposed to nZVI, the
fluorescent anisotropy of the persistent phenotype substantially increased to 0.46 +

0.06.
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The reactive oxygen species (Cabiscol et al., 2000) as well as metals such as
iron(Garcia et al., 2005) can attack polyunsaturated fatty acids in membrane
phospholipid bilayer, thus decreasing membrane fluidity. The exposure of Escherichia
coli to hematite, an iron oxide nanoparticle, can alter bacterial physical properties

including decreasing bacterial elasticity (i.e. bacterial cells become stiffer) (Zhang et

al., 2012).
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Figure 5.9 Membrane fluidity of P. putida F1 cells after exposure to 0.1
g/L of nZVI for one hour. Results are expressed as fluorescent anisotropy
+ SD. The higher fluorescent anisotropy indicates less membrane fluidity
(i.e. more membrane rigidity). Different letters indicate significant
difference from the normal cells without nZVI exposure (Student t-test, p
< 0.05). Asterisk indicates insignificance between the fluorescent

anisotropy of the persistent phenotype before and after nZVI exposure.
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5.2.6) Changes in bacterial fatty acids response to nZVI exposure

As mentioned above, when the organization of membrane (membrane
fluidity) is disturbed, bacteria can readjust the components and maintain the proper
state of their membrane (Murinova and Dercova, 2014). The membrane modification
can be done through various mechanisms such as increase of the proportion of
saturated to unsaturated fatty acid (Fang et al., 2007), conversion of cis to trans
isomer of unsaturated fatty acid and synthesis of branched or cyclopropane fatty
acids (Murinova and Dercova, 2014; Ramos et al.,, 2015). The increasing level of
saturated fatty acid causes the more orderly and tightly packing of membrane lipid
layer, making the bacterial membrane becomes more rigid, while the bended
structure of unsaturated fatty acid disorganizes lipid bilayer, causing the fluidity of

membrane (Heipieper et al., 2003).

To gain more understanding about the more rigid membrane, the bacterial
fatty acid profile after nZVI exposure was investigated. The dominant detected fatty
acid components of P. putida F1 grown in a M9G medium were C16:0, C16:1, and
C18:1, similar to a study by Fang et al. (Fang et al.,, 2007). Upon nZVI exposure, an
increase in the degree of saturation, the ratio between saturated fatty acid and
unsaturated fatty acid, was observed (Figure 5.10A). In addition, the nZVI exposure
significantly increased trans to cis ratio of monounsaturated fatty acid of normal P.
putida F1 cells by five times (Figure 5.10B). The trans-unsaturated fatty acid exhibits
similar physical properties as saturated fatty acid, resulting in the substantially more
tightly packed membrane and increasing membrane rigidity (Bernal et al., 2007,
Heipieper et al., 2003; Zhang and Rock, 2008). Under growth-suppressed condition,
instead of the energy-dependent de novo biosynthesis of saturated fatty acid, some
bacteria can employ the conversion of cis to trans isomer of unsaturated fatty acid

to adjust their membrane state (Heipieper et al., 2003). The inverse correlation
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between bacterial growth rate and trans-cis ratio has been reported (Hachicho et al,,
2014; Naether et al., 2013). Even though the activation mechanism of cis-trans
isomerization of unsaturated fatty acid is still unclear, it is believed that the loosely
packed or disintegrated membrane may allow the cis-trans isomerase enzyme, a
periplasmic enzyme, to reach the substrate i.e. cis-unsaturated fatty acid (Heipieper
et al.,, 2003).

Apparently, for batch exposure to unacclimated bacteria, the iron
nanoparticles were able to intercalate and fluidize bacterial membrane. To withstand
severe membrane disturbance, bacterial cells converted the cis to trans isomer of
monounsaturated fatty acid, causing more rigid membrane allowing them to survive
and resuscitate in the less toxic condition after nZVI experienced full oxidation.

Before nZVI exposure, the degree of saturation of the persistent phenotypic
cells is higher than that of the normal cells (Figure 5.10A). The more rigid membrane
of the persistent phenotypic cells may involves in the higher persistence to nZVI
exposure as proposed for A. versilocolor (Diao and Yao, 2009a). After exposed to
nZVl, the degree of saturation significantly increased from 0.6 to 0.9 whereas the
trans to cis ratio remained low (Figure 5.10B). This suggests that the reduced
interaction between nZVI and membrane of the persistent phenotypic cells caused
much lower damage to bacterial membrane thus the conversion to cis to trans
unsaturated fatty acid which is an urgent response to membrane damage is not

induced.
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Figure 5.10 (A) Degree of membrane fatty acid saturation, which is the ratio between

unsaturated fatty acids and saturated fatty acid. (B) The ratio between trans and cis

isomer of unsaturated fatty acid (i.e. C16:1 and C18:1). Bacterial cells were exposed

to 0.1 ¢/L of nZVI for one hour before extracted for total fatty acid. The shown

values were calculated from two biological replicates. Different letters indicate

significant difference from the normal cells without nZVI exposure (Student t-test, p

< 0.05). Asterisk indicates insignificance between the fluorescent anisotropy of the

persistent phenotype before and after nZVI exposure.
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Figure 5.11 Fatty acid modification in bacteria. DesA: The phospholipid acyl-chain
desaturase responsible for transformation of saturated fatty acid to unsaturated fatty
acid resulting in the increased membrane fluidity. Cfa: Cyclopropane fatty acid
synthase responsible for conversion of unsaturated fatty acid to cyclopropane fatty
acid. Cti: cis-trans isomerase responsible for the conversion of cis- to trans-double
bond in unsaturated fatty acid which resemble the shape of saturated fatty acid,
thus decreasing membrane fluidity (i.e. increasing membrane rigidity).

Source: (Zhang and Rock, 2008)
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5.2.7) Changes in bacterial surface charges

The interaction between nZVI and bacterial cell is governed by various
physicochemical parameters (Xie et al., 2017), including electrostatic interaction
(Pagnout et al., 2012). Accordingly, the bacterial surface charge inferring the
electrostatic interaction between bacterial cell surface and nZVI particles was
investigated. In the absence of nZVI, the surface charge of P. putida F1 cells in M9G
medium was -10.97 + 0.47 mV. The exposure of normal and phenotypic variant of P.
putida F1 cells to nZVI decreased the bacterial surface charge to -17.23 + 1.20 mV

and -15.9 + 1.25 mV, respectively.

Based on the bacterial surface charge after nZVI exposure, the higher negative
charge of normal cells of P. putida F1 potentially caused by the sorption of nZVI
onto bacterial surface (Figure 5.7D, E). The higher negative surface charge was also
observed in nZVI-adapted cells, even though the accumulation of nZVI onto
bacterial surface was limited (Figure 5.7G). After repeatedly exposed to nZVI,
bacterial cells might adapt by modifying their surface components, for example,
lipopolysaccharides, leading to the higher negative charge, thus increasing

electrostatic repulsion between nZVI and bacterial surface (Figure 5.12).

While the cis-trans isomerization of unsaturated fatty acid acts as an urgent
response to membrane disturbance, the mechanism underlying the nZVI-tolerance in
the persistent phenotype is not completely conclusive. It is likely that the lower nZVI
toxicity on the persistent phenotype was caused by the reduced interaction between
bacterial surface and nZVI particles. Several factors have been reported to affect the
nZVI-bacteria interaction including the difference in bacterial surface characteristics
(Diao and Yao, 2009¢; Lefevre et al., 2016; Xie et al,, 2017). In 2011, Chen and
colleagues reported the toxicity of nZVI on two different bacterial strains, B. subtilis,

and E. coli, and proposed that more negative charge of B. subtilis causes less nZVI
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toxicity, compared to E. coli which is less negatively charged (Chen et al., 2011b).
Gram negative bacteria exhibit the negative surface charge due to the presence of
the carboxylic acids and phosphate esters (phosphoryl group) in their cell surface
components (i.e. phospholipids, lipoproteins, lipopolysaccharides (LPS) and proteins)
(Shephard et al., 2008; Wilson et al.,, 2001), while the negative charge of Gram
positive bacteria is mainly attributed to the peptidoglycan and teichoic acid in the
outer surface (Wilson et al., 2001). These bacterial surface components play an
important role in the interaction between bacterial surface and environmental matrix
including soil and sand particles. The cationic metal ion, for example, copper, lead,
iron, as well as nanoparticles primarily binds to the phosphate head group of
phospholipid and the LPS of bacteria (French et al., 2013; Jiang et al., 2010; Langley
and Beveridge, 1999; Yang et al., 2015). The altered surface components exhibit
varied affinities for metal binding due to differences in their surface charge (Langley
and Beveridge, 1999). Dhas et al. reported the increased negative charge of bacterial
cells for both Gram-negative and Gram-positive, after continuously exposed to
increasing concentrations of silver and zinc oxide nanoparticles (Dhas et al., 2014).
They proposed that the higher production of extracellular proteins and
exopolysaccharides in the adapted cells could provide more binding sites for the
released metal ion, reducing nanoparticles dispersion and direct contact with
bacterial cells (Dhas et al., 2014). Based on this finding, it may be deduced that the
repetitive exposure induces the modification of bacterial surface components, thus
altering the surface charge and the electrostatic interaction between bacterial cells

and nZVI.
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Figure 5.12 Possible scenarios for the increasing negative charge of P. putida F1
cells after nZVI exposure: (A) Sorption of nZVI onto the surface of normal cells
and (b) Modification in surface biomolecules of nZVI-persistent phenotype of P.

putida F1 causing an electrorepulsive force between cells and nZVI.

5.2.8) Phospholipid headgroup analysis

Since phospholipid headgroup is important for the interaction between
nanoparticles and bacterial surface (Jiang et al,, 2010), in order to obtain more
understanding about interaction between nZVI and bacterial membrane, the targeted
metabolomics was used to investigate the changes in bacterial phospholipid profile.
Targeted metabolomics is the measurement of the metabolites of interest using LC-
MS.

For targeted metabolomic data analysis, the obtained fatty acid profile from
the previous study was used to generate the list of possible phospholipid. The
amount of each phospholipid was extracted from LC-MS profile using the accurate

masses of their [M+H], IM+Na]", [M+NH,]" or [M-H] .
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The main phospholipids reported in P. putida F1 are
phosphatidylethanolamine (PE, zwitterion), phosphatidylglycerol (PG, anionic)
including the trace amount of phosphatidylserine (PS, anionic) (Fang et al., 2000).
Therefore, these three groups of phospholipid were selected as the target
metabolites. Before nZVI exposure, PG, PE and PS content of the normal cells of P.
putida F1 in this study contributed to 65.87%, 24.95% and 9.18% of total
phospholipids, respectively (Figure 5.13). After one-hour nZVI exposure, the slightly
increasing PE percentage was observed in both normal cells (31.73 + 0.28%) and
persistent phenotypic cells (35.22 + 6.86% PE), comparing to normal cell without
nZVI exposure (24.95 + 0.52%).

In M9G medium of which pH is approximately 7, PG and PS are negatively
charged, whereas PE is neutral phospholipid. The higher anionic phospholipid
content may decrease the negative charge on the surface. However, after nZVi
exposure, both normal cells and persistent phenotypic cells possess a high content
of PE. PE involves in the metal detoxification in P. fluorescens, by immobilizing and
expulsing intracellular metals, for example, iron and aluminum out of cells (Appanna
and Finn, 1995; Auger et al., 2016). The higher PE content of nZVI-treated normal
cells of P .putida F1 could explain the arrangement of nZVI both inside and on
bacterial membrane (Figure 5.7E), similar to the study by Appanna et al. which
reported the deposit of iron around bacterial membrane (Appanna and Finn, 1995).
Henderson et al (1993) reported that the ratio of PE in total phospholipid was higher
in bacterial cells cultivated at 5°C than 20°C (Henderson et al., 1993). Lowering
temperature caused the decreasing membrane fluidity i.e. increasing membrane
rigidity (Inaba et al., 2003). The elevated PE after nZVI exposure may reflect the
increasing membrane rigidity. However, the mechanism underlying the increasing

negative charge on bacterial surface is yet understood.
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Figure 5.13 Percentage of phospholipids of interest which are PS, PE and PG in P.
putida F1 cells. The shown values were calculated from two biological
replicates. “b” indicates significant difference from the normal cells without

nZVI exposure (Student t-test, p < 0.05).

5.3)  Summary

Exposure of P. putida F1 to 0.1 and 1.0 ¢/L of nanoscale zero valent iron
(n2ZV1) caused the reduction in cell viability substantially for almost three order of
magnitude; however, a rebound in cell number was observed after prolonged
exposure. Upon exposure, nZVI heavily accumulated on and penetrate into the
bacterial membrane. Cell membrane composition analysis revealed the conversion
of cis to trans isomer of unsaturated fatty acid upon short-term nZVI exposure,
resulting in a more rigid membrane counteracting the membrane-fluidizing effect of
nZVI. Several cycles of repetitive exposure of cell to 0.1 ¢/L nZVI induced a
persistent phenotype of P. putida F1 as indicated by smaller colony morphology,

more rigid membrane and higher tolerance to nZVI. A low interaction between nZViI
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particles and the surface of the nZVI-persistent phenotype reduced the nZVI-induced
membrane damage. This study unveils the significance of nZVI-membrane interaction

on toxicity of nZVI toward bacteria.
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Chapter 6
Emergence of phenotypic variants of P. putida F1 due to nZVI

exposure and their environmentally relevant characteristics

6.1) Introduction

In the environment, bacteria typically confronts the dynamically
fluctuated/challenged situations such as alteration in temperature, pH, water stress
or the presence of xenobiotic compounds. Accordingly, bacterial adaptability is an
important factor determining their survival. Pseudomonas is one of the versatile
bacteria capable of adapting themselves to several stress conditions (Ramos et al.,
20093a; Ramos et al., 2015; Silby et al., 2011; Thompson et al., 2010; Udaondo et al.,
2012). Their versatility particularly tolerance and ability to utilize various toxic
hydrocarbon/pollutants as carbon source and ubiquity make them a major degrader
in many polluted sites (Samanta et al., 2002; Singh and Fulekar, 2010; Udaondo et
al,, 2012; Wilson and Jones, 1993).

Bacterial adaptation can occur through many processes, for example,
physiological alteration (e.g. modification in their membrane or protein expression),
or genetic modification (e.g. mutation or DNA rearrangement). In some cases, these
processes can lead to cross protection against other stresses (Rangel, 2011). Bacteria
cells which adapted to acidic condition by modifying their membrane and altering
the protein expression has been reported for their cross protection/higher tolerance
to cold stress (Streit et al., 2008). While bacterial adaptation to encountered stress is
beneficial for their survival, some adaptation processes are metabolic burden or
cause a disturbance to bacterial metabolism (Handel et al., 2013; Hottes et al., 2013;
Martinez et al., 2009). For instance, the presence of 1-decanol did not affect growth
behavior of P. putida DOT-T1E; however, cell yield decreased by 50% due to high

energy consumption by adaptation mechanism (Neumann et al., 2006). The
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expression of AmpC B—lactamase which is a B—Lactam—degrading enzyme in
Salmonella Typhimurium results in high tolerance to an antibiotic B—lactam but the
reduced growth rate and invasiveness were observed (Morosini et al., 2000).
Phenotypic variation is one of the survival strategies adopted by bacteria
during stress condition. The phenotypic or phase variation is generated by mutation,
DNA rearrangement or stochastically epigenetic changes, resulting in different
physiological states of cells and granting them chances to survive under stress
conditions such as antibiotic stress or oxidative stress (van den Broek et al., 2005;
Veening et al., 2008). One of the most studied phenotypic variant is a small colony
variant (SCV). Generally, the SCV phenotype is described as a slow-growing
subpopulation of bacteria exhibiting different characteristics (e.g. increasing resistance
to antibiotics or higher biofilm formation), compared to the normal phenotype (Wang
et al., 2014). While the bacterial SCV phenotype is extensively studied in pathogenic
bacteria due to the association with difficult-to-treat chronic infection caused by
distinctive characteristics, the study on environmental microorganisms has been
limited. Recently, a small colony variant has been reported to affect various
characteristics of rhizospheric bacteria (Wang et al., 2014). The SCV phenotype of P.
chlororaphis exhibits higher antibiotic resistance and biofilm formation, whereas
bacterial motility and production of phenanzine decreased (Wang et al., 2014).
Nanoscale zero valent iron (nZVI) is an extensively used alternative for in situ
remediation of contaminated sites. Due to its high reactivity and capability of
generating oxidants, environmental impact of nZVI is highly concerned. In the
preceding chapter, the emergent of a small-colony phenotypic variant of P. putida
F1 (further designated as the SCV phenotype) showing higher persistent/tolerance to
nZVI upon the repetitive exposure to an environmental-relevant concentration of
nZVI were reported. Along with the reversible SCV phenotype, we are able to isolate

the stable/irreversible SCV during the repetitive exposure to nZVI.
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Due to the limited information on the observed phenotypic variant
discovered in our previous study, herein we further explored factors affecting the
emergence of the SCV phenotype of P. putida F1. In addition to the reactive nZVI,
we are also concerned about the oxidized form of nZVI of which their large amount
are retained in the environment after remediation process. P. putida F1 is a well-
studied bacteria for the capability to degrade various aromatic hydrocarbons such as
toluene and trichloroethene. Additionally, this strain has been recently used as a
model strain for a study on bacterial chemotaxis toward pollutants (Parales et al.,
2000). Accordingly, the environmentally relevant characteristics which are toluene
sensitivity and degradation, swimming ability and biofilm formation of the SCV

phenotype were studied in comparison to the normal phenotype.

6.2) Results and discussion
6.2.1) Emergence of phenotypic variant induced by nZVI exposure

The frequency of the SCV phenotype in P. putida F1 cells without nZVI
exposure was approximately 10° throughout the study (data not shown), indicating
the background (subpopulation) of the SCV phenotype in P. putida population. The
higher frequency of the SCV phenotype correlates with the increasing cycles of nZVI
exposure (Figure 6.1). While the single exposure to 0.1 ¢/L of nZVI did not induce the
emergence of the SCV phenotype, the frequency of this phenotype substantially
increased by 10 times following the second cycle of nZVI exposure (Figure 6.1). The
third cycle of nZVI exposure increased the proportion of this phenotype by 50 -
2,000 times, making them visually detectable as a distinctive small colony reported
in the previous chapter.

The rising of the SCV phenotype is nZVI-concentration dependent (Figure 6.1).

The single exposure to higher concentration of nZVI (i.e. 0.5 and 1.0 ¢/L) resulted in a
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considerable higher frequency of the SCV phenotype. However, the repetitive
exposure to 1.0 ¢/L of nZVI does not further increase frequency of this phenotype.

While the gentamicin concentration (4 pg/ml) applied in this study was
selected based on the MIC of the stable/irreversible SCV phenotype (Appendix A),
the obtained SCV phenotype from this experiment can revert to the normal
phenotype on gentamicin-free TSB agar plate. This observation suggests that the
stable SCV phenotype are low-level resistant to gentamicin, while the reversible
phenotype is considered a persister cell. It is likely that bacterial response to nZVI
exposure (i.e. increasing membrane rigidity) may provide cross-protection against
gentamicin. On the other hand, the nZVI exposure may create a selection pressure
toward subpopulation of P. putida F1 cells which can persist gentamicin exposure
and display the SCV phenotype.

The environmental consequences of the reversible SCV phenotype
mentioned in the previous chapter appears inconsiderable since it is transient
variation/incident; their gentamicin persistence should not be neglected. A slight
increase of antibiotic MIC can lead to a considerable concern (Baquero, 2001,
Kurenbach et al,, 2015; Li et al., 2016). Persister cells are a small fraction of isogenic
bacterial population which is able to survive antibiotic treatment. Once antibiotic is
removed, the persister cells can rise, thus resulting in chronic infection (Fauvart et al,,
2011). This persister phenotype possibly further develops into multi-drug or higher
level-resistant phenotype which occurs through genetic modification, for example,
mutation or acquiring antibiotic-resistant gene from other strains (Li et al., 2016).
Recently, the applications of nZVI for antibiotics or pharmaceutical products removal
have gained more attention (Chen et al., 2012; Fang et al,, 2011; Fu et al., 2015;
Hanay and Turk, 2015; Machado et al., 2013). The application of nZVI wastewater or
sludge containing antibiotics and pharmaceutical products may promote the

occurrence of antibiotic resistant bacteria.
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Figure 6.1 The relationship between the SCV phenotype of P. putida F1 and cycles
of nZVI exposure. The frequency of the emergent phenotypic variant was
determined as described in equation 1. The data are based on mean and standard
deviation of at least three experimental replications. Some error bars are missing

due to the large value of lower SD exceeding the log scale.
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6.2.2) Mechanism triggering emergence of the SCV phenotype

Similar to cells exposed 0.5 ¢/L of R-nZVI (Figure 6.1), the single exposure to
0.5 mM of H,0, increased the frequency of the SCV phenotype by ten times (Figure
6.2). However, the repetitive exposure to H,0, did not further increase the frequency
of the SCV phenotype suggesting the maximum SCV induction caused by exposure to
0.5 mM H,0, The repetitive exposure to Fe(ll), which can interact with intracellular
H,O, and generate OH- via Fenton reaction, also induce the emergence of the SCV
phenotype. Neither O-nZVI nor Fe(lll) exposure affect the emergence of this
phenotype (Figure 6.2). These results indicate that the nZVI exposure likely affects
the emergence of the SCV phenotype through the mediation of oxidative stress.

Typically, reactive oxygen species (ROS), for example, H,0, or O,, can be
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Figure 6.2 Roles of oxidative stress and different forms of iron on the emergence of
the SCV phenotype. Cells were exposed to 0.5 ¢/L of O-nZVI or soluble iron species.
To determine role of oxidative stress, cells were exposed to 0.5 mM of H,O, which
is equivalent to the oxidative stress induced by 0.5 ¢/L of R-nZVI. The data are
based on mean and standard deviation of at least three experimental replications.
Some error bars are missing due to the large value of lower SD exceeding the log

scale.
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generated intracellularly as a byproduct from bacterial aerobic respiration or the
oxidation of biomolecules (Cabiscol et al., 2000). H,O, can further rapidly interact
with Fe(ll) (Fenton reaction), generating highly reactive, non-selective hydroxyl
radicals which can further damage DNA and proteins (Sevcu et al., 2011). The
presence of nZVI or Fe(ll) significantly promoted the Fenton-mediate oxidative
damage, thus increasing chance of phenotypic variation or stress-response induced
tolerance against gentamicin. Even though Fe(lll) can also interact with O, -or H,0,
resulting in Fe(ll) and oxygen, the lower impact of Fe(lll) on bacterial cells is likely
due to their low solubility thus reducing their bioavailability (Krewulak and Vogel,
2008). Recent studies found that nZVI does not induce mutagenicity (Barzan et al,,
2014, Schiwy et al., 2016). Schiwy et al. (2016) studied the mutagenicity of aged
Nanofer 25S and reported that no mutagenicity was observed due low ROS
generation (Schiwy et al., 2016).

H,O,-induced DNA damasge has also been reported to trigger and select for
the stable gentamicin-resistant SCV phenotype of Staphylococcus aureus (Painter et
al., 2015). Oxidative DNA damage (e.g. double stranded DNA breaking) could lead to
mutated bacterial cells (Boles and Singh, 2008). On the contrary, the expression of
Error-prone Polymerase, a low fidelity DNA damage repairing enzyme, upon the
activation of the SOS regulon could enhance the mutation rate of bacteria, and may
increase the frequency of the SCV (Torres-Barcelo et al., 2013).

The accumulation of iron during repetitive nZVI exposure may play role in the
increasing frequency of the SCV phenotype. This leads to a concern on repetitive
exposure of nZVI at contaminated sites, regardless of duration time or frequency,
because the generated ROS from newly injected nZVI may initiate the Fenton
reaction. However, high concentrations of nZVI (> 1.0 g/L) may cause an unbearable

damage, for example, severe membrane damage and oxidative stress, resulting cell
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death. This may explain the limited induction of the SCV phenotype by repetitive
exposure to 1.0 g/L.

While the oxidative stress-induced mutation likely explains the emergence of
the stable phenotype, the mechanism underlying the emergence of the reversible
SCV phenotype showing persistent to gentamicin is still unclear. Beside mutagenesis,
the oxidative stress-induced expression of efflux pump and bacterial adaptation to
membrane-active compounds have been reported to induce the cross-protection
against aminoglycoside antibiotics (Fraud and Poole, 2011; Jassem et al,, 2014;
Kurenbach et al., 2015). For instance, Kurenbach (2015) reported that bacterial
exposure to a sublethal concentration of herbicides affects the susceptibility to
various antibiotics through activation of soxS-controlled efflux pump (Kurenbach et
al., 2015). The soxRS regulon controls several proteins involved in bacterial oxidative
stress response including superoxide dismutase, fumarase and aconitase(Demple,
1996). A peroxide-induced MexXY-OprM efflux pump system has been reported to
play a role in the emergence of aminoglycoside resistant cells of P. aeruginosa

(Fraud and Poole, 2011).
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6.2.3) Environmental fitness-related traits of the stable SCV phenotype

To assess the ecological fitness of the SCV phenotype, bacterial growth under
various conditions including using toluene as a sole carbon source were investigated.
In minimal medium, except for M9T inoculated with toluene-acclimated cells, the
duration of lag phase of the SCV phenotype was much longer than that of the
normal phenotype (Table 6.1). It appeared that the SCV phenotype become more
susceptible to toluene and requires longer time to adapt to toluene resulting in
longer lag phase (at least 24 hours) for growth under toluene as a sole carbon source
compared to 6-hour lag phase of the normal phenotype. Despite the four-fold longer
lag phase, the maximum growth rate of the SCV phenotype was not significantly
different from the normal cells indicating that once SCV cells is acclimated to
toluene, they are as effective as the normal cells for toluene utilization. This was
confirmed by the growth of toluene-acclimated normal and SCV cells in M9T which
exhibit similar lag phase and maximum growth rate (Table 6.1). The growth rate of
the SCV phenotype in TSB (rich medium) is slightly lower than the normal
phenotype.

Bacterial growth under toluene as a sole carbon source was also examined in
the presence of glucose as a co-substrate. The addition of glucose reduced the
duration of lag phase and the maximum growth rate of the normal phenotype in
MIT. The added glucose could substantially cut down the lag period of the SCV
phenotype in M9T; however, the maximum growth rate remained comparable to the
case of MIT without glucose supplementation.

The susceptibility to toluene was compared between the normal and the
SCV phenotype. The SCV phenotype tolerated up to 100 mg/L of toluene. However,
while the exposure to 870 meg/L (0.1%) toluene reduced the survival of the normal
phenotype by 0.3 order of magnitude, the survival of the SCV phenotype decreased

by 0.5 order of magnitude, indicating that the SCV phenotype is slightly more
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susceptible to toluene than the normal phenotype. Toluene degradation by the
normal and the SCV phenotype was tested at an initial toluene concentration at 100
mg/L which did not inhibit the viability of both phenotypes. The normal phenotype
could degrade toluene faster than the SCV phenotype as shown in Figure 6.3A.

The limited/low bioavailability of pollutant (e.g. trapped in soil pore) is one of
the limitations for in-situ bioremediation process (Singh et al., 2006). Chemotactic
bacteria, for instance, Pseudomonas strains are capable of moving in response to
several pollutants, thus enhancing the bioavailability of pollutant (Parales et al.,
2015) and providing advantages over non-chemotactic or non-motile bacteria (Law
and Aitken, 2003; Marx and Aitken, 2000; Paul et al., 2006; Singh and Olson, 2010).
After bacteria sense the chemical via the chemoreceptor protein, they can respond
by moving toward chemoattractant or moving away from chemorepellent by using
flagellar-mediated swimming motility (Figure 6.3). While P. putida F1 has been
reported for their chemotactic ability toward several pollutants including benzene,
toluene and trichloroethylene (Parales et al., 2000), the SCV phenotype is defective
in swimming motility. This could strain chemotactic ability of the bacteria (Figure
6.3B).

Biofilm is a complex form/lifestyle of bacteria consisting of surface-associated
bacterial cells holding together by the matrix consisting of extracellular polymeric
substance. It is a typical form of bacteria in the environment which plays important
roles in many biological processes (Davey and O'toole, 2000; Harrison et al., 2007;
Ramey et al., 2004; Singh et al., 2006). The effective biodegradation of pollutant by P.
putida F1 biofilm has been reported (Herzberg et al., 2006; Woo et al., 2000). Several
studies proposed that bacterial flagella is necessary for biofilm formation. During the
bacterial colonization on surface, the flagella-mediate swimming bacteria reach the
surface forming mono-layer of attached bacteria. On the other hand, the absence of

bacterial flagella has been reported to increase biofilm forming ability due to the



reduced microbial mobility thus enhancing the amount of attached cells. In this
study, while the observed SCV phenotype is non-motile, the amount of attached
cells is still considerable high (10" CFU/mV) (Figure 6.3C). However, no biofilm
production was detected by using crystal violet staining method suggesting the

reduced/limited EPS production (Figure 6.3C).
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Table 6.1 Bacterial growth in various mediums

125

Normal Scv
Conditions Lag time Growth rate Lag time Growth rate
(hr) (hr ) (hr) (hr )
TSB 2 0.248 + 0.011 2 0.217 + 0.015
M9G 2 0.213 + 0.026 2-7 0.243 + 0.080
MIT + 0.1% Glucose 2 0.211 + 0.009 13- 24 0.067 + 0.051
MIT (Non-induced) 6-7 0.084 + 0.024 24 - 57 0.089 + 0.030
MOIT (Induced) 2 0.220 + 0.051 2 0.230 + 0.040
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Figure 6.3 Characteristics of the SCV phenotype in comparison to the normal
phenotype of P. putida F1. (A) Toluene utilization by toluene-induced P. putida F1
cells. The normal phenotype is indicated by solid line; the SCV phenotype is
indicated by dash line. (B) Bacterial swimming motility and (C) Biofilm formation of
the normal phenotype (dark grey bar) and the SCV phenotype (light grey bar). The
data are based on mean and standard deviation of at least two experimental

replications.
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Figure 6.4 (A) Bacterial chemotactic ability allows bacteria to sense and move toward
the preferred gradient of beneficial compounds and swim away from an unpreferred
condition (e.g. high concentration of toxic compounds). (B) Bacterial chemotaxis may
allow bacteria to reach the contaminant in low permeable region, thus increasing

bioavailability of the contaminant and the efficiency of bioremediation process.
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6.2.4) FTIR analysis

Gram negative bacteria exhibit the negative surface charge due to the
presence of the carboxylic acids and phosphate esters (phosphoryl group) in their
cell surface components (i.e. phospholipids, lipoproteins, lipopolysaccharides (LPS)
and proteins) (Shephard et al., 2008; Wilson et al,, 2001). The alteration of these
surface components affects the surface properties of bacteria. Fourier Transform
Infrared (FTIR) is a rapid and reliable method for detecting the structural changes in
bacterial exposed to nanoparticles (Faghihzadeh et al., 2016; Hegde et al., 2016). The
spectral region can be assigned to fatty acids (2800 - 3100 cm—l), proteins and
peptides (1500-1800 cm ), carbohydrates (900 -1200 cm™) and the fingerprint region
(600 — 900 cmn’XFaghihzadeh et al., 2016). The broad spectral from 3100 — 3700 cm
resulted from -OH (~ 3400 cm_1) of water molecules (Naumann, 2006).

Figure 6.5A illustrated the FTIR spectra of nZVI particles. The main peak are at
1035 cm—l, assigning to P-OFe complex (Parikh and Chorover, 2006). From Figure 6.5B,
the main absorption bands of normal P. putida F1 cells (lll), which represented by
black line, are 1079 crﬁ1 (polysaccharide ring vibrations); 1236 cmfl; 1392, 1454, 1534
cmfl; 1653 cm ' (amide | band, C=0); and 2928 cm’ (CH, asymmetric stretching
vibration from fatty acid). When normal cells of P. putida F1 were treated with nZVI
for one hour, the obtained FTIR spectra (Figure 6.5B, red line) was similar to that of
the nZVI particles (Figure 6.5A) showing dominant peaks at 1031 and 1646 cm It s
possible that the absorption bands/pattern of nZVI particles sorbed/accumulated
onto bacterial surface may mask/hinder the FTIR spectra of bacterial cells, causing
the disappearance of of peak at 2800 — 3000 cm ' and 1200 - 1600 cm’ region. Upon
nZVI exposure, the decreased peak intensity and shifted amide | at 1653 cm’ from to
1646 cmfl, suggesting the involvement of protein in the interaction between nZVi

and bacterial cells.
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The FTIR spectra of reversible SCV phenotype (persistent phenotype)
obtained from tenth cycle of nZVI re-dosing (Figure 6.5C, black line) showed the
similar pattern to that of nzZVI (Figure 6.5A). According to previous progress, the
accumulation of nZVI particles onto surface of the persistent phenotype is limited. It
is possible that the the presence of residual nZVI particles from repetitive exposure
or nZVI re-dosing, even though not abserbed onto cells surface, may interfere and
hinder the FTIR spectra of bacterial surface. The re-dosing of persistent phenotype to
nZVI (Figure 6.5C, red line) caused the shift of peak from 1647 to 1646 cm_l,
indicating the interaction between nZVI particles and bacterial proteins. The FTIR
spectra of the SCV phenotype (Figure 6.5D, black line) is similar to that of the normal
cells of P. putida F1 (Figure 6.5B, black line). The exposure of the SCV phenotype to
nZVI (Figure 6.5D , red line) also resulted in the similar FTIR spectra to that of the
nZVI particles (Figure 6.5A).

Jiang et al. studied the interaction between bacterial surface and metal oxide
nanopaticles using FTIR analysis and proposed that the toxicity of metal oxide
nanoparticles toward bacteria is due to the destruction of bacterial proteins and
phospholipids (Jiang et al., 2010). The exposure of 80 mg/L of metal oxide
nanoparticels, which are Al,O5, TiO,, and ZnO nanoparticles, to a standard PE
compound showed the presence of peak at 937 e’ assigned to POf-, which
potentially be a product from the breakdown of PE molecules, indicating the
destruction of bacterial membrane which subsequently cause cell death (Jiang et al,,
2010). While FTIR analysis in this study may suggest the interaction between bacterial
protein and nZVI particles, the effect of nZVI on other bacterial components is still

unclear.
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Figure 6.5 Fourier Transform Infrared (FTIR) spectra of (A) nZVI, the exposure of (B)
normal cells of P. putida F1, (C) reversible SCV phenotype and (D) irreversible SCV
phenotype to nZVI. The black line of (B), (C) and (D) represent the FTIR spectra of
cells without nZVI exposure. The red line of (B), (C) and (D) represent the FTIR

spectra of cells after exposed to 0.1 g/L of nZVI for one hour.
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6.3)  Summary

Effect of nZVI concentration, and roles of oxidative stress and iron species on
the emergence of the SCV phenotype (or the persistent phenotype as designated in
Chapter 4) of P. putida F1 upon repetitive exposure to nZVI were investigated.
Additionally, the environmental-relevant characteristics of the irreversible phenotype
were also reported. Since the SCV was more resistant to gentamicin, this antibiotic
was selected as an indicator for determining the SCV phenotype. The higher
frequency of the gentamicin-persistent SCV correlated with the increasing cycles of
nZVI treatment. Interestingly, only single exposure of P. putida F1 to 0.5 and 1.0 ¢/L
of nZVI could substantially increase the frequency of the SCV. It appears that the
nZVI-induced oxidative stress mainly contributes to the induction of the SCV
phenotype since the non-reactive form of nZVI as well as soluble Fe(lll) did not
cause the emergence of the phenotype. The re-injection of nZVI should be
concerned because the newly injected nZVI may generate ROS which further initiate
Fenton reaction with the nZVI remaining in contaminated site. Further
characterization of the stable SCV phenotype revealed partial loss of bacterial
environmental fitness including reduced growth under toluene as a carbon source
and defective swimming motility and biofilm formation. While the environmental
consequence of the transient SCV phenotype (Chapter 4) appears inconsiderable
since they can revert back to the normal wildtype under nZVI-free condition, their
gentamicin persistence should not be neglected as it may contribute to higher or
multidrug resistance in the environment. FTIR technique was selected to assess the
potential difference in the functional group on the surface of the normal cells and
the persistent phenotype which may contribute to higher nZVI tolerance in the
persistent phenotype. According to FTIR spectra, no significant difference between
the surface functional group of the normal cells and the irreversible SCV phenotype

was observed. The presence of residual nZVI during sample preparation or nZVI
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exposure likely hinder the FTIR spectra of bacterial cells. Accordingly, the mechanism

underlying nZVI tolerance of the persistent phenotype is remain unclear.
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Chapter 7

Conclusions, Implications and Suggestions for Future Research

7.1) Conclusions

Despite its high contaminant removal efficiency and cost effectiveness, the
potential nZVI toxicity to environmental microorganism could be an important
drawback of nzVI application. This research try to fill the knowledge gap regarding
environmental impact of nZVI, mainly by focusing on the effects of nZVI on bacterial
cells as well as bacterial responses to the occurred damage. In attempt to relate the
obtained information to environmentally relevant context, P. putida strains were
selected as model strains in this study. Two forms of nZVI, the reactive nZVI (R-nZVI)
and the oxidized nzVI (O-nZVI), were comparatively studied. As expected, R-nZVI
exposure dramatically decreased bacterial viability. The exposure to O-nZVI, a
less/non-reactive form of nZVI remained in the environment, still caused a
considerable effect on cell viability, possibly due to the presence of small amount of
Fe(ll) which generate oxidative stress via Fenton reaction. Proteomic analysis revealed
the nZVI-induced disturbance in bacterial membrane which is regardless of nzVi
reactivity. Once bacterial membrane is disturbed, nZVI particles may internalize
bacterial cells, interacting with cellular components or generating intracellular
oxidative stress subsequently causing cells death. This observation accentuates the

importance of contact between nZVI and bacterial cells for nZVI toxicity.

Despite the drastically reduced cell viability following nZVI exposure, the
resilience was observed in prolonged nZVI exposure in the presence of carbon
source. In regards to the preceding proteomic analysis, the research emphasized on
the importance of nZVI-bacterial membrane interaction on nZVI toxicity as well as
the adaptability of bacteria to counteract the disturbance in their membrane.

Experimental results suggest that mainly by the conversion of cis- to trans-isomer of
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monounsaturated fatty acid in membrane, to counteract the membrane fluidizing

effect of nZVI particles.

The exposure of bacterial cells to nZVI induces the emergence of phenotypic
variant of P. putida F1 exhibiting a remarkable small colony size and higher tolerance
to nZVI thus considered as a nZVI-persistent phenotype or small colony variant. This
emergence could be observed during the single exposure to high concentration of
nZVl (0.5 and 1.0 ¢/L of nzVl) as well as the repetitive exposure to lower
concentration of nZVI (0.1 ¢/L or nZVI). The nZVI-induced oxidative stress involves in
the emergence of phenotypic variant, since the exposure to O-nZVI did not increase
the amount of phenotypic variant. Even though the mechanism underlying the higher
tolerance to nZVl is still unclear, the limited interaction between nZVI particles and

persistent cells likely reduce nZVI toxicity.

Even though this persistent phenotype can revert to their parental
characteristics after several sequential cultivation in the absence of nZzZVI, the
irreversible/stable small colony variant was also detected. This irreversible SCV
phenotype is defective in swimming motility and unable to produce
exopolysaccharide/exopolymeric substance during biofilm formation. While P. putida
F1 is well-known for toluene degradability, this phenotype is slightly more
susceptible and poses a much longer lag phase in growth under toluene as sole
carbon source compared to normal cells of P. putida F1. However, once
acclimatized to toluene, the irreversible SCV phenotype is as effective as the normal
phenotype for using toluene as its sole carbon source.

In conclusion, even though nZVI particles are toxic, bacterial cells can modify
themselves, for example, by modifying their membrane composition, to counteract
the nZVI-induced damage during nZVI exposure. This response mechanism allows

bacterial cells to withstand and survive the occurred damages, resulting the regrowth
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of cells (rebound in number of viable cells) after nZVI undergo oxidation and are no
longer toxic to bacterial cells. At certain level, the nZVI-induced oxidative stress can
induce the emergence of bacterial phenotype variant exhibiting different

characteristics from the normal cells of bacteria.

7.2)  Environmental implications

The findings from this research will be useful for designing and decision
making for environmental application of nZVI. During in-situ injection of nZVI, nZVI
particles tend aggregate and settle around the injection point. The high accumulation
of nZVI, regardless of their reactivity, likely poses a severe damage to surrounding
microorganism due to the high chance of contact between cells and nanoparticles.
Several approaches aiming to increase nZVI mobility in the contaminated site may
promote the risk of nZVI on non-potentially exposed microorganism residing afar
from injection point. Mostly, the nZVI toxicity is concerned at high concentration of
nZVI due to their significant effect on cell viability. However, except for nearby the
injection point, the environmentally relevant concentration of nZVI is much lower. At
certain concentration of nZVI (i.e. 0.1 and 1.0 ¢/L of nZVI in this research), bacterial
cells can response to nZVI-induced damage particularly membrane disturbance thus
resulting bacterial survival in the presence of nZVI. Bacterial adaptability is strain-
dependent; nZVI exposure may diminish the presence of strains unadaptable to nZVI
damage and promote the dominance of strains capable to adapt themselves to nZVI
exposure. This may also explain the shift in bacterial community following nZzVi
exposure. Additionally, some nZVI injection strategies for example, re-dosing or re-
circulation, may unintendedly promote the emergence of bacterial cells showing

different characteristics and may alter the activity of bacteria in the environment.
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7.3)  Suggestions for future researches

The in situ applications of nZVI were typically conducted in subsurface
contaminated area. However, the insightful information regarding nZVI toxicity
mechanism under anaerobic condition is relatively limited and the adaptability of
anaerobic microorganism is yet reported. The understanding about this subject will
be useful for more accurate prediction of the environmental effect of nZVI during in
situ application.

While the model strain, P. putida F1, can modify their membrane
composition in response to nZVI-induced membrane damage, it is noteworthy that
the cis-trans isomerization of unsaturated fatty acid has been reported in only certain
bacterial strains (Pseudomonas and Vibrio) (Heipieper et al., 2003). Additionally, the
proper membrane physical state is required for biological processes (Kim et al,
2002). Bacterial cells may lose their fitness, compensating for the survival under
stress condition. Therefore, future work is recommended for response capability and
mechanism of other common bacterial strains to nZVI as well as consequence of
bacterial adaptation to nZVI.

Indigenous microorganisms typically confront the fluctuated/unflavorable
environmental condition, especially those microorganisms inhabiting the
contaminated site which are challenged by the presence of noxious compounds.
Bacterial adaptation to these stressful conditions may affect their susceptibility to
nZVI. While the introduction of the reactive nZV| to the contaminated sites may
cause an additional adverse effect to indigenous microbes, bacterial adaptation to
preexisted stress may induce a cross-protection against nZVI exposure. Accordingly,
the studies on the effect of other environmental factors on nZVI toxicity as well as

bacterial adaptability are required.
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Appendix A

To assess the relationship between the emergent smaller colony phenotype
(SCV phenotype) and repetitive nZVI exposure, the frequency of the SCV phenotype
in each cycle of repetitive nZVI exposure was investigated. By using the colony size
as a criteria, it is difficult to determine the number of small-colony phenotype
occurred at the low frequency/abundance in a large number of normal phenotype.
Hence, the susceptibility to antibiotic was used to distinguish the SCV phenotype
from the normal phenotype. Cells were grown overnight in TSB medium. The grown
bacterial were inoculated (1% v/v) to fresh TSB medium and one-ml aliquots of cell
culture were transferred to 24-well polystyrene plate. Gentamicin were added to
obtain various final concentrations. Cell culture were cultivated at shaking condition
175 rpm, 30°C for 24 hours. Bacterial growth in the presence of gentamicin was
determined by measuring OD600. The small colony phenotype (MIC = 6 pg/ml) was
slichtly more tolerance to gentamicin than the normal phenotype (MIC = 4 pg/ml),
therefore, TSB agar plate containing 4 pg/ml gentamicin was further used to estimate
the occurrence of the SCV phenotype. Without nZVI exposure, a small fraction of P.

putida F1 (approximately 1075) are able to grow on TSB agar plate containing 4 pg/ml

gentamicin.
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Figure A Bacterial growth in the presence of gentamicin.
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Appendix B

For intracellular oxidative stress measurement, P. putida F1 cells from mid-
exponential phase were collected, washed and resuspended in M9G medium (initial
cell concentration = 108 CFU/ml). Stock solution of CM-H,DCFDA was added to cell
suspension to obtain final concentration of 1 pM of CM- H,DCFDA. Cell suspension
was incubated in dark condition, 30°C for 30 minutes. After that, stock solution of
nZVI was added to obtain final nZVI concentration of 0.5 ¢/L and incubated at
shaking condition 200 rpm, 30°C for one hour. Two hundred pL of nZVI-treated
sample were transferred to 96-wll black plate; Fluoresencence signal of CM-
H,DCFDA were detected using Biotex microplate reader (Biotek Instruments, Inc) with
excitation/ emission wavelengths of 492/517 nm. The nZVI-induced intracellular
stress was determined by comparing with the standard curve of H,0, (Figure B). The
fluorescence signal of nZVI-induced intracellular stress was 217 + 14 which

corresponds to the intracellular oxidative stress induced by 0.5 mM of H,0.,.
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Figure B Standard curve of intracellular oxidative stress.
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