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ABSTRACT: While nanoscale zero valent iron (NZVI) is a promising alternative for in situ remediation, its potential
environmental impact is a major concern. Herein, irreversible small colony variant (SCV) of Pseudomonas putida
F1, obtained from the repetitive exposure to NZVI, was firstly reported. This SCV phenotype exhibited several
altered characteristics including slower growth rate or longer lag phase, loss of swimming ability, and reduced biofilm
formation. Regardless of reversibility, the persistence to gentamicin was used to distinguish the phenotypic variant
from the normal phenotype and to further explore factors affecting this occurrence. By the third cycles of the repetitive
exposure to 0.1 and 0.5 g/1 of NZVI, the frequency of the phenotypic variant increased by 67- and 342-times, in
comparison to those of non-exposed cells, respectively. While the repetitive exposure to 0.5 g/1 of Fe(I) also resulted
in the rising of the gentamicin-persistent phenotype by 65-fold by the third cycle of exposure, the repetitive exposure
to either oxidized NZVI or Fe(IIl) did not induce the phenotypic variant. These results suggest that the emergence of
this phenotype appears to associate with the NZVI-mediated oxidative stress. Together, this study suggests that the
exposure to NZVI could trigger the emergence of phenotypic variants which could result in an environmental fitness
trade-off.
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INTRODUCTION ing toluene [2]. The toxicity of commercial NZVI

was studied using this bacterial strain as a model

Nanoscale zero valent iron (NZVI) is an extensively
used nanoparticle for in situ remediation of contam-
inated sites. Due to its high reactivity and capa-
bility of generating oxidants, environmental impact
of NZVI is highly concerned, especially on those
indigenous microorganisms. Pseudomonas is one
of the versatile environmental bacteria capable of
adapting itself to several stress conditions [1]. Its
versatility, particularly tolerance and ability to uti-
lize various toxic hydrocarbon/pollutants as carbon
source and ubiquity, makes it a major degrader in
many polluted sites [1]. Pseudomonas putida F1
is a well-studied soil bacterium for the capability
to degrade various aromatic hydrocarbons includ-

strain [3]. While NZVI particles are toxic to P putida
F1, the cells can adapt themselves by modifying
their membrane compositions to counteract the oc-
curred stress. Interestingly, the repetitive exposure
to 0.1 g/l NZVI, which is an environmental rele-
vant level, induced the emergence of a reversible
NZVI-persistent phenotype showing distinct smaller
size and higher tolerance to NZVI [3]. However,
the mechanism underlying the NZVI-induced phe-
notypic variation is still unclear. Recently, sev-
eral studies reported the bacterial adaptation to
chronic or repetitive exposure to metal/metal oxide
nanoparticles resulting in higher tolerance to such
nanoparticles [3-5]. Most of these studies focused
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on the tolerance and the adaptation mechanisms,
and the reported tolerance of these strains were
reversible. So far, only Mitchell et al [4] reported an
irreversible phenotype of Shewanella oneidensis MR-
1 which is resistant to nanoparticles of a complex
metal oxide (nickel manganese cobalt oxide, NMC)
obtained from the chronic exposure to NMC.

In the environment, bacteria typically deal with
dynamically fluctuated/challenged situations such
as alterations in temperature and pH, and the pres-
ence of xenobiotic compounds. Bacterial adapt-
ability is, therefore, an important factor determin-
ing their survival. Bacterial adaptation can oc-
cur through many processes, for example, physio-
logical alteration (e.g. modification in their mem-
brane or protein expression) and/or genetic mod-
ification (e.g. mutation or DNA rearrangement).
In some cases, these processes can lead to cross
protection against other stresses [6]. While bacte-
rial adaptation to cope with stresses is beneficial
for their survival, some adaptation processes are
metabolic burden or cause a disturbance to bacterial
metabolism [7].

Phenotypic variation is one of the survival
strategies adopted by bacteria during stress condi-
tions. The phenotypic or phase variation is gener-
ated by mutation, DNA rearrangement or stochasti-
cally epigenetic changes, resulting in different phys-
iological states of cells and granting them chances
to survive under stress conditions such as antibiotic
or oxidative stresses [8]. One of the most studied
phenotypic variants is a small colony variant (SCV).
Generally, the SCV phenotype is described as a slow-
growing subpopulation of bacteria exhibiting dif-
ferent characteristics (e.g. increasing resistance to
antibiotics or higher biofilm formation), compared
with the normal phenotype [9]. While the bacterial
SCV phenotype is extensively studied in pathogenic
bacteria due to the association with difficult-to-treat
chronic infection caused by distinctive characteris-
tics, the study on environmental microorganisms
has been limited. Recently, a SCV has been reported
to affect various characteristics of rhizospheric bac-
teria [9]. The SCV phenotype of Pseudomonas
chlororaphis exhibited higher antibiotic resistance
and biofilm formation, whereas bacterial motility
and production of phenanzine decreased [9].

Along with a reported NZVI-persistent pheno-
type (i.e. reversible phenotypic variant) discovered
by our research group [3], we are able to isolate
an irreversible SCV phenotype (further mentioned
as the SCV phenotype) of P putida F1 during the
repetitive exposure to NZVI. Since the SCV pheno-
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type showed higher antibiotic susceptibility than the
normal phenotype of the P putida F1, in this study,
the antibiotic persistence was used as a surrogate
to explore the NZVI-mediated emergence of pheno-
typic variants of P putida F1 cells. In addition to its
biodegradability, P putida F1 also posses swimming
motility and biofilm forming ability which facilitate
the in situ remediation. Although the environmental
relevant concentration of NZVI did not likely ad-
versely affect the environmental bacteria in term
of cell survival [3], the phenotypic variation may
affect cell activities thus the efficiency of in situ
remediation. Accordingly, such environmentally
relevant characteristics, which are toluene sensitiv-
ity and degradation, swimming ability and biofilm
formation of the SCV phenotype were studied in
comparison to the normal phenotype.

MATERIALS AND METHODS

Materials, bacterial strain, media, and
cultivation conditions

Nanofer 25S (NZVI from hereon) was purchased
from NANOIRON s.r.o., Czech Republic. The char-
acteristics of NZVI are as mentioned in Kotchaplai
et al [3]. For bacterial cultivation, either the normal
or the SCV phenotype of P putida F1 was grown at
30°C, 200 rpm in either tryptic soy broth (TSB) or
M9 minimal medium as mentioned elsewhere [3].
Except where noted otherwise, 0.4% glucose was
used as sole carbon source in minimal medium and
designated as M9G.

Effect of NZVI exposure on the phenotypic
variant

For NZVI exposure, 1% v/v of overnight culture
of P putida F1 was transferred to M9G containing
0.1, 0.5, or 1.0 g/1 of NZVI and shaken at 30°C,
150 rpm. After 24 h of NZVI exposure, 1% v/v of the
NZVI-treated cell suspension was then transferred
to fresh M9G containing the same NZVI concentra-
tion as previously mentioned. The exposures were
repeated for at least three cycles. The frequency of
the phenotypic variant detection in each cycle was
determined using the plate count technique.

In a previous study, the phenotypic variant of
P putida F1 cells detected upon repetitive expo-
sure to NZVI was indicated by the distinct smaller
colony [3]. Due to the limitation of detecting the
smaller colony occurred at low frequency, which
could be hindered by the high amount of the nor-
mal cells, antibiotic resistance was selected as a
surrogate for detecting the phenotypic variant. The
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antibiotic resistances of the normal and the SCV
phenotype cells of P putida F1 were tested as de-
scribed in the supplementary materials (Fig. S1).
While the growth of the normal cells of P putida F1
was completely inhibited in the presence of 2 p.g/ml
of gentamicin, the stable SCV phenotype could per-
sist to 4 pg/ml gentamicin. Thus, the phenotypic
variant in this study, referred to as P putida F1
cells, is able to grow on TSB agar plate containing
4 pg/ml of gentamicin. The frequency of the phe-
notypic variant was calculated using the following
equation: frequency of the phenotypic variant =
(number of cells grown on TSB plate containing
gentamicin) /total cell number.

The potential NZVI-mediated factors affecting
the emergence of the SCV phenotype, i.e. oxida-
tive stress, NZVI reactivity and iron species, were
also investigated. In this experiment, P putida F1
cells were repeatedly exposed to H,O,, oxidized-
NZVI (O-NZVI), Fe(Il) and Fe(Ill) (equivalent to
exposure to 0.5 g/l NZVI). H,0, was used as a
surrogate to assess the role of NZVI-mediated ox-
idative stress. To determine the equivalent intracel-
lular oxidative stress, P putida F1 cells from mid-
exponential phase were collected, washed twice
with 0.85% NaCl, and resuspended in M9G medium
(initial cell concentration ~ 108 CFU/ml). Stock
solution of CM-H,DCFDA (5-(and-6)-chloromethyl-
2/,7’-dichlorodihydrofluorescein diacetate, acetyl
ester) in dimethyl sulfoxide was added to the cell
suspension to obtain a final concentration of 1 uM of
CM-H,DCFDA. Cell suspension was then incubated
at 30°C in dark condition for 30 min. After that,
NZVI was added to obtain a final NZVI concen-
tration of 0.5 g/l and incubated at 200 rpm and
30°C for 1 h. Two hundred ul of NZVI-treated
sample were transferred to a 96-well black plate,
and fluorescence signals of CM-H,DCFDA were de-
tected using a Biotek microplate reader (Biotek In-
struments, Inc) at excitation/emission wavelengths
of 492/517 nm. The level of intracellular oxidative
stress induced by the exposure to 0.5 g/1 of NZVI
was determined by comparing with the standard
curve of those intracellular oxidative stress induced
by various concentrations of H,O,.

Characterization of the SCV phenotype

Bacterial growth rate

An overnight culture of either the normal phenotype
or the SCV phenotype of P putida F1 cells was
inoculated into 100 ml of M9G or M9 with toluene
in vapor phase (M9T), or TSB medium at 30°C,
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150 rpm. The optical density (OD600) at each time
point was collected and exponential growth rate (W)
was calculated according to Zeyer et al [10].

Swimming motility

Swimming motility is a flagella-based movement of
bacteria in liquid of low-viscosity media [11]. Swim-
ming ability of the normal and the SCV phenotype of
P putida F1 cells was tested according to Martinez-
Gracia et al [11] with some modifications. Bacterial
cells from the overnight culture were stabbed to the
center of a TSB plate containing 0.3% agar using
sterile toothpick. Swimming zone size, as indicated
by the radial halo zone within agar, was measured
after 24 h of incubation at 30 °C.

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 by pipet-
ting out, and 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 [12].

Toluene degradation

Toluene degradation was studied using the normal
and SCV cells acclimatized to toluene to reduce lag
phase during the degradation. To prepare toluene-
acclimatized cells, P putida F1 cells were cultivated
in M9T medium at 30 °C, 150 rpm. Cells from mid-
exponential phase were harvested by centrifugation
at 5000 rpm for 15 min and, then, washed twice
with 0.85% NaCl and resuspended in M9G medium
to initial OD600 of 0.05. Toluene degradation test
was conducted in 13-ml capped vial containing 2 ml
of cell culture and initial toluene concentration of
100 mg/1. At each time point, vials were sacrificed
for toluene quantification.

Statistical analysis

The effects of NVZI and other factors on the emer-
gence of phenotypic variants were statistically ana-
lyzed using two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons (p <
0.05). Student t-test with Holm-Sidak method was
used to evaluate the growth rate of the normal and
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the SCV phenotype of P putida F1 cells under various
conditions. All data were analyzed by GraphPad
Prism software (GraphPad Prism 8 for Windows 64-
bit version 8.4.2, GraphPad Software, San Diego
California USA, www.graphpad.com). All of the
experiments were performed in triplicate. The data
were presented as mean value + standard deviation.

RESULTS AND DISCUSSION

Altered antibiotic susceptibility of the SCV
phenotype

The SCV phenotype of P putida F1 was tested for
its susceptibility to various antibiotics in order to
distinguish the phenotypic variant from the nor-
mal phenotype. The NZVI-induced SCV phenotype
was considerably more susceptible to ampicillin and
chloramphenicol as indicated by the lower MIC
(Table S1). On the contrary, the SCV phenotype
showed a slightly higher tolerance to gentamicin,
i.e., while the growth of wildtype P putida F1 was
completely inhibited at 4 ug/ml gentamicin, a con-
siderable growth of the SCV phenotype, i.e. OD600
of 0.2 at the 24th h was detected at that concentra-
tion. In the subsequent experiments, the tolerance
to gentamicin was, therefore, used to indicate the
altered phenotype of bacterial cells exposed to NZVI.
Nanoparticles of metal oxides, i.e. nano-Al,O,
and nano-ZnO as well as their corresponding metal
ions, could induce the occurrence of phenotypic
variant of Escherichia coli K-12 with higher resis-
tance to antibiotics [5]. Similarly, the frequency
of resistant strain was determined by the ratio of
cells growing on the plate containing antibiotic and
the total cell number [5]. On the contrary to our
study, the obtained variants were more resistant
to ciprofloxacin, chloramphenicol, tetracycline, and
ampicillin [5]. Only the Al**-induced variant was
more resistant to gentamicin with two-fold higher
MIC [5]. The changes in antibiotic resistant profiles
of these variants were proposed to be attributed to
oxidative stress-mediated genetic mutation [5].

Increasing of the gentamicin-persistent cells
induced by NZVI exposure

The background level or the frequency of the
gentamicin-persistent cells during the sub-culturing
in the NZVI-free condition remained approximately
107 to 107° throughout the study. The single
exposure to 0.1 g/1 NZVI did not affect the amount
of the gentamicin-persistent cells (0.6-fold higher
than those of non-exposed cells). However, the
repetitive exposure to 0.1 g/l NZVI significantly
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Frequency of the gentamicin-
persistent cells

1 2 3 4 5
NZV1 exposure (Cycles)

Fig. 1 Emergence of phenotypic variant of P putida F1
upon repetitive exposure to 0.1 g/l NZVI. Bar graphs
indicate the frequency of the gentamicin-persistent cells.
Line graph represents the frequency of the phenotypic
variant showing distinct smaller colony size. Pink strip
indicates range of the frequency of the control gentamicin-
persistent cells. The data are based on mean and standard
deviation of at least 3 experimental replications. Some
error bars are missing due to the large value of lower SD
exceeding the log scale.

increased the frequency of the gentamicin-persistent
cells from 1.56 x 107> in the first cycle to 0.0010
(67-fold), 0.0013 (84-fold), and 0.16 (10346-fold)
by the third, fourth, and fifth cycle (adjusted p <
0.0001), respectively (Fig. 1). During these cycles,
the frequency of the altered bacterial phenotype, i.e.
small colony, is high enough to be visually detectable
(0.72+0.14 in the 5th cycle). This result is similar
to the previously reported distinct NZVI-induced
small colony which was approximately 75% by the
5th cycle [3].

It is likely that bacterial response to NZVI ex-
posure (i.e. alteration in their membrane [3]) may
provide cross-protection against gentamicin. Pro-
longed exposures to nanoparticles allow bacterial
cells to adapt themselves to the occurred damages,
resulting in either phenotypic or genotypic changes
in cells [13]. The nanoparticle-induced adapta-
tions include membrane modification, induction
of stress response systems, and shifts in bacterial
metabolism. These alterations can cause a cross-
resistance between nanoparticles and antibiotics
and are becoming a major concern [13]. In addition
to drug resistance, the prolonged nanoparticle ex-
posure also promotes bacterial pathogenicity [13].
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Fig. 2 The concentration-dependent effect of NZVI on the
rising of the gentamicin-persistent phenotype of P putida
F1. The data are based on mean and standard deviation
of at least 3 experimental replications. Some error bars
are missing due to the large value of lower SD exceeding
the log scale.

Beside adaptation, the NZVI exposure may create a
selection pressure toward subpopulation of P putida
F1 cells which can persist gentamicin exposure.

On the contrary to the SCV phenotype, the abil-
ity to grow in the presence of 4 pg/ml gentamicin
of the obtained phenotypic variant from this exper-
iment is transient. Once cultured in the NZVI-free
medium, the phenotypic variant can resume their
normal size and becomes susceptible to 4 pg/ml
gentamicin (data not shown). The reversible phe-
notypic variant appears to be less concerning than
the irreversible phenotype; however, the transient
cross-stress tolerance was reported to facilitate bac-
terial evolution of antibiotic resistance [14].

The NZVI-induced emergence of the gentamicin-
persistent cells is NZVI concentration-dependent

The increased gentamicin-persistent phenotype ap-
pears to depend on the NZVI concentration (Fig. 2).
Compared with the control, i.e. non-exposed cells,
the single exposure to 0.5 and 1.0 g/l NZVI in-
creased the frequency of the gentamicin-persistent
cells by approximately 38-fold and 23-fold, respec-
tively (Fig. 2). Similar to those repeatedly exposed
to 0.1 g/1 NZVI (Fig. 1), the repetitive exposure to
0.5 g/1 NZVI significantly induced the emergence
of gentamicin-persistent cells (p < 0.01). The fre-
quency of the gentamicin-persistent cells increased
from 0.0007 (single exposure to 0.5 g/1 NZVI) to
0.254 (342-fold) by the 3rd cycle of exposure to
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0.5 g/1 NZVI. Interestingly, the repetitive exposure
to 1.0 g/l NZVI did not significantly induce the
emergence of the gentamicin-persistent cells. The
frequency of the persister cells remained approxi-
mately 10~% to 10~2 upon 3 cycles of exposure to
1.0 g/1 NZVI.

The toxicity assessments of nanoparticles ma-
jorly focused on the high concentration range due
to the expectable adverse effects, e.g. distinctive cell
injuries or cell death. However, upon in situ ap-
plication, the introduced nanoparticles, particularly
NZVI, were likely diluted. Based on cell survival,
the toxicity of single exposure to 0.1 to 1.0 g/l
NZVI seems negligible since cells can resume their
growth upon prolonged exposure [3]. The repetitive
NZVI exposures, nonetheless, induce a notable dose-
dependent alteration in bacterial phenotype. While
the mechanism is still unclear, the accumulation of
iron (carry-over of NZVI) during repetitive NZVI ex-
posure may play role in the increasing frequency of
the SCV phenotype. However, high concentrations
of NZVI (>1.0 g/1) may cause an unbearable dam-
age; for example, severe membrane damage and
oxidative stress, resulting in cell death. This may
explain the limited induction of the SCV phenotype
by repetitive exposure to 1.0 g/1 NZVI.

The emergence of the SCV phenotype is induced
by NZVI-mediated oxidative stress

The toxicity of NZVI is attributed to physical contact,
oxidative stress, and the released Fe(II) [15]. The
potential factors affecting the emergence of the phe-
notypic variant, i.e. oxidative stress as well as the
released iron ions, were investigated. CM-H,DCFDA
was used to determine the level of the intracellular
oxidative stress induced by NZVI exposure. The
exposure to 0.5 g/1 NZVI generated the comparable
intracellular oxidative stress with those exposed to
0.5+0.03 mM H,O,. The exposure to 0.5 g/l of
O-NZVI resulted in the comparable intracellular ox-
idative stress with those exposed to 0.09+0.01 mM
H,0,. Accordingly, the exposure to 0.5 mM H,0,
was used as the surrogate for the oxidative stress
induced by exposure to 0.5 g/1 NZVI. The total cell
number of P putida F1 exposed to either O-NZVI,
H,0,, Fe(II), or Fe(III) for 24 h was approximately
10° to 10'° CFU/ml throughout the study indicating
no difference in the total cell numbers.

In comparison to un-exposed cells, the single
exposure to 0.5 mM H,O, increased the detection
frequency of gentamicin-persistent cells by 14.5-fold
(2.04 x 107%) (Fig. 3). The exposure to 0.5 g/I of
O-NZVI, Fe(II), and Fe(II) resulted in changes in
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Fig. 3 The factors affecting the rising of the gentamicin-
persistent phenotype of P putida F1. Pink strip indi-
cates range of the frequency of the control gentamicin-
persistent cells. The data are based on mean and standard
deviation of at least 3 experimental replications. Some
error bars are missing due to the large value of lower SD
exceeding the log scale.

the frequency of gentamicin-persister by approxi-
mately 0.8, 0.9, and 0.4-fold, respectively. However,
the repetitive exposure to H,O0, did not further
increase the frequency of the gentamicin-persistent
phenotype, suggesting the maximum SCV induction
caused by single exposure to 0.5 mM H,0,. The dis-
crepancy between the repetitive exposure to NZVI
and H, 0, is likely due to carry-over of NZVI during
the repetitive exposure which can generate greater
oxidative stress in the subsequent exposure. Only
the repetitive exposure to 0.5 g/1 Fe(Il) induced the
rising of the gentamicin-persistent phenotype. The
exposure to Fe(II) for 3 cycles significantly increased
the frequency of gentamicin-persister (8.31 x 1074,
adjusted p < 0.0001), compared with 1 and 2 cycles
of exposure. Neither O-NZVI nor Fe(III) exposure
affected the emergence of this phenotype. Taken
together, these results indicate that the exposure
to NZVI likely influences the emergence of the
SCV phenotype through the mediation of oxidative
stress. The repetitive exposure to Fe(I), which can
interact with intracellular H,O, and generate OH-
via Fenton reaction, also induce the emergence of
SCV phenotype.

Typically, reactive oxygen species (ROS), such
as H,0, and O, can be generated intracellularly
as a byproduct from bacterial aerobic respiration
or the oxidation of biomolecules [16]. H,O, can
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further rapidly interact with Fe(II) (Fenton reac-
tion), generating highly reactive, non-selective hy-
droxyl radicals which can further damage DNA and
proteins [17]. The presence of NZVI or Fe(Il) sig-
nificantly promoted the Fenton-mediated oxidative
damage, thus increasing chance of phenotypic vari-
ation or stress-response induced tolerance against
gentamicin. Unlike the reactive iron nanoparticles,
the iron oxide nanoparticle can interact with the
biomolecules, yet, non-toxic to cells [18]. Even
though Fe(III) and O-NZVI (which mainly consists of
Fe(IIl)) can also interact with O;- or H, 0, resulting
in Fe(Il) and oxygen, the lower impact of Fe(III) on
bacterial cells is likely due to their low solubility,
thus reducing their bioavailability [19].

Oxidative stress, i.e. H,0,-induced DNA dam-
age, has also been reported to trigger and selected
for the stable gentamicin-resistant SCV phenotype of
Staphylococcus aureus [20]. Oxidative DNA damage
(e.g. double stranded DNA breaking) could lead to
mutated bacterial cells [21]. On the contrary, the
expression of error-prone polymerase, a low fidelity
DNA damage repairing enzyme, could enhance the
mutation rate of bacteria, and might increase the
frequency of the SCV phenotype [22]. While the ox-
idative stress-induced mutation likely explains the
emergence of the irreversible SCV phenotype, there
has been no reported mutagenicity effect of NZVI
on bacterial cells [23]. Schiwy et al [23] studied
the mutagenicity of aged Nanofer 25S and reported
that no mutagenicity was observed due to low
ROS generation. Beside mutagenesis, the oxidative
stress-induced expression of efflux pump and bac-
terial adaptation to membrane-active compounds
have been reported to induce the cross-protection
against aminoglycoside antibiotics [24,25]. For
instance, Kurenbach et al [25] reported that bac-
terial exposure to a sublethal concentration of her-
bicides affected the susceptibility to various antibi-
otics through activation of soxS-controlled efflux
pump. The soxRS regulon controls several proteins
involved in bacterial oxidative stress response in-
cluding superoxide dismutase, fumarase, and aconi-
tase [26]. 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 [24].

The NZVI-induced SCV phenotype partially lost
their environmental fitness-related traits

The SCV phenotype exhibited different growth pat-
terns (e.g. lag time and growth rate) from those of
the normal phenotype of P putida F1 (Table 1). The
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Table 1 Growth of P putida F1 in various media.
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Condition Normal phenotype The SCV phenotype

Lag time (h) Growth rate (h™) Lag time (h) Growth rate (h™)
TSB 2 0.248+0.011 2 0.217+0.015
M9G 2 0.213+0.026 2-7 0.243 +0.080
MOT + 0.1% Glucose 2 0.211+0.009 13-24 0.067+0.051"
MOT (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

Asterisk indicates a significant difference (p < 0.01) between row, i.e. growth rate of the normal phenotype and the
SCV phenotype of P putida F1 in medium according to the Student t-test with the Holm-Sidak method.

growth rate of the SCV phenotype in TSB medium
substantially dropped compared with the normal
phenotype. On the contrary, while growth rates
of the two phenotypes in minimal medium supple-
mented with glucose are comparable, lag phase of
the SCV phenotype is slightly longer. P putida F1 is
a well-studied strain for its toluene degradability. 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 1). The SCV pheno-
type may become more susceptible to toluene and
requires longer time to adapt to toluene, resulting
in longer lag phase (at least 24 h) for growth under
toluene as a sole carbon source compared with 6-
h 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 effec-
tive 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 1).
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 M9T. Even though
the added glucose could substantially cut down
the lag period of the SCV phenotype in M9T; the
maximum growth rate was significantly lower than
that of the normal phenotype (adjusted p < 0.0001)
and remained comparable to the case of M9T with-
out glucose supplementation. P putida can utilize
toluene and glucose simultaneously [27]. Glucose
is a source of carbon and energy for cells during
adaptation to toluene, resulting in shorter lag time,
compared with cells grew in M9T. Once glucose was
completely consumed, cells grew solely on toluene.

Accordingly, the SCV phenotype, which is likely
more susceptible to toluene or could utilize toluene
at slower rate than the normal phenotype, exhibited
a comparable growth rate of those cells grew in
MOIT without acclimation. Toluene degradation by
the normal and the SCV phenotypes was tested at
initial toluene concentration of 100 mg/1, which did
not inhibit the viability of both phenotypes. Even
though the growth of toluene-acclimated SCV cells
is comparable to the growth of normal P putida F1
cells, the toluene degradation is substantially slower
than the normal phenotype (Fig. 4a).

Substrates, such as hydrocarbon, can transport
across membrane via three mechanisms: (1) pas-
sive diffusion, (2) passive facilitated diffusion, and
(3) active transportation [28]. In our previous
study, P putida F1 cells could adapt to NZVI ex-
posure by modifying their membrane composition,
resulting in phenotypic variant with more rigid
membrane [3]. This rigid membrane might reduce
solvent influx [29]. The limited passive diffusion of
toluene might reduce availability of toluene for uti-
lization, thus contributing to the slower growth rate
under toluene as carbon sources or slower toluene
degradation of the SCV phenotype of P putida F1.
The altered membrane fluidity could affect the in-
teraction between membrane lipids and proteins
including efflux pumps [30]. As a result, extru-
sion, reduction, and degradation of toluene were
affected.

The limited/low bioavailability of pollutant is
one of the limitations for in-situ bioremediation pro-
cess [31]. Chemotactic bacteria, for instance, Pseu-
domonas strains are capable of moving in responses
to several pollutants, thus enhancing their bioavail-
ability [32] and providing advantages over non-
chemotactic or non-motile bacteria [33,34]. After
sensing a chemical via chemoreceptor protein, bac-
teria can respond by moving toward chemoattrac-
tant, or moving away from chemorepellent by using
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Fig. 4 Characteristics of the SCV phenotype in comparison
to the normal phenotype of P putida F1: (a) Toluene
degradation by toluene-acclimated P putida F1 cells. The
normal phenotype is indicated by dark gray color and the
SCV phenotype by light gray color; (b) Bacterial motility
based on halo zone in the swimming plate assay; and
(c) Biofilm formation of the normal phenotype (dark gray
bars) and the SCV phenotype (light gray bars). The
line graphs are the number of attached cells. The data
are based on mean and standard deviation of at least 2
experimental replications.

flagellar-mediated swimming motility. P putida F1
has been reported for their chemotactic ability to-
ward several pollutants including benzene, toluene,
and trichloroethylene [35]. However, the SCV phe-
notype of P putida F1 is defective in swimming
motility (Fig. 4b). This could strain chemotactic
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ability of the bacteria, thus, decreasing bioavailabil-
ity to pollutants and their biodegradability. Even
though the mechanism underlying the non-motility
of the SCV phenotype is still unclear, the disturbance
in the flagella synthesis or their function is likely to
be the cause. A non-motile phenotype of P putida
with a mutation in flagella biosynthesis has been
reported to become sensitive to toluene exposure
due to a decreased efflux pump activity [36].

Bacterial motility/chemotaxis also affects
biofilm formation, which can further affects
the biodegradability [37]. Biofilm is a complex
form of bacteria consisting of surface-associated
bacterial cells held together by the matrix consisting
of extracellular polymeric substance (EPS). It is a
typical form of bacteria, which plays important roles
in many biological processes, in the environment
[38,39]. The effective biodegradation of pollutants
by P putida F1 biofilm has been reported [40].
The flagella-mediated swimming bacteria reach the
surface forming mono-layer of attached bacteria.
On the other hand, in the absence of flagella,
the bacterial biofilm forming ability is increased
due to the reduced mobility, thus, enhancing
the number of attached cells. In this study, the
amount of attached SCV phenotype cells was still
high (~ 10’ CFU/ml), which was one-order of
magnitude lower to that of the normal phenotype
(Fig. 4c). However, no biofilm production was
detected by using crystal violet staining method
(Fig. 4c). This result suggests the disturbance in
EPS production or secretion.

CONCLUSION

In this study, the stable NZVI-induced phenotypic
variant of P putida F1 was reported. Concomitantly
with the slightly higher resistance to gentamicin,
this phenotype was more susceptible to toluene,
lost their swimming motility, and had no ability to
form biofilm. Using gentamicin as a surrogate to
distinguish the phenotypic variant from the normal
phenotype of P putida F1 revealed that the emer-
gence of this phenotypic depended on the concen-
tration of NZVI and the repetitiveness (cycle of ex-
posure). The NZVI-induced oxidative stress mainly
contributed to the induction of the SCV phenotype
since the non-reactive form of NZVI (O-NZVI), as
well as Fe(III), did not cause the emergence of the
phenotype. Several integrations between NZVI and
bacterial cells to improve the efficiency of remedi-
ation processes, both ex situ and in situ, have been
reported. This study wanted to emphasize that bac-
terial cells could play an important role in biodegra-
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dation/biotransformation and, hence, might be able
to adapt and survive in the presence of NZVI. The
repetitive or chronic exposure to NZVI could result
in a trade-off, as indicated by partial loss of bacterial
environmental fitness. This should be taken as a
concern when designing environmental application
of NZVI to improve the efficiency of the process
and to avoid the unintended consequence. The
mechanism underlying the emergence of phenotypic
variants should further explored to obtain a better
understanding. Future studies should consider the
effect of modified NZVIs, such as metal-doped NZVI,
since they also release other metal ions.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasial513-1874.2021.044.
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Appendix A. Supplementary data

Transferred one colony of WT or SCV cells to 5S-mL TSB medium

¢ 30°C, 200 rpm for 14—16 h

Transferred 1% (v) of cell culture to fresh TSB medium

|

Aliquoted the cell culture to 24-well polystyrene plate

¢ 30°C, 175 rpm for 24 h

Added the antibiotic stocks to obtain the pre-determined concentration
(final volume = 1 mL for each well)

|

Measure the optical density at 600 nm (OD600)

Fig. S1 Determination of antibiotic resistance in the normal and the SCV phenotype. Minimal inhibitory concentration
(MIC) of each antibiotic is the lowest concentration that inhibits bacterial growth.

Table S1 Antibiotic MICs for the normal and NZVI-induced SCV phenotype of P putida F1.

Antibiotic MIC(ug/mD

Normal phenotype SCV phenotype
Gentamicin 4 6
Tetracycline 2 2
Ampicillin 600 200
Chloramphenicol >300 150
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