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Persistence and environmental geochemistry
transformation of antibiotic-resistance bacteria/genes
in water at the interface of natural minerals with light
irradiation

Hongliang Yin, Yiwei Cai, Guiying Li , Wanjun Wang, Po Keung Wong, and
Taicheng An

Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control, Guangzhou Key
Laboratory Environmental Catalysis and Pollution Control, School of Environmental Science and
Engineering, Institute of Environmental Health and Pollution Control, Guangdong University of
Technology, Guangzhou, China

ABSTRACT
The antibiotic resistance (AR) is a
threatening risk for human health
at a global scale. The propaga-
tion, dissemination and evolution
of AR have been well-studied
these years. With development of
AR, the antibiotic-resistance bac-
teria (ARB) and antibiotic-resist-
ance genes (ARGs) have been
detected in almost all environ-
mental systems and matrices.
Herein, we attempted to summar-
ize how ARB/ARGs become persist
when they enter water environ-
ments and further be involved in
geochemical processes especially at the interface of natural mineral with light irradiation.
During the processes, bacteria have different form of transformation and come into
stressed or non-stressed states. Their existed forms will be varied including being inacti-
vated, transient tolerance and persistence phenotypes, which make AR problem become
stubborn and complicated. Besides, separation of ARB and ARGs further intensified com-
plexity of AR problem after naked ARGs diffusing into water, which acted as reservoir of
ARGs and set stage for their transfer between bacteria. Furthermore, acquisition of ARGs
mediated plasmid could even bring some advantages or disadvantage to bacteria, mak-
ing problem more complex and uncontrollable. To enable AR under control, it is critical
to understand the mechanism how ARB/ARGs participate in environmental geochemical
transformation and in what condition that AR persistence happen. Understanding pon-
derance of AR persistence is not only key to properly assess its risk, but also to seriously
prevent the continued development of AR.
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1. Introduction

Antibiotic resistance (AR) has becoming a challenging problem to global
public health by making antibiotics less effective (Amarasiri et al., 2020;
Laxminarayan et al., 2013; Pruden et al., 2006; Toprak et al., 2011). The
primary factors that drive the development of AR problem is the overuse
of antibiotics in veterinary and human medicine (Shah et al., 2012). Many
studies have focused on the evolution and dissemination of antibiotic-
resistance bacteria (ARB) and antibiotic-resistance genes (ARGs) as well as
elimination techniques so that attempt to control the development of AR
problem (Hall, 2004; Hershberg, 2017; Jia et al., 2015; Lehtinen et al., 2017;
Martinez, 2011; Singh et al., 2012; Toprak et al., 2011; Yoshida et al., 2017).
However, due to the stubbornness of ARB and ARGs in various environ-
mental systems, many researchers began to realize the problem of AR per-
sistence (Eckert et al., 2018; Enne et al., 2001; Lopatkin et al., 2017; Mao
et al., 2014; Zhao et al., 2020).
Based on highly detected frequency as well as concentrations, ARB and

ARGs have been defined as persistent pollutants in different environmental
systems including rivers (Proia et al., 2016; Storteboom et al., 2010), air (Li
et al., 2018), soil (Knapp et al., 2011), sediment (Dong et al., 2019), lagoons
(Chee-Sanford et al., 2001) and lakes (Eckert et al., 2018). Furthermore, in
recent years, many studies have reported that the ARGs could be also
detected in airborne particulate matters (Liang et al., 2020), which provide
a new pathway of ARG transmission. For example, the ARGs and mobile
genetic elements (MGEs) have been highly detected in airborne particulate
matters in cattle feed yards, hospitals, wastewater treatment plants and
urban environments (Gao et al., 2017; Hu et al., 2018; Ling et al., 2013; Pal
et al., 2016; Xie et al., 2018). Besides, tetracycline resistance genes are also
available in human-occupied indoor environments (Ling et al., 2013). It has
also been reported that airborne blaSHA to b-lactams and sul1 could be
detected in urban parks (Echeverria-Palencia et al., 2017).
Reports indicate that even after reducing usage of antibiotics for almost

10 years (Enne et al., 2001; Hajd�uch et al., 1997; Heinemann et al., 2000;
Sundqvist, 2014; Zhang et al., 2019), the related ARB and ARGs still persist
in clinic treatment. These indicate that once the ARB and ARGs emerged,
they will diffuse and participate in complicated environmental processes,
which could largely affect their longevity. It has been reported that in river
sediment, the ARGs located on plasmid could persist for over 20weeks
(Mao et al., 2014). Actually, some studies have already revealed the phe-
nomenon that natural or anthropogenic factors play an important role in
bacterial persistence in water environment (Durao et al., 2018; Eckert et al.,
2018; Lu et al., 2015; Pruden & Arabi, 2011; Williams-Nguyen et al., 2016).
Besides, some researchers supposed that on highly polluted days, the
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airborne particles might provide extra adhesion sites for microorganisms so
that help them suspend more stably and persistent in air (Hu et al., 2018).
In various environmental systems, natural minerals and light irradiation

are ubiquitously exists in individually or simultaneously. Sunlight mainly
contains ultraviolet-light, visible-light, infrared-light, all of which are
involved in many environmental processes and have intensively interacted
with bacteria inevitably (Baliga et al., 2004; Dantur & Pizarro, 2004;
Gustavson, 2000; Herndl et al., 1993; Kumar et al., 2016; Ruiz-Gonzalez
et al., 2013; Santos et al., 2013). As for natural minerals, it is a basic consti-
tution of geochemical characteristics that exist in various environmental
interfaces, where bacteria or extracellular genes could attach and interact
(Cai et al., 2009; Cao et al., 2011; Chen et al., 2016; Morrison et al., 2014;
Stotzky, 1986; Stotzky & Rem, 1966; Williams et al., 2011). Some part of
naturally-occurred minerals such as montmorillonite, kaolinite could
exhibit obvious antibacterial activity directly to bacteria (Rong et al., 2007;
Stotzky & Rem, 1967), while some could influence bacterial metabolic pro-
cess as well as the growth process (Ferris et al., 1987). It has also been
reported that mineral interaction could facilitate transfer of ARGs (Li et al.,
2020). Besides, the adhesion of bacteria and DNA on minerals could also
play a crucial role in biological activity and diversity, as well as in the
transfer of genetic information among bacteria (Cai et al., 2009; Chen
et al., 2016).
During real environmental geochemistry processes, the natural mineral

and sunlight are usually coexisted. Among these minerals, some have semi-
conductor properties, leading to a typical naturally photocatalytic process
occur when irradiated by sunlight, where reactive oxygen species (ROSs)
such as �OH, O2

�–, H2O2 could be generated. It has been reviewed that
many kinds of metal oxides and metal sulfide minerals have semiconductor
characteristics and participate in the natural geochemistry process (Table 1)
(Huang et al., 2003; Xia et al., 2017). It has been found that the maximal
adsorption wavelength of most of natural semiconductor minerals is
located within the range of visible light and infrared light. This phenom-
enon suggests that most minerals could be excited by sunlight and form a
naturally photocatalytic interface. The photocatalytic function in minerals
can play a unique role in environmental self-cleaning on the Earth’s sur-
face, where complex pollutants will be oxidized and degraded. When bac-
teria transport through shallow surface water, it could encounter such
interfaces and subjected to a certain degree of oxidative stimulation. Here,
this special natural mineral interface, that irradiated by light was defined as
light and semiconductor mineral (LSM) interface. All these studies suggest
that ARB and ARGs could participate in the environmental self-cleaning
processes and interact with each other in various pathways, which might
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largely affect their environmental behavior and fate. However, the existing
forms and evolution trend of ARB and ARGs are unpredictable, which will
impose a big obstacle to the understanding of how AR problem exist and
persist in the natural environments.
Therefore, the main objective of this review is to advance the knowledge

of how does ARB/ARGs transform in the LSM interface as well as their
association with AR persistence. In addition, the mechanisms that mediate
persistence of ARB/ARGs were further illustrated.

2. Damage effects of ARB/ARGs at interface of natural minerals with
light irradiation

Sunlight provides the energy necessary for the functioning of some bacter-
ioplankton communities by supporting the action of biologically usable
photons such as photosynthesize or some other indirectly pathways.
Nevertheless, part of sunlight energy occurs at different wavelengths which
could harm bacteria at various environmental interface; this is mainly the
case of ultraviolet (UV) region of spectrum which categorized into three
wavelength ranges, UVA (320–400 nm), UVB (280–320 nm) (Ruiz-Gonzalez
et al., 2013) and UVC (185–280 nm), which is often used as a direct steri-
lizing lamp. The UVC is usually considered as the most biologically harm-
ful to bacteria, while it is absorbed in the air and cannot reach the surface
of the earth. Artificial light sources are also utilized to study the antibacter-
ial effects of specific spectrum of light (Hockberger, 2002). Most of studies
focused on the UV irradiation, which could be absorbed by DNA structure
directly and lead to the inactivation of bacteria through inducing the for-
mation of cyclobutane dimer and breakage of DNA (Pfeifer, 1997; Ravanat

Table 1. Natural existed semiconducting metal oxides and metal sulfide minerals (Xia
et al., 2017).
Name Formula Name Formula Name Formula

Baddeleyite ZrO2 Massicot PbO Pyrolusite MnO2

Romarchite SnO Bismite Bi2O3 Magnetite Fe3O4

Geikielite MgTiO3 Shcherbinaite V2O5 Sphalerite ZnS
Manganosite MnO Ilmenite FeTiO3 Alabandite MnS
Bunsenite NiO Goethite FeOOH Orpiment As2S3
Cassiterite SnO2 Wuestite FeO Greenockite CdS
Eskolaite Cr2O3 Monteponite CdO Berndtite SnS2
Zincite ZnO Hematite Fe2O3 Cinnabar HgS
Anatase TiO2 Cuprite Cu2O Lorandite TlAsS2
Pyrophanite MnTiO3 Montroydite HgO Stibnite Sb2S3
Rutile TiO2 Tenorite CuO Livingstonite HgSb4S8
Senarmontite Sb2O3 Avicennite Tl2O3 Tungstenite WS2
Enargite Cu3AsS4 Molybdenite MoS2 Chalcocite Cu2S
Herzenbergite SnS Bornite Cu5FeS4 Pyrite FeS2
Argentite Ag2S Cobaltite CoAsS Hauerite MnS2
Polydymite NiS Galena PbS Chalcopyrite CuFeS2
Vaesite NiS2 Arsenopyrite FeAsS
Pyrrhotite FeS Covellite CuS
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et al., 2001). It has been reported that under the exposure of UV irradiation,
the damage of plasmid encoding ampicillin resistance gene blaTEM-1 would
occur (Pang et al., 2016). Furthermore, the UV irradiation could also inacti-
vate ampicillin-resistance and trimethoprim-resistance Escherichia coli (E.
coli) (Templeton et al., 2009). In contrast, some studies reported that UV
irradiation showed no significant decrease in the levels of tert(Q) and
tert(W) genes (Auerbach et al., 2007). Except the damage of ARGs, other
components of bacteria were also affected by natural or artificial light irradi-
ation. For example, UVB could cause the alternation of whole cell protein
profile (Kumar et al., 2016). The UVC and mid-infrared irradiation could
also inhibit the synthesis of bacterial proteins as well as the damage to lipid
structure (Chamberlain & Moss, 1987; Frols et al., 2007; Santos et al., 2012).
The C-glucose leakage, lipid peroxidation, and microviscosity of liposomal
membrane increased linearly with the increase of UVA intensity, which
could subsequently alter the permeability of bacterial cell membrane (Bose &
Chatterjee, 1995). Extracellular polymeric substances (EPS) as an important
active component of bacteria could also be suppressed by UVB irradiation
(Herndl et al., 1993). Furthermore, the morphology and flora structure of
bacteria could also be changed under UV light irradiation (Margaryan et al.,
2016). Based on above description, it could be inferred that the injury path-
ways of light irradiation are multifarious, which constitute the uncertainty of
bacterial stress responses and follow-up existence form of lucky escaped bac-
terial individuals. Compared with UV irradiation, the visible light cannot
cause a strong damage on ARB and ARGs. It is suggested that visible light
irradiation could provide some advantage to bacterial growth (Li et al.,
2017). Also, it has been reported that the emergence of gentamicin resistance
could be induced by visible light (Harris et al., 1981). Visible light could also
help bacteria to eliminate intracellular ROSs so that improve their survival
capability (Li et al., 2017). Besides, certain dose of visible light irradiation
could trigger various bacterial stress responses to improve their survival as
well as increase conjugative transfer of ARGs (Chen et al., 2019).
Three decades of experimental work evaluating the effects of sunlight on

natural bacterial activity suggest the responses ranging from high stimula-
tion to total inhibition. Many researches related to the inhibition or stimula-
tion of bacterial activities under the exposure of sunlight has been noted
(Pakulski et al., 2007; 2008; Santos et al., 2012). Additionally, some environ-
mental factors, including nutrient impairment and temperature, significant
modulate the interactions between bacteria and sunlight (Ruiz-Gonzalez
et al., 2013). It has been reported that the simulated sunlight irradiation
could triggered SOS stress response and oxidative stress of antibiotic resist-
ance of E. coli (Chen et al., 2019). Based on the above description that
related to the stimulation of sunlight irradiation, it could be inferred that
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with the exposure of sunlight, bacteria might be damaged with various
extends and arouse different stress responses.
The natural mineral is widespread in environmental system and closely

related to bacteria. During the life process of bacteria, a lot of physical-
chemistry interactions happened at the interface of environmental minerals.
Among these processes, bacteria usually undergo an antibacterial effect posed
by some mineral materials, which can hamper passive and active uptake of
essential nutrient, disrupt cell envelope or impair efflux of metabolites (Ferris
et al., 1987). Some specific minerals such as allophane and imogolite could
make antibacterial by chemical sorption of known bacterial element (Ag, Cu,
Co, Zn) onto certain crystallographic sites of mineral surface (Malachov�a
et al., 2011; Onodera et al., 2001). It has been reported that the effects of anti-
bacterial are mineralogically different, but they have in common in the pres-
ence of Fe-rich phases (e.g., biotite, Fe-smectite, jarosite, magnetite, pyrite,
hematite, amphibole, and goethite) (Williams et al., 2011). Besides, nano-min-
erals may enhance the solubility of toxic element (Williams et al., 2011).
When the antibacterial of natural mineral has been revealed, some studies
start to synthesize the artificial mineral media or mineral complexes to inhibit
the growth ability of bacteria (Lachowicz et al., 1996; Wu et al., 2009).
Except for single stimulation posed by mineral interface, in nature envir-

onment, more often than not, minerals are co-existing with light irradi-
ation, which composed the LSM interface as described above. However, in
most of time, the intensity of oxidative pressure that bacteria received in
LSM interface are indistinct, which creates a variety of scenarios for the
subsequent state of bacteria. However, based on its potential photocatalysis
effects, which are superior method to inactivate wide range of microorgan-
isms especially ARB in natural water environments (Cho et al., 2004, 2005),
the natural minerals applied as photocatalyst in water disinfection has been
greatly developed in recent decade. It has been reported that the photocata-
lytic interface could inactivate ARB as well as its associated ARGs totally
due to the oxidative pressure of continuously produced ROSs at the inter-
face (Guo et al., 2017; Jiang et al., 2017). In another word, the environmen-
tal effects of LSM interface posed by sunlight and natural minerals have
been magnified significantly. Among these studies, the widespread natural
minerals which could be used for direct photocatalytic bacterial inactivation
include natural magnetic sphalerite, natural sphalerite, as well as natural
pyrrhotite (Chen et al., 2011; 2013; Xia et al., 2013; 2018; Yang et al.,
2011). Some other semiconductors collected from mineral deposits are also
incorporated with several exogenous metal elements (e.g. Fe2þ and Cd2þ),
which help to shift their adsorption edge to visible light region (Wang
et al., 2017). Besides, some studies try to artificially build a more efficiently
catalyst to acquire higher photocatalytic activity. For example, titanium and
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titanium-iron species has been incorporated inside a smectite-type mineral for
photocatalytic bacterial inactivation (Carriazo et al., 2010). Due to its strong
oxidative pressure, the bacterium not only lose its vitality but also be further
oxidatively degraded and then released the intracellular substances including
protein and DNA (Sun et al., 2014). Based on the above description, it is indi-
cated that bacteria can receive different adverse effects from pure light irradi-
ation, mineral contact and LSM oxidative interface when they participate in
the environmental geochemistry process. However, the extent of bacterial dam-
age varies widely from mild stimulation to severe oxidative damage, which can
affect different forms of bacterial transformation.

3. Geochemistry transformation and their persistence of ARB/ARGs

Herein, various transformation pathways of bacteria were summarized sys-
tematically when they were involved in the geochemistry processes of light
irradiation with mineral interaction (Figure 1). Based on the different types
and degrees of stimulation processes, bacteria tend to appear in many dif-
ferent states, where some individuals emerge stress response to resist exter-
nal stimuli, while some were inactivated. Corresponding to different states,
there will be different development trend for each bacterium.

3.1. Bacteria transformation with stress responses

3.1.1. Improved tolerance
Different from dead cells, large part of bacteria could escape from the fate
of death through various stress responses to improve their tolerance to

Figure 1. The transformation of ARB after stimulation: with or without stress responses.
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adverse environmental factors. Some stress responses were directly help
bacteria to survive. For example, after the bacteria being exposed to UVA
stimulation, the damage of their DNA could be reversed by three mecha-
nisms: photo-enzymatic repair (PER), nucleotide excision repair and post-
replication repair (so-called “dark repair system”) (Sancar & Sancar, 1988;
Schultz et al., 1985). It is well known that the increased mutation rates
could be induced under the UVA irradiation, which accelerate the occur-
rence of more fitted mutants to UVA stimulation (Runger & Kappes,
2008). It has also been reported that some special individuals could arouse
their global regulation system which can mediate oxidation stress response,
SOS stress responses as well as envelope stress responses to protect bacteria
from directly or secondary-action of UVA attack (Chen et al., 2019).
Further, different light irradiation such as visible light and simulated sun-
light could also elicit bacterial stress responses related to oxidative stress
and SOS stress responses (Chen et al., 2019).
Some natural mineral could also cause adverse effects on bacteria, as

expected, bacteria could arouse their stress response to survive when they
interact with natural sphalerite nanoparticles (G. Li et al., 2020). With the
oxidation pressure posed by LSM interface, the bacteria could arouse their
oxidative stress response to help themselves to get rid of the attack of
ROSs (Sun et al., 2017). During this process, the antioxidative enzymes
such as catalase activity (CAT) and superoxide dismutase (SOD) could
overexpress to counteract with increased ROSs so that maintain the redox
equilibrium in bacterial intracellular (Sun et al., 2017). Furthermore, under
the stimulation of LSM interface, various bacterial stress responses includ-
ing nutrient impairment, oxidative stress, envelope stress and SOS stress
could both be elicited in ARB (Yin et al., 2020). Besides, under the state of
stress responses, the ARB transiently exhibit high tolerance to the attack of
antibiotics through higher mutation rate and more efficient efflux
pump (Yin et al., 2020). However, all above mentioned stress responses
related to the improved tolerance are mediated by temporary change in the
bacterial state, which is un-inheritable and non-genetic when stimulation
was removed.
In addition, it is worth mentioning that in some cases, the ARB exhibited

different stress response from the bacteria without carrying ARGs. Usually,
the exogenous ARGs were defined as an unnecessary element for ASB
when there is no antibiotic selection existed (Enne et al., 2005). The expres-
sion of ARGs might increase the growth burden of bacteria so that impair
their proliferation. However, some studies reported that acquirement of
ARGs could endow bacteria with growth advantage as well as better toler-
ance to some specific stimulations. For example, by comparative study, the
bacteria carrying with cefotaxime and colistin resistance genes could exhibit
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stronger stress responses and with less change of intracellular enzyme activ-
ity when expose to oxidative stimulation (Yin et al., 2019; 2020). The bac-
teria with colistin resistance gene could build up better tolerance to
photocatalytic inactivation (Tseng et al., 2016). Furthermore, ARB is much
more tolerant to UV disinfection than antibiotic-susceptible bacteria (Pang
et al., 2016). This finding indicated that the UV irradiation have potential
selection function to help the emerge of ARB and ARGs and its further
persistence. However, the current researches only found the existence of
this phenomenon without exploration of the underlining mechanisms, for
example, which type of ARGs or plasmids can strengthen or weaken bac-
teria and what kind mechanisms can explain these phenomena.
Beyond the normal stress that we usually known, the conjugation trans-

fer of genes as an pathway of horizontal gene transfer (HGT) could also be
elicited after the exposure of UVA stimulation (Ajon et al., 2011; Chen
et al., 2019), which seem belong to part of bacterial stress system. It is that
the bacteria could transfer some useful elements to other individuals to
learn from each other. Obviously, during this process, the ARGs located in
plasmids or integrons could also be transferred to other hosts. Besides,
some studies showed that the conjugation transfer could also be facilitated
through the external stimulation (Dunlop et al., 2015), which belong to
another stress response of bacteria discussed in this paper. Furthermore, it
has been reported that some ARB could exhibited more resistant to the
attack of ROSs as compared with antibiotic-susceptible bacteria (Gogniat &
Dukan, 2007; Tseng et al., 2016). It has been reported that both associated
and disassociated ARGs can spread between bacterial individuals through
the conjugation transfer (Cai et al., 2007; Overballe-Petersen et al., 2013;
Sand & Jelavic, 2018). As we mentioned above, with sub-lethal dosage of
UV irradiation, the bacterial efficiency of conjugation transfer could be
improved so that facilitate the spread and exchange of different ARGs in
bacterial community (Zhang et al., 2019). Although the conjugation transfer
of ARGs cannot increase the abundance of ARGs in bacterial community,
there still have some evidences that the conjugation transfer, to a large
extent, is responsible for the persistence of plasmid-mediated AR
(Andersson & Hughes, 2011; Lopatkin et al., 2017; Norman et al., 2009;
Schluter et al., 2007; Slater et al., 2008). Based on the above description, it
is obvious that the aroused stress responses and improved tolerance could
increase the persistence of ARB when they are under the exposure of light
irradiation together with mineral interface.

3.1.2. Formation of persistence phenotypes
Non-sporulating bacteria tend to exhibit a persistence phenotype when
they are subjected to environmental stress. Persistence phenotype is a
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phenotypic variation (non-genotypic variation) of bacteria that is tolerant
or resistant to stimulus such as antibiotics and oxidative damage. This tran-
sient resistance phenotype is generally considered to be non-hereditary.
That is, by removing external pressure and transferred them to a suitable
growth condition, the proliferated progeny are no longer resistant to corre-
sponding stimulus. As reported, bacterial persistence phenotype is the main
cause of clinical persistent infections, which have greater impact than
chronic and recurrent infections due to its important role in the evolution
of genetic resistance (Windels et al., 2019). Therefore, the elimination strat-
egy of bacterial persistence may be an important breakthrough point to
solve the current AR crisis, because it can not only shorten the treatment
time, but also slow down the development of AR problem. The common
persistence phenotypes are persisters, small colony variants (SCVs), viable
but nonculturable cells (VBNCs) and bacterial biofilm formation (Figure 2),
all of which belong to the general stress responses of bacteria.
In 1942, for the first time, Hobby et al. found that in a bactericidal test

by penicillin, a small portion of hemolytic Streptococci of the same geno-
type as the wild types was resistant to penicillin, forming a persistence sub-
population (Hobby et al., 1942). Subsequently, during the treatment of
penicillin, it was founded that some nonresistant bacteria survived and
named it as persisters (Bigger, 1944). Bacterial persisters are phenotypic
variants that have high tolerance to antibiotics. Given that antibiotics are
well known triggers of many types of stress, there have been broadly
studied about the role of stress responses in persisters (Ayrapetyan et al.,
2018; Lin et al., 2017; Pu et al., 2016; 2019). It has been reported that many

Figure 2. The persistence phenotypes of ARB with stress responses after stimulation.
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stress responses are up-regulated in the transcriptome of populations
enriched for persisters (Keren et al., 2004; Shah et al., 2006). Besides, some
external stimulations such as acid, temperature and osmotic stress could
increase the process of persister formation (Javid et al., 2014; Kuczy�nska-
Wi�snik et al., 2015; Leszczynska et al., 2013; Leung & Levesque, 2012;
Mordukhova & Pan, 2014; Murakami et al., 2005). Although some detailed
information related to stress responses have been reported to influence bac-
terial persistence like transtranslation (Li et al., 2013; Wilson & Nierhaus,
2007; Withey & Friedman, 2003), most of researches to date have concen-
trated on the well-known and broad stress responses including nutrient
impairment, DNA damage, SOS stress response as well as oxidative stress
responses caused by ROSs. For example, the bacterial populations with SOS
stress response enriched for persisters (Keren et al., 2004; Orman &
Brynildsen, 2013). Correspondingly, inactivation of the SOS response
(Debbia et al., 2001; Goneau et al., 2014; Volzing & Brynildsen, 2015) or
impairing DNA repair mechanisms (De Groote et al., 2009; Hansen et al.,
2008; Volzing & Brynildsen, 2015) decrease persister levels. Besides, the
induction of SOS regulon expression also lead to the increased persistence
(Dorr et al., 2009). Pre-incubation of E. coli populations with ROSs-
inducing compounds, such as H2O2 (Vega et al., 2012) paraquat (Wu et al.,
2012), results in increased persister levels.
CAT and SOD are also needed in P. aeruginosa and E. coli persisters to

protect them from antibiotics. The expression of these enzymes also
depends on stringent response (Khakimova et al., 2013; Nguyen et al.,
2011). In Acinetobacter baumannii (A. baumannii), the quorum-sensing-
dependent induction of persistence also leads to the increase of enzymes
activity such as CAT and SOD to protect against ROSs (Bhargava et al.,
2014). Likewise, impairing SOD activity also leads to a decrease of persist-
ers (Bink et al., 2011). Based on above description, it is obvious that bacter-
ial oxidative stress responses are closely related to bacterial persistence.
Although there is no much direct evidence that light and mineral stimuli
can induce the emergence of persisters, many studies have reported that
different light irradiation (Caldeira de Araujo & Favre, 1986; Chen et al.,
2019; Dantur & Pizarro, 2004) and some mineral nano-particles (Li et al.,
2020; Williams et al., 2011) could trigger various bacterial stress responses
especially SOS stress and oxidative stress, which might play an important
role in emergence of persisters. The results lead to speculation that ARB
could convert into persisters so as to avoid the external damage when they
are under the exposure of light and mineral stimulations. However, the
research in this area is still relatively lacking. That is, how environmental
geochemistry factors affect the formation of bacterial persisters, which is an
important pathway for ARB to persist.
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Interestingly, some bacteria will grow colonies of unusually small diame-
ters on agar plates after being stressed. These small colonies are called
SCVs (small colony variants), the colony diameter of which is usually only
about one-tenth that of wild-type colonies. Due to small diameter, without
pigment and non-hemolytic colonies, it is difficult to observe at the early
stage of growth on agar plates (Proctor et al., 2006). The SCVs were origin-
ally discovered in 1910 by Jacobsen who observed that Salmonella enterica
serovar Typhi (S. typhi) grew small colonies on the agar plate (Jacobsen,
1910). Due to the similar characteristics to the bacterial persisters, the
SCVs were even classified as a subpopulation of persisters by some studies
(Vulin et al., 2018). However, the SCVs are differ from the conventionally
defined persisters. That is, SCVs can last longer for their phenotype when
stressors were removed (Kahl et al., 2016; Sakatos et al., 2018). In addition,
after the environmental stimulus is removed, the persisters can basically
quickly restore to wild-type phenotype by given an appropriate nutritional
environment (Balaban et al., 2019), while the SCVs were difficult to restore
in a short period of time despite in the eutrophic environment. Some stud-
ies even believe that the phenotype of SCVs has genetic or semi-stable
characteristics (Sakatos et al., 2018). The formation rate of these unstable
SCVs is usually low in community, however, they can be induce to increase
the formation of these SCVs after exposure to the host cells or external
stimulus such as low-pH (Leimer et al., 2016; Wong Fok Lung et al., 2020).
Besides S. aureus and S. typhi, some Gram-positive bacteria such as
Streptococcus tigurinus (S. tigurinus), Listeria monocytogenes (L. monocyto-
genes), Streptococcus pneumoniae (S. pneumoniae) and Gram-negative bac-
teria such as Burkholderia cepacian (B. cepacian), E. coli and Pseudomonas
aeruginosa (P. aeruginosa) can be induced to form SCVs (Al Ahmar et al.,
2019; Nandy et al., 2020; Ochiai et al., 2017; Tikhomirova et al., 2018;
Zbinden et al., 2014). Notable phenotypic characteristics of S. aureus SCVs
include low growth rate, reduction or loss of hemolytic enzymes and coag-
ulases, reduced sensitivity to aminoglycoside antibiotics, and nutritional
requirements for heme, menadione, thiamin, or carbon dioxide. When
these nutrients are added into the medium, they usually restore to wild-
type phenotype (Chen et al., 2018). In addition, the activation of SOS
response can also increase the frequency of SCVs formation (Vestergaard
et al., 2015). It is reported that E. coli, Salmonella enterica serovar
Enteritidis (S. enteritidis) and P. aeruginosa can form SCVs when exposed
to UVA irradiation (Robertson et al., 2005). There seem to be no reports
on the induction of SCVs by natural minerals, but some reports indicate
that certain metal ions like Ru3þ, Ca2þ, Cu2þ, Ni2þ, Agþ, Pb2þ, and
SeO3

2– can improve formation of SCVs (Harrison et al., 2008).
Furthermore, after being subjected to excessive stress, bacteria can easily

enter a state that called VBNCs (Chen et al., 2018). These VBNCs cannot
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grow and proliferate under common laboratory conditions, but can survive
and grow under some certain conditions (Dworkin & Shah, 2010). To date,
more than 100 bacterial species have been found to be able to enter
VBNCs state (Ayrapetyan et al., 2018). Once the bacteria enter VBNCs
state, they can exhibit stronger resistance to stressors including antibiotics,
hot shock, acid, heavy metals, starvation and even ethanol (Nowakowska &
Oliver, 2013; Schrammel et al., 2018). Further, after bacteria entering
VBNCs state, their defense capacity dramatically improves when face to
conventional disinfection processes. It has been reported that UVC disin-
fection can effectively induce E. coli, P. aeruginosa and S. aureus enter
VBNCs state (Guo et al., 2019; Zhang et al., 2015), indicating that UVC
has potential ability to enhance persistence of ARB. Besides, visible light
and simulated sunlight could also induce the formation of VBNCs (Idil
et al., 2010; Muela et al., 2000). According to some studies, long-term inter-
action between bacteria and deposited minerals in water system can also
trigger bacteria to enter VBNCs state (Hassard et al., 2016). Besides the sin-
gle stimulation of light and mineral, LSM interface could also induce bac-
teria enter VBNCs state. For example, P. aeruginosa could be induced to
enter VBNCs state by the photocatalysis of TiO2 (Degussa P-25) with UVA
(Ben Said et al., 2020).
Biofilm is microbial communities encased in a self-produced extracellular

matrix. Usually, biofilm could provide protection from environmental
insults and benefit of bacterial genetic exchange (Fux et al., 2005). In
nature, biofilm could be found in various environments. Surviving with
biofilm usually cause depletion of nutrients, oxygen, and some other
resources so that it is still uncertainty whether bacteria form biofilm by
sense stressors or being in biofilm trigger stress responses. However, it has
been reported that some factors like iron limitation, hot shock, ethanol and
salt could trigger the up-regulating of icaADBC operon which is response
for robust biofilm formation (Mihara et al., 2005; O’Gara, 2007). The global
stress responses are also important for biofilm formation in S. epidermidis
(Mack et al., 2004). Besides, the nutrient limitation could also result in the
formation of biofilm (Jiang et al., 2000). Some study further reported that,
under the oxidative stress posed by LSM interface, bacteria start to growth
as a form of biofilm (Yin et al., 2020). In addition, oxidative stress response
has great relationship with the formation of biofilm in the interface of
metal materials (Wang et al., 2020). Based on the above description, it is
easy to infer that the stimulation from geochemistry processes may trigger
bacterial stress responses to promote the formation of biofilms and thus
enhance the persistence of ARB. However, more evidences should be sup-
port to put forward in this area that related to the behavior of ARB when
they interact with environmental geochemistry factors, which is critical to
understand the environmental fate of ARB and ARGs.
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3.2. Bacteria transformation without stress responses

Different from above description that bacteria could convert into the state
of stress response, some bacterial individuals were inactivated quickly in
short time without induction period that did not make any response to
help themselves survival. However, the inactivation of bacteria usually hap-
pened in intracellular, where their metabolism and function as well as the
activities of some enzymes were blocked. That means some individuals will
lose their ability of growth while with their structural integrity, which sup-
port a protective cover for ARGs even the ARB activity being eliminated.
For example, the scanning electron microscopy images (Figure 3) of some
inactivated ARB caused by UV irradiation and photocatalytic oxidation still
maintain integrity cell structure (Chen et al., 2019; Huang et al., 2015;
Jiang et al., 2017). Besides, the inactivated bacteria could further be
adsorbed by natural mineral, where the genetic materials could be migrated
or reserved (Cai et al., 2007; Overballe-Petersen et al., 2013; Pietramellara
et al., 2009; Sand & Jelavic, 2018; Takeuchi et al., 2014; Yu et al., 2013).
These results indicated that the elimination of ARB is not equal to resolve
the AR problem, where ARGs could still exist and even transfer to other
living bacteria so as to transfer AR. In this case, even there exist some
environmental self-cleaning process, the ARB and ARGs still have strong
ability to persist in the form of non-life. It could be inferred that the prob-
lem of non-life form AR is an important part of the problem for the resist-
ance in the environment. However, the detailed researches related to
proportion and duration of this form of resistance is still limited.
Based on the different mechanisms, some other inactivated individuals

will lose both of their vitality and structure due to the peroxidation

Figure 3. Bacterial inactivation process under the exposure of UV irradiation (Chen et al., 2019).

14 H. YIN ET AL.



occurred in bacterial intracellular and cell membrane, which could cause
the leakage of intracellular substances including ARGs and protein (Bose &
Chatterjee, 1995; Pattison & Davies, 2006). It has been largely reported that
high dose of UV irradiation and photocatalytic oxidative pressure could
cause extreme damage to bacteria including their cell structure. On the one
hand, some stimulation blocks the synthesis of cell membrane so that lead
to the collapse of cellular structure. On the other hand, with long-term
attack of ROSs generated at interface of LSM, the components of cell mem-
brane were oxidized and degraded (Li et al., 2011; 2013; Ng et al., 2015;
Nie et al., 2014; Sun et al., 2014; 2017; van Grieken et al., 2010). Obviously,
the damage described here is stronger than that mentioned above, where
bacteria inactivated but with integrity cell structure. However, after dis-
rupted, the disassociated ARGs could be further attached to some other
substances or interface such as clay mineral and cell debris (Shi et al.,
2014), which might protect them from further degradation by ROSs so as
to contribute longer persistence of ARGs (Chen et al., 2016; Takahashi
et al., 1991). It has been reported that the ARG could be adsorbed by cell
debris even after destroy of bacterial structure (Pietramellara et al., 2009).
Besides, the EPS existed in extracellular also provide a savings pool for
leaky ARG (Omoike & Chorover, 2006).
Usually, DNA released into the water or soil is subjected to the degrad-

ation by dynamic biological, chemical, and physical factors which decrease
the preservation of free DNA (Levy-Booth et al., 2007). However, ARGs
could also be reserved through type of the complexes of bacteria and min-
eral, and support a protection against to some degradation components
such as DNase I (Demaneche et al., 2001; Takahashi et al., 1991). Besides,
in the real environmental system, the disassociated and associated ARGs as
well as bacteria are co-existed, indicating that there have three forms of
complexes, that is ARGs-mineral (Chen et al., 2016; Takahashi et al., 1991),
ARB-mineral (Chen et al., 2016), and ARGs-ARB-mineral (Chen et al.,
2016). EPS as an important deposit of disassociated ARGs could also be
adsorbed by clay mineral and iron oxide (Cao et al., 2011; Omoike &
Chorover, 2006). It means that the disassociated extracellular ARGs in EPS
could also be adsorbed. As above mentioned, except the antibacterial effects
of mineral, the main interactions between bacteria and mineral is related to
adsorption processes. Firstly, the adsorption of ARGs onto mineral could
prevent the degradation of ARGs by various components (Sand & Jelavic,
2018), which supply a reservoir for both associated and disassociated
ARGs. Free DNA is found in the majority of Earth’s surface ecosystems
such as aqueous environments, soils and sediments (Dell’Anno &
Danovaro, 2005; Levy-Booth et al., 2007), up to 95% of this DNA is esti-
mated to be in association with minerals (Gogarten et al., 2002) and the
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prolonged longevity provided by this association significantly contributes to
ARG persistence in environmental system. Besides, it was found that DNA
adsorbed onto a sediment was much more resistant to enzymatic digestion
than aqueous DNA (Lorenz et al., 1981). Compared to the degradation of
disassociated DNA, DNA adsorbed onto minerals was exhibited 10 times
more resistant (Khanna & Stotzky, 1992) and DNA adsorbed onto sand
grains needed 100 times more for DNase to be degraded (Takahashi et al.,
1991). Additionally, about 14–550 thousand years old DNA retrieved from
sediments confirms that the minerals could protect adsorbed DNA in a
natural setting and preserve it at geologically relevant time scales (Haile
et al., 2007; Slon et al., 2017). Based on the above mentioned, the reserve
function of mineral through the adsorption processes is also an important
mechanism for the persistence of ARGs in natural environments.
Except for physical adsorption, the HGT of ARG can happen though the

transformation mechanism, where the minerals adsorbed DNA are incorpo-
rated in the genome of a recipient microorganism (Pietramellara et al.,
2009; Yu et al., 2013). Besides, the facilitation of HGT by mineral was also
be proposed through dynamic process of seawater transgression and regres-
sion, weathering rates as well as acting local sedimentation, which acceler-
ate transport of DNA-mineral association across space and time (Sand &
Jelavic, 2018). Herein, the mineral facilitating the HGT, which include the
mechanism of conjugation transfer, might also contribute the persistence of
ARGs. Based on the above description, it could be inferred that even the
bacteria were destroyed, the disassociated ARGs could also contribute to
problem of AR persistence.
Based on above description, prolonging the process of stimulation could

further degrade disassociated ARGs and even mineralize the components of
ARB. The whole process of bacterial mineralization is show in the Figure 4.
This is the only one case where AR is completely eliminated. Based on
some techniques, the mineralization can be achieved. The processes of min-
eralization begin with the oxidative destruction of cell walls, which is the
first protective layer of bacteria (Sun et al., 2014; 2016; 2017). The bacterial
cell wall consists of phospholipid bilayer, which can consume the exogen-
ous ROSs firstly when bacterial exposure to ROSs. With the oxidative dam-
age of the cell membrane, the integrity of the cell membrane decrease and
the permeability begins to increase, leading to the leakage of intracellular
components (Sun et al., 2014). Without protection of cell wall, the leaking
protein and some small biological compounds could be further rapidly
degraded and finally complete mineralization (Li et al., 2015; 2015; 2011).
As a part of nucleic acid, ARGs could also be degraded and completely oxi-
dized in the process of reaction. It has been reported that after bacteria
being inactivated, 6-h prolonged photocatalysis could further degrade
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blaTEM-1 and aac(3)-II genes (Jiang et al., 2017). However, it is not certain
that ARB and ARGs can receive such a strong and long-term stimulus in
the real environment. Presumably, in short term, the bacteria will not be
mineralized. Comparatively, Bacteria are more likely to fall into one of the
above states rather than complete mineralization, indicating that ARB and
ARG have great potential to persist in water environments when they are
involved in geochemistry process. These results also provide us with the
ideas about bacterial inactivation research, where totally mineral are effect-
ive to control the AR problem.

4. Conclusion and perspective

In this review, the interactions between bacteria and above three environ-
mental stimulations were elaborated. Several different geochemistry trans-
formations of ARB/ARGs as well as their persistence pathways are
summarized in detailed. We can conclude that bacteria experience many
complex and various stimulations in the natural environments, which not
only affect bacterial stress responses but also their transformation.
Furthermore, along with the interaction with the various environmental
matrixes, the environmental fate of ARB and ARGs become complicated
and persistence. As a matter of fact, these three effects on ARB and ARGs
could interplay and it is extremely complex when take all these above pro-
cess into consideration. We believe that, in real environmental system, the
interaction should be much more complicated than what we described
here. Besides, there are some key questions that still need more research to
clarify: (1) How environmental factors affect stress responses of ARB,
behavior as well as their fate; (2) how environmental geochemistry factors

Figure 4. The whole process of ARB mineralization under LSM stimulation.
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affect the formation of bacterial phenotypic variants of persisters; (3) what
type of ARGs or plasmids that work as enhancement gene for bacteria and
what kind mechanisms are really accounted for these phenomenon.
Clarifying these issues is still very critical to understand the problem of AR
persistence in environments.
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