
Characterization of silver resistance in two Gram-positive soil bacteria 

by 

Nicole A. Shearer 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Environmental Sciences 

Guelph, Ontario, Canada 

© Nicole Shearer, December, 2021 



ABSTRACT 

CHARACTERIZATION OF SILVER RESISTANCE IN TWO GRAM-POSITIVE SOIL 

BACTERIA. 
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Advisor(s): 

Marc Habash 

Hung Lee 

Identification of genetically linked silver resistance in bacteria has only occurred in Gram-

negative medically isolated bacteria through the sil operon. This study was conducted to 

characterize the silver resistance observed in two Gram-positive bacteria, labelled Paenibacillus 

sp. SS2 and Lysinibacillus sp. SS4, isolated from silver contaminated soils. Both isolates did not 

possess the sil operon, as determined by the lack of silE and silR genes. It was determined that 

both isolates possessed an inducible mechanism for resistance when exposed to silver, that in the 

case of SS2, is linked to nalidixic acid resistance. Environmental stressors on the organisms 

(presence/absence of NaCl in media, media concentrations, and temperature changes) revealed 

that the mechanism of resistance is negatively impacted under non-optimal conditions. This is 

one of the few studies that looked to bridge the gap in knowledge with regards to silver 

resistance in Gram-positive bacteria. 
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1 Literature Review 

1.1 An Introduction to Silver Toxicity to Bacteria 

Silver is a biologically non-essential metal that can be toxic to life; the silver cation (Ag+) 

is one of the most harmful species to bacteria (Charley and Bull 1979). Restriction of bacterial 

growth by silver occurs at concentrations several orders of magnitude lower than other heavy 

metals - as low as ≥1.0×10-4 ppm, with concentration values differing between organisms and 

forms of silver (Albright et al. 1972; Charley and Bull 1979). Ag+ is a cation that binds to 

negatively charged species non-specifically, allowing it to bind very tightly to cell surface and 

intracellular components (Haefeli et al. 1984). This causes inhibition of many central metabolic 

processes and disruption of electron transport (Haefeli et al. 1984). The most well-known 

pathway of bacterial cell death mediated by Ag+ binding is the inhibition of phosphate uptake 

during respiration, preventing the formation of adenosine triphosphate (ATP) (Haefeli et al. 

1984). As well, Ag+ may target energy-yielding reactions preventing phosphate and oxygen 

uptake so that oxidation of many sugars and substrates are inhibited (Bragg and Rainnie 1974). 

The toxicity of the cation is related to complex formation as it reacts readily with DNA and the 

thiol groups of amino acids forming inactivated complexes (Charley and Bull 1979; Morones-

Ramirez et al. 2013). Formation of cellular complexes with Ag+ causes disruptions in the 

following: disulfide bond formation, different central metabolic processes such as glycolysis and 

the citric acid (TCA) cycle, and iron homeostasis (Morones-Ramirez et al. 2013). Silver 

inactivates iron-sulfur clusters disrupting intracellular iron homeostasis; the intracellular iron 

then becomes available within the cell for facilitating Fenton chemistry allowing for the 

production of hydroxyl radicals (·OH) and other reactive oxygen species (ROS) (Morones-

Ramirez et al. 2013). Physical changes to the cell exterior occurs through silver toxicity such as 

cell envelope destabilization through loss of potassium ions and ATP level decreases and an 

increase in membrane permeability, both of which may contribute to cell death (Morones-

Ramirez et al. 2013). 

Because silver possesses such broad-spectrum antimicrobial properties, research efforts 

have turned to assessment of the biomedical applications of silver nanoparticles (AgNPs) against 
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microbial infections. Although AgNPs exhibit similar characteristics of toxicity as ionic silver, 

such as antibacterial and antifungal properties, the exact mechanism of action against microbes is 

not fully understood. There is strong evidence that AgNPs adhere to the cell surface of bacteria 

and penetrate through the cell wall where they then release Ag+ causing ROS and free-radical 

formation, and disturbances to signal transduction pathways (Thomas et al. 2015). Whether cell 

death by AgNPs occurs through membrane damage, intracellular damage, or through a 

combination of both has yet to be characterized (Thomas et al. 2015). Due to the charge and 

ionic silver content of AgNPs, they are considered more toxic (exact values unreported) than Ag+ 

(Marassi et al. 2018). 

Silver (Ag) occurs naturally in the Earth’s crust at an average of approximately 0.1 

mg/kg.  It has been mined for thousands of years as a precious metal and the use of silver on 

industrial/commercial scales has expanded widely since the invention of film-based 

photography, which exploited the photosensitivity of silver. Since then, the soil average of silver 

has remained relatively unchanged, however, more areas (such as silver mines) have seen larger 

deposits of accumulated silver in the soils and waters.  Large scale industrial uses of Ag have 

exploded since then, such as for computer technologies and electronics for renewable energy 

(Sverdrup et al. 2014).  In addition, there has been a shift in the application of silver with 

medical practices and manufacturers incorporating different chemical or physical forms of this 

metal into products and equipment such as clothing, sporting equipment and prosthetics because 

of its broad-spectrum antimicrobial properties (Benn and Westerhoff 2008; Ghalandari and 

Moshksar 2010). These applications have resulted in greater ecosystem accumulation 

(Ghalandari and Moshksar 2010). The wide assortment of products in which silver is included 

poses a pollution threat to different ecosystems, with several studies concluding that silver 

incorporated into industrially made products often finding its way back to the natural 

environment (Benn and Westerhoff 2008; He et al. 2005). 

The effects of environmental contamination by silver and silver compounds on ecosystem 

microbiomes must be considered because of silver’s increasing environmental concentrations 

and its toxicity. First, metals that occur at concentrations that are toxic to microbial life are a 

particular problem for bacteria as they provide essential functions in all environments. Second, 
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much like antibiotics, the evolution of bacterial resistance pathways to silver are a result of the 

widespread utilization of silver in commercial settings (Asiani et al. 2016). Although the genetic 

plasticity of bacteria may foster their survival in natural environments, the important 

antimicrobial function of silver compounds, for example in wound dressings, may be lost with 

continued exposure to silver. Additionally, some studies have isolated silver resistant eukaryotic 

microorganisms (yeasts and fungi) in natural environments contaminated with silver (Holland et 

al. 2011). This review summarizes our current understanding of the entry of silver and silver 

species into different natural environments with a focus on the impacts to bacteria and their 

development of mechanisms of silver resistance. 

1.2 Silver Species in the Environment 

Silver as a pure metal rarely enters the environment because of the unique binding 

characteristics that silver possesses; instead, it frequently enters the environment as complexes 

with other elements or with organic matter. The oxidation of silver allows for the metal to exist 

in four different valence states: Ag0, Ag1+, Ag2+, and Ag3+ (Purcell and Peters 1997). Ag2+ and 

Ag3+ seldom occur naturally, while the more common forms Ag0 and Ag1+ are dispersed 

throughout the Earth’s crust with the total average of all forms of silver in soils estimated to be 

approximately 0.1 mg/kg (Purcell and Peters 1997). Soil sites with the highest naturally 

occurring concentrations of silver stem from mining activities, and concentrations at these sites 

can reach up to 1000 mg/kg (Purcell and Peters 1997). Areas with concentrations of silver above 

the soil average that are not natural mineral deposits are a result of human deposits and emissions 

(Eckelman and Graedel 2007). In 2007, environmental silver emissions were estimated to be 

13×106 kg of which three-fourths were due to mining activities (tailings) and landfill deposits 

(Eckelman and Graedel 2007). The remaining silver emissions to the environment are a 

combination of particulates released to air (ore processing), and dissipation and leaching to water 

(urban runoff, wastewater treatment, erosion) (Eckelman and Graedel 2007). 

The majority of silver minerals are found in compounds with reduced sulfur to form the 

crystalline Ag2S (acanthite), and to a lesser extent, as a compound with chloride to form AgCl 

(Adams and Kramer 1998). The remaining silver in soil is found as ores in association with other 
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metal sulfides such as iron, lead, gold, or tellurium, or as a compound with other halides, 

bicarbonates, or organic material (Purcell and Peters 1997). Most metallic silver compounds 

(such as Ag2S) have very low solubility, while silver salts (such as AgNO3) are water soluble 

(Purcell and Peters 1997). Because silver forms compounds and complexes so readily, ionic 

silver is rarely found naturally (Purcell and Peters 1997). While elemental silver is mostly 

unreactive in oxidized form, it may still form sulfur compounds or be oxidized to Ag+. Elemental 

silver (Ag0) reactivity under a wide range of pH conditions (from pH -2 – 16 depending on 

reduction potential) is unaffected, indicating that the metal is stable, and only under highly 

oxidizing and alkaline conditions is soluble silver (Ag1+) formation able to occur (Hans et al. 

2016). These conditions do not, however, occur naturally in surface environments. Only under 

laboratory conditions and in extreme environments (deep sea hydrothermal vents) does Ag(I) 

form (Baas Becking et al. 1960). 

The migration of Ag into natural environments is increasing with the global demand for 

silver. Although it is estimated that over half of the world’s silver is recycled, a great deal 

(approximately 6.1×106 – 13×106 kg) is still lost in emissions (Eckelman and Graedel 2007; 

Johnson et al. 2005). Silver enters the environment through many different routes. Silver is 

deposited into soils and terrestrial ecosystems through dissipation, landfill, slag, and tailings, and 

into water and aquatic ecosystems through dissipation and leachate (Eckelman and Graedel 

2007). Landfill and tailing emissions of silver are the largest contributor to silver pollution, 

making up ~3/4 of total silver emissions (Eckelman and Graedel 2007). It is expected however, 

that the location of the emission source results in the majority (>94%) of the silver released to 

the environment with little migration (Hou et al. 2005; Ratte 1999). The portion of silver 

emissions that does not remain at the emission site can be transported through the air as 

particulates which may enter the soil and water environments and be either immobilized in 

sediments, or kept in solution as an ion (Eckelman and Graedel 2007; Ratte 1999). 

Silver mine tailings are a large contributor to its pollution in soil and water ecosystems 

(Eckelman and Graedel 2007). Environmental silver extraction generally follows two pathways: 

(1) silver is mined as a by-product during the mining of other metals such as zinc, lead, copper 

and gold, and (2) silver is the primary mining product (Johnson et al. 2005). Mines where the 
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primary metal(s) extracted is not silver are more common and have greater losses from tailings to 

the lithosphere following ore extraction and smelting processes (up to ~20% of the ore) than 

primary silver mines (losses range between ~2-12%) (Johnson et al. 2005). This is likely a result 

of its classification as a by-product of those mines (Johnson et al. 2005). During the mining and 

refinement processes, a small percentage of silver is lost as airborne dust particles and the 

majority of silver losses during the manufacturing and fabrication processes are also airborne for 

a combined total of ~1.1% of all silver emissions (Eckelman and Graedel 2007).  

As with mining, film-based photography has historically been one of the largest 

contributors to silver pollution in ecosystems. There has been a decline in silver pollution from 

photography as result of the photographic industry shifting towards digital photography and the 

development of silver-free photofinishing options (Johnson et al. 2005). AgNP usage in research 

and medical practices in recent years has increased AgNPs entering wastewater treatment plants 

(WWTPs) and the environment. As AgNPs are more frequently incorporated in consumer and 

medical products, it is expected that concentrations of silver in natural environments will also 

increase (Jesmer et al. 2017). The total volume of environmental AgNPs is rarely reported in 

literature but can be assumed to remain low (ranging reportedly anywhere between 0% and as 

high as 48% of both AgNPs and dispersible Ag+ from AgNPs) due to the transfer of silver from 

the nanoparticles to free Ag+ and the formation of Ag2S from available silver (Jesmer et al. 

2017). WWTPs with secondary treatment are capable of almost complete removal of AgNPs (92 

- <99%) from wastewater (Hou et al. 2012; Shafer et al. 1998). However, AgNPs and silver 

compounds from the nanoparticles have been found to accumulate in sewage sludge where they 

enter the environment as land applied biosolids (Jesmer et al. 2017). Further studies are required 

to determine concentration values of accumulated silver in sewage sludge and biosolids. 

Incorporation of AgNPs as a biocidal agent into consumer products such as textiles and 

cosmetics has been shown to result in the release of silver into wastewater through the 

production process and after the product is used by the consumer (Benn and Westerhoff 2008). 

Studies have shown that silver in consumer products can leach and be released into water, with 

the manufacturing process (embedding in the product, or applied to the surface) determining the 

rate and volume at which the silver is released (Benn and Westerhoff 2008). Additional sources 
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of silver in wastewaters may be a result of silver released from electrical and electronic 

equipment, hazardous waste, and industrial waste (which is primarily composed of wastes from 

the photofinishing industry) (Johnson et al. 2005). 

The silver particles that do reach freshwaters exist in complexes with free organic matter, 

sulfides, and chlorides (Shafer et al. 1998; Ratte 1999). Sulfide ions are found in strongly 

reducing environments, particularly where organic matter is present, causing silver ions to bind 

strongly and to form Ag-S compounds. In saline waters (marine), silver predominantly forms 

silver chloride complexes (Wood et al. 2004). Silver ions in waters may partition into suspended 

solids such as clay minerals and hydrous metal oxides, where it can settle to sediments and 

accumulate into a silver sink (Flegal et al. 1997). Some of the silver ions in these sinks may 

desorb and re-enter into the water system (Flegal et al. 1997).  

1.3 Silver Nanoparticles 

With the emerging use of engineered AgNPs in consumer products such as antimicrobial 

agents and coatings, cosmetics, textiles, and paints, there is an expected rise in the release of 

AgNPs into the environment (Colman et al. 2013). In 2009 the worldwide yearly production of 

AgNPs was estimated to be between ~320 – 500 t and the worldwide yearly production of 

AgNPs was predicted to reach ~800 t by 2025 (Gottschalk et al. 2009; Mueller and Nowack 

2008; Pulit-Prociak and Banach 2016). Development of multidrug resistant bacteria has been of 

great concern in recent years as a result of the overuse of antibiotics. Many studies examined the 

usage of antimicrobial drugs and treatments as an alternative to antibiotics. Use of AgNPs in 

biomedicine as an alternative to antibiotics is increasingly popular due to the broad-spectrum 

antimicrobial and the added anticancer characteristics they possess (Xu et al. 2020). AgNPs are 

composed of metallic silver (which are capable of ionic silver release) and depending on 

synthesis methods, may take spherical, irregular, or planar shapes (Kędziora et al. 2018). 

Interestingly, the effectiveness of AgNPs against Gram-positive and Gram-negative bacteria is 

different with AgNPs having less toxic effect on Gram-positive bacteria (Chatterjee et al. 2015). 

This may be attributed to the differences in cell wall composition. Although the exact 

mechanism of action of AgNPs is unclear, it is thought that AgNPs alter cell permeability by 
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binding to the cell surface (membrane peptidoglycan) and penetrating the cell barrier (Burdușel 

et al. 2018). It is within the cell where they exert their bactericidal activity through intracellular 

release of Ag+ which binds to structural molecules (nucleic acids, proteins) and in biochemical 

pathways (TCA cycle) (Burdușel et al. 2018). Development of resistances to AgNPs in bacteria 

has not been described in the literature.  It is assumed that silver resistant bacteria will also be 

resistant to AgNPs. As with antibiotics, repeated AgNP exposure to bacteria may result in 

development of resistance mechanisms (Ip et al. 2006; Panáček et al. 2018). 

Release of AgNPs into natural ecosystems poses a threat to microorganisms in the 

environment. The largest releases of AgNPs into the environment are through biosolids and 

wastewater effluents from WWTPs (Colman et al. 2013; Hendren et al. 2013). A study by 

Samarajeewa et al. (2019) showed that microbial activities such as nitrification, organic matter 

decomposition, and enzymatic activity in biosolids contaminated with concentrations of AgNPs 

ranging from 11 - >706 mg Ag/kg are reduced anywhere from 10-64%. Some bacteria such as 

Rhodanobacter sp. that are tolerant to low levels of silver (48-290 mg Ag/kg) may emerge in 

these conditions (Samarajeewa et al. 2019). However, occurrence of silver tolerant species is 

infrequent and most bacterial activity is inhibited (Samarajeewa et al. 2019). As a result of the 

accumulation of AgNPs in the wastewater treatment process, AgNPs are collected into biosolids 

and ultimately enter into terrestrial ecosystems due to land application of those biosolids 

(Colman et al. 2013). Interestingly, silver is not a regulated metal in biosolids in many 

jurisdictions despite the existence of regulations on silver concentrations for the discharge of 

wastewater. Concentrations of AgNPs in biosolids vary among different WWTPs with high 

concentrations (>0.14 mg AgNPs/kg soil) typically deemed as toxic to organisms and are caused 

by the accumulation of AgNPs within wastewater streams and sewage sludges (Colman et al. 

2013; Jesmer et al. 2017). These concentrations are reduced drastically, however, given the 

amount of organic matter silver can react with within biosolids and from the production of Ag2S, 

which has low solubility and reactivity (under reducing conditions) within wastewater treatment 

processes (Jesmer et al. 2017). The bioavailability of Ag in biosolids is decreased by this 

process, but research suggests that the crystalline Ag2S does not account for the total amount of 

Ag and that there still remains dispersible AgNPs that may be released and oxidized within the 
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soil from land applied biosolids (Jesmer et al. 2017). Additional nanoparticle removal processes 

work to further reduce the concentration of AgNPs in sewage through precipitation with 

chloride, biosorption, sedimentation, and aggregation; but if the AgNPs prove difficult to remove 

and complex with dissolved organic matter, they remain in the biosolids (Benn and Westerhoff 

2008; Madela 2019). 

Processing of wastewater and treatment of sewage sludge creates biosolids which are 

organic materials rich in nutrients. Because of this, biosolids can either be used as a fertilizer 

resource and applied to agricultural soils, or disposed of in landfills (Blaser et al. 2008). Land 

applied biosolids containing silver allows for the release of silver into the ground posing 

detrimental effects to the organisms living in the soils (Colman et al. 2013). The detrimental 

effects in soils however are limited to the depth at which silver penetrates soil where the majority 

of silver (between 82 to 97%) remains in the uppermost layers of the soil (between 0-2 cm deep) 

which may be mobilized by spring melt water (Hou et al. 2005). Disposal of silver containing 

biosolids in landfills may cause leaching of the silver into subsoils, groundwater, and freshwater 

systems where they pose greater risk to the organisms within those ecosystems (Blaser et al. 

2008). One possible outcome of increased silver in the environment is the propagation of silver 

resistant bacteria. 

1.4 Silver Resistance in Bacteria 

Resistant microorganisms are defined as microbes that are capable of withstanding 

antimicrobial treatments that would otherwise prevent growth or cause cell death such as 

antibiotics, antifungals, and antivirals. Because of the toxic characteristics exhibited by cationic 

silver to all microorganisms, it is classified as an antimicrobial agent. The inclusion of silver as 

an antimicrobial agent in different industries is becoming increasingly common because silver 

ions are highly toxic to all microorganisms (Gupta et al. 2001; Sim et al. 2018). As a result of 

incorporation of silver as an alternative to antibiotics and fungicides industrially, it is expected 

that there will also be a rise in silver exposure to microorganisms. The use of silver in 

combination with antibiotics is predicted to give rise to a synergistic effect when dealing with 

drug-resistant bacterial strains (Wang et al. 2016). However, silver toxicity in these 
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environmental niches may promote the development and enrichment of silver resistant genes for 

bacterial survival (Silver 2003).  

Comparison of silver resistance among different bacterial isolates is difficult for several 

reasons. First, many available studies contain varying cut-off concentrations for defining silver 

resistance (ranging anywhere between ~4 µM - >25 mM). Second, there does not exist a clear 

definition regarding what concentration(s) of silver is considered elevated and what 

concentration(s) of silver is typically tolerated by resistant bacteria and susceptible bacteria 

(Table 1.1). As well, large differences between concentrations that are toxic to bacteria in situ 

and in vitro exist with changes in chemical conditions (e.g. from reducing to oxidizing, presence 

of silver binding molecules such as Cl, S, and organic materials) potentially having a great effect 

on element mobility. Third, the terms ‘tolerance’ and ‘resistance’ are often used interchangeably, 

which for the purpose of this review, will not be done. Gadd (1992) suggested that the terms 

tolerance and resistance have different meanings. Tolerance, or phenotypic resistance, should be 

designated to organisms that can grow in the presence of higher concentrations of an 

antimicrobial compared to sensitive cells without the need for a genetic change (Gadd 1992; 

Schrader et al. 2020). Tolerance may manifest itself as persistent cells that are not killed or may 

result in a slowed rate of population killing (Schrader et al. 2020). Resistance, or genetic 

resistance, should be designated to organisms with a specific antimicrobial detoxification 

mechanism arising from genome mutations or horizontally transferred resistance genes (Gadd 

1992; Schrader et al. 2020). Resistance allows bacterial populations to grow at minimum 

inhibitory concentrations (MICs) at least fourfold higher than sensitive cells (Schrader et al. 

2020). It can also be noted that the type of silver (i.e. AgNO3 vs. silver sulfadiazine (AgSu)) and 

the growth conditions (use of rich or undefined media may bind supplemented silver so that it is 

not available to exert toxicity) impact the growth inhibition of the organisms (Gupta et al. 1998)..  

 

 

 

 



 

 

10 

 

Table 1.1. List of bacteria reported to exhibit silver resistance. 

Reported silver resistant 

bacteria 

Concentration of AgNO3
a 

tolerated 

Mechanism of resistance Reference 

Acinetobacter baumannii BL88 0.75 – >1 mM Plasmid pUPI199 (potential 

detoxification of Ag+) 

Deshpande and Chopade 

1994 

A. baumannii 

Enterobacter cloacae 

Escherichia coli 

Klebsiella pneumoniae 

Pseudomonas aeruginosa 

Staphylococcus aureus 

≥3.01 mM Various combinations of the 

sil genes 

Hosny et al. 2019 

Citrobacter freundii  

E. cloacae 

E. coli 

K. pneumoniae 

Proteus mirabilis 

0.25 - >5 mM 

0.5 – 5 mM 

0.5 – 5 mM 

0.25 mM 

~ 0.5 mM 

Undefined Hendry and Stewart 1979 

C. intermedius ~ 0.4 mmol 1-1 Undefinedc Goddard and Bull 1989 

E. cloacae (Strains 7779, 7780) >1.12 mM (AgSu)b Cell wall modification Rosenkranz et al. 1974 

E. cloacae ATCC 13047 

K. pneumoniae 

>1.5 mM sil system Randall et al. 2014 

E. cloacae (SREC) 121219 

K. pneumoniae (SKRP) 685129 

>5.5 mM Extrachromosomal sil genes 

(plasmids) 

Finley et al. 2015 

Enterobacter sp. 

Klebsiella sp. 

P. aeruginosa 

5 – 20 mM 

5 – 20 mM 

5 mM 

Undefined Summers et al. 1978 

E. coli BW25113 >1.5 mM Combination of ompR 

mutation (loss in OmpC and 

OmpF porins; reduced 

permeability) and cusS 

Randall et al. 2014 

E. coli J53 >1.5 mM Mutant of copper resistant 

E. coli K-12; contains 

plasmid pMG101 (sil 

operon) 

Randall et al. 2014  

E. coli J62 ~ 4 – >50 µM 

~ 6 µM (AgSu) 

Plasmid pSC35 (specific 

mechanism unlisted) 

Silver 1981a 

E. coli R1 

E. coli S1 

>1 mM Plasmid pJT1 and pTJ2 

(specific mechanism 

unknown) 

Starodub and Trevors 

1989 

K. pneumoniae >0.5 mM Decrease in membrane 

permeability 

Kaur and Vahehra 1986 

Pseudomonas >0.6 mM Undefined Belly and Kydd 1982 

P. aeruginosa PA14 ~ 0.12 mM Pyocyanin production Muller et al. 2014 

P. putida CYM318 >0.5 mM Plasmid pKK1 (specific 

mechanism unknown) 

Trevors and Starodub 

1990 

Pseudomonas stutzeri (AG256, 

AG259) 

0.5 – >25 mM Plasmid pKK1(specific 

mechanism unknown) 

Haefeli et al. 1984, 

Slawson et al. 1994 

S. enterica serovar Typhimurium 10 mM Plasmid pMG101 (sil 

operon) 

McHugh et al. 1975 

Thiobacillus ferroxidans 

T. thiooxidans 

Concentration unreported 

but accumulation of silver 

up to 25% bacterial mass 

recoveredd 

Undefinedc Pooley 1982 

a Unless otherwise stated 
b Showed no cross resistance to AgNO3 

c Resistance mechanism unreported but accumulation properties discussed 
d Unlisted form of silver used 
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Development of resistance mechanisms to silver is crucial to the survival of bacteria in 

areas of high levels of silver pollution. Often, resistance mechanisms are located on mobile 

genetic elements (MGE) (such as plasmids), thereby allowing transfer of resistance from one 

bacterium to the next (Mijnendonckx et al. 2013). Silver resistance in bacteria was first observed 

in 1975 when the plasmid pMG101 containing a group of genes (designated the sil operon) 

responsible for silver resistance was isolated from Salmonella enterica serovar Typhimurium 

(McHugh et al. 1975). This spawned additional studies that identified other plasmids containing 

genes that confer resistance to silver as well as discovery of plasmids conferring resistance to 

metals other than silver (Asiani et al. 2016). pMG101, found in Gram-negative bacteria, is 

predominantly known for conferring silver resistance by means of the sil operon.  

The Gram-negative Enterobacteriaceae family, a group of bacteria that are common 

causes of healthcare-associated infections, are most often reported to contain the sil genes 

(Sütterlin et al. 2017). Due to their medical significance, most of the research on silver resistance 

is centered on human pathogens of this bacterial family with little information existing regarding 

environmental species and Gram-positive species. One of the few previous studies regarding 

Gram-positive bacteria conducted by Randall et al. (2012) examined the development and 

prevalence of silver resistance in clinical isolates of Staphylococcus aureus. Based on their 

findings, the 1006 clinical S. aureus isolates and the 3 laboratory strains tested exhibited a 

universal susceptibility to silver and were unable to select for silver resistance (Randall et al. 

2012). In another study, Loh et al. (2009) analyzed the prevalence of sil genes in methicillin-

resistant S. aureus (MRSA) cultured from wound and nasal sources of humans and animals. 

They found that some isolates contained the silE gene but did not elaborate on whether the gene 

was expressed, and the protein produced. They determined that the sil genes present were unable 

to confer silver resistance to the organism (Loh et al. 2009). More recently, Hosny et al. (2019) 

tested for silver resistance in 38 clinical isolates of S. aureus. Among these, four isolates were 

determined to be silver resistant (≥512 µg/mL AgNO3), with the mechanism thought to be 

mediated through the presence of plasmid-encoded silver-resistant sil operon. 

Some studies describe bacterial silver accumulation properties, however, the exact 

mechanism responsible for accumulation of silver in bacteria is not characterized (Slawson et al. 
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1994). Greater uptake of silver in bacteria occurs through intracellular accumulation where it will 

often be found in Ag0, Ag2O, or Ag+ forms and will complex with nucleic acids (DNA, RNA, 

etc.) or complex with components of the cellular envelope where it can form deposits (Slawson 

et al. 1994; Trevors 1987). Extracellular accumulation of silver by bacterial cells is expected to 

occur through complexation with phosphates, sulfides, and chlorides, which bind tightly to Ag+ 

(unreactive molecules), reducing its toxicity (Trevors 1987).  

1.5 Silver Resistance Mediated by pMG101 and the sil Operon 

1.5.1 Silver Resistant Plasmid pMG101 

pMG101 is a plasmid ~180-183.5 kbp in length that was first isolated from S. enterica 

serovar Typhimurium, a strain found in three burn victims who died after contracting 

septicaemia following topical treatment with 0.5% AgNO3 (McHugh et al. 1975). It belongs to a 

class of large multi-antibiotic resistant plasmids called the IncH incompatibility group (Gupta et 

al. 2001). Within the IncH plasmid group, there are two compatible groups, IncHI and IncHII, 

that can coexist in the same cell (Gupta et al. 2001). Three self-incompatible subgroups comprise 

the IncHI group, IncHI1, IncHI2, and IncHI3, with pMG101 belonging to the IncHI2 group 

(Gupta et al. 2001). These plasmids are MGEs that are transferred optimally between bacteria (to 

confer resistance) at or below 25°C through conjugation and are commonly found in 

Enterobacteriaceae (Finley et al. 2015; Gupta et al. 2001). Transfer of IncH plasmids between 

cells becomes inhibited above 37°C (Finley et al. 2015).  

Plasmid pMG101 was the first plasmid found to contain a group of genes, designated as 

the sil operon, responsible for silver resistance (McHugh et al. 1975). In addition to pMG101, 

five other IncH plasmids (R476b, MIP233, pWR23, MIP235, and R478) have been shown to 

possess sil genes (silE, silP, and silS). However, in comparison with pMG101, very little work 

has been done to characterize these IncH plasmids and pMG101 exhibits higher expression of the 

sil operon than the other IncH plasmids and therefore a greater ability to resist silver (Gupta et al. 

2001; Randall et al. 2014). In addition to silver resistance, sequencing of pMG101 found that it 

carried resistances to other antimicrobials such as sulphonamides, mercury, streptomycin, 

ampicillin, chloramphenicol, and tetracycline (Randall et al. 2014). These resistances are 
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mediated, respectively, by a sulphonamide-resistant FolP, the mer system, a streptomycin 3’-

adenylyltransferase, a class D β-lactamase, a chloramphenicol acetyltransferase, and TetA 

(Randall et al. 2014). 

1.5.2 The sil Operon 

The sil operon is comprised of a cluster of nine open reading frames (ORFs) mapped to a 

14.2 kbp region of pMG101 that is responsible for silver resistance (Randall et al. 2014). Each 

ORF can be sorted into one of three transcriptional units (Figure 1.1) with their assigned roles 

inferred from their homology with determinants in the pco and cus copper resistance systems 

(Table 1.2) (Gupta et al. 2001; Randall et al. 2014). These transcriptional units are comprised of: 

(1) the silCFBAGP which encodes two efflux pumps (SilCBA and SilP), and an Ag+-binding 

protein (SilF); (2) the silRS which encodes a two-component transcriptional regulatory circuit; 

and (3) the silE which encodes a periplasmic Ag+-binding protein (SilE) (Randall et al. 2014; 

Silver 2003). Homology of the sil proteins to copper resistance determinants is greater than 80% 

suggesting that evolution of early copper resistance systems may have resulted in the sil system 

(Randall et al. 2014). 

The sil operon is thought to mediate silver resistance by restricting silver accumulation in 

the cell (Randall et al. 2014). It achieves this through a combination of Ag+ sequestration in the 

periplasm by binding SilE and SilF to the ion and its active efflux by the two transporter 

complexes SilCBA and SilP (Randall et al. 2014). Deletion of silP and silG has little to no effect 

on silver resistance, while deletion of any of the silC, silB, silA, silF, or silE results in complete 

loss of silver resistance in a bacterial species (Randall et al. 2014). 
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Figure 1.1. Proposed structure and function of the proteins in the sil system in Gram-negative bacteria. At the 

top of the figure arrows mark the mRNA transcripts and their orientation. The protein products are listed 

directly below the arrows. The pathway is illustrated through a series of black arrows and dashed red arrows 

with the former indicating confirmed pathways and the ladder indicating proposed pathways. SilS responds 

to the presence of Ag+ by direct binding to it or by a signal from SilE bound to Ag+. SilS then phosphorylates 

SilR which leads to expression of the RND efflux pump SilCBA, the periplasmic Ag+ binding chaperone 

protein SilF, the P-type ATPase SilP, and the hypothetical protein ORF105 (SilG). (Asiani et al. 2016; Gupta 

et al. 2001; Silver 2003). 

The most well understood component of the sil operon is the silE. It encodes a 143-amino 

acid protein under the control of its own promoter that is often used as a marker to confirm the 

presence of silver resistant genes in microbes (Asiani et al. 2016). Synthesis of SilE is induced in 

the presence of Ag+ (and other divalent metals such as Cu2+, Zn2+, and Ni2+) and the gene is 

transcribed separately from the other components of the sil operon (Silver 2003). Unlike the 

other components of the sil operon, the SilE does not share a counterpart with determinants in 

the cus system. Because of this, its exact function in silver resistance has yet to be 

experimentally confirmed. Instead, it is homologous to the copper-binding protein PcoE of the 

pco operon with which it exhibits 48% sequence homology (Asiani et al. 2016; Silver 2003).  
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Table 1.2. Proteins from the silver-resistant sil system and their homologues from the copper-resistant cus 

and pco systems in the first two columns. Expected function of each protein is described in the third column. 

(Asiani et al. 2016; Gupta et al. 2001; Munson et al. 2000; Silver 2003; Zimmermann et al. 2012). 

sil protein Copper system homologue Expected protein function 

SilE PcoE Periplasmic protein acting as a 

molecular sponge for copper/silver 

ion binding. 

SilS CusS and PcoS Membrane sensor kinase. 

Phosphorylates the transcriptional 

activator allowing for expression of 

the structural genes of each system. 

SilR CusR and PcoR Transcriptional activator. Allows 

for the expression of the structural 

genes. 

SilC CusC Outer membrane protein that helps 

form the pathway for metal efflux 

in the three-component system 

SilF CusF Periplasmic metal ion binding 

chaperone protein. 

SilB CusB Membrane fusion protein spanning 

the inner and outer membrane and 

works to anchor the efflux pump. 

SilA CusA Inner membrane RND-like 

chemiosmotic cation/anion 

antiporter. 

ORF105 (SilG) - No assigned function. 

SilP - P-type ATPase responsible for the 

transfer of Ag+ from the cytoplasm 

to the periplasm. 

SilE functions as a molecular sponge for binding metal ions (Asiani et al. 2016). It can 

bind up to eight silver ions co-operatively (as opposed to sequentially), thereby acting as a first 

line of defence against low levels of periplasmic Ag+ (Asiani et al. 2016). Binding of the first six 

silver ions causes complete folding of the SilE, so the last two ions can only bind to the fully 

folded protein (Asiani et al. 2016). Changes in pH do not induce SilE folding meaning it is 

mediated explicitly by Ag+ binding (Asiani et al. 2016). SilE may bind other divalent metal 

cations such as Cu2+, Zn2+, and Ni2+ with lower affinities (Asiani et al. 2016). These cations 

result in a lower degree of protein folding indicating that SilE possesses an ion discrimination 

mechanism with regards to its coupling of binding and folding abilities (Asiani et al. 2016). Ag+ 

binding is accomplished through His and Met residues on two different twice repeated Ag+-

binding motifs, MX2HX6HX2M and HX2MX3HX2M (Asiani et al. 2016; Chabert et al. 2017). 

His and Met residues are common metal ion binding sites found in a number of metal-binding 
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proteins. Certain residues within the SilE, H80, H87, H111 and M108, have a significant role in 

the binding of Ag+ and folding of SilE from its free apo-form to its highly α-helical holo-

structure (Asiani et al. 2016; Tanaka et al. 2004). Once bound to Ag+, the fully folded SilE is 

proposed to either act as a chaperone to the efflux transporter SilCBA allowing the protein to off-

load the bound Ag+ or it may act as a signal for SilS to activate transcription of the remaining 

silver-resistant machinery (Asiani et al. 2016; Sütterlin et al. 2017).  

In the cus copper efflux pump, function of the system requires loss of outer membrane 

(OM) porins to mediate resistances to metals such as silver and copper (Chabert et al. 2017; 

Randall et al. 2014). In the sil operon, the SilE augments the action of the SilCFBA transporter, 

thus eliminating the need for OM porin loss (Randall et al. 2014). The SilE works in a similar 

way to make up for the presence of OM porins in cus-mediated silver resistance (Randall et al. 

2014).  

Apart from the silE, the synthesis of remaining components of the sil operon is controlled 

by a two-component transcriptional regulatory circuit, silRS, found upstream of the silE. 

Although silE and silRS are oriented in the same direction (Figure 1.1), they are not transcribed 

together; instead silRS is transcribed as a single mRNA (Silver 2003). This transcription occurs 

in the presence of a stimulus (primarily Ag+, although other metal ions such as copper, zinc and 

nickel may also induce expression) as ordinarily their expression is repressed (Randall et al. 

2014). SilS, exhibiting 56% sequence identity homology to the CusS of the cus system (Munson 

et al. 2000; Randall et al. 2014; Silver 2003), works as a membrane kinase sensor. Binding of 

Ag+ to SilE will cause SilS to phosphorylate SilR (Randall et al. 2014). The phosphorylated SilR 

works as a transcriptional regulatory responder and mediates the expression of the resistance-

nodulation-division (RND) efflux transporter SilCBA (Gupta et al. 2001; Randall et al. 2014; 

Silver 2003). The SilR is homologous to the CusR of the cus system, exhibiting 83% sequence 

identity (Munson et al. 2000). 

The silCFBAGP is the final transcriptional unit within the sil operon encoding primarily 

structural proteins which are responsible for the membrane potential-dependent active efflux of 

silver ions out of the cell. The silCBA genes encode a three-component chemiosmotic RND 
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antiport efflux pump (Gupta et al. 2001; Silver 2003). The first component of the efflux pump, 

SilA, is a large 1048-amino acid inner-membrane ion antiporter (Gupta et al. 2001; Silver 2003). 

It forms a pathway (approximating a cavity/pore/funnel) for Ag+ to travel from the cytoplasm 

directly to the SilC by formation of a trimer in the membrane that spans the periplasmic region 

(Silver 2003). Movement of the ion through this pathway ensures transport of Ag+ from the 

cytoplasm to the exterior of the cell without release within the periplasm (Silver 2003). SilC is a 

461-amino acid outer membrane protein that helps form the pathway with SilA for Ag+ egress 

(Silver 2003). The final component in the efflux pump is SilB, a 430-amino acid membrane 

fusion protein (Gupta et al. 2001). SilB spans the inner and outer membrane and works to anchor 

the efflux pump in the inner membrane and connect to SilC (Gupta et al. 2001; Silver 2003).  

The last three components of the sil operon are the silF, the silP, and the silG. The silF, 

located between silC and silB, encodes the 96-amino acid long SilF protein (Gupta et al. 2001). 

The expected function of SilF, based on its homology with the CusF of the cus system, is that of 

a periplasmic Ag+ binding chaperone protein similar to SilE (Table 1.2) (Randall et al. 2014). 

Once bound to Ag+, SilF is hypothesized to usher the ions to SilCBA for efflux (Randall et al. 

2014). The protein encoded by silP is expected to be another efflux pump parallel to SilCBA 

(Silver 2003). SilP is an 824-amino acid long P-type ATPase that is likely responsible for the 

transfer of Ag+ from the cytoplasm to the periplasm (Gupta et al. 2001; Silver 2003). While its 

purpose has not been confirmed, SilP is expected to function in this way based upon homology 

to other heavy-metal resistance ATPases (Gupta et al. 2001; Randall et al. 2014; Silver 2003). 

Removal of periplasmic Ag+ is not yet understood; however, it is suggested that movement of 

periplasmic Ag+ may occur through an un-specified OM protein or by SilE sequestration (Silver 

2003). SilG, also known as ORF105, is a 105-amino acid long protein with its gene, silG, found 

between silA and silP with no assigned function (Randall et al. 2014; Silver 2003). There is very 

little information regarding this gene. 
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1.6 Silver Resistance Mediated by Primary Copper Resistance Mechanisms 

1.6.1 Copper Resistance in Bacteria and Comparison with Silver 

Understanding copper resistance is important for understanding silver resistance as both 

metals possess similar toxic characteristics to microbes. Comparison with copper resistant 

homologues resulted in the characterization of the silver resistant determinants in the sil system. 

Unlike silver, copper is an essential element for life. It is taken up by the cell as a nutrient for use 

in key biochemical processes such as oxidative phosphorylation, free radical control, and 

photosynthesis. Because copper is needed by cells in trace amounts, all bacteria require 

homeostatic copper control mechanisms for binding and transport of copper and for copper gene 

regulation (Solioz et al. 2010). At concentrations toxic to bacterial life and if copper is not in an 

appropriate form (copper species aside from the less toxic Cu2+), its exhibited characteristics 

(binding group preferences, ROS formation) become like those of silver (Ladomersky and Petris 

2015). 

The importance of copper lies in its redox cycling capabilities permitting it to cycle 

between the oxidized cupric form Cu(II) and the reduced cuprous form Cu(I), and allowing the 

metal to favour different substrates and act as a cofactor for many different enzymes 

(Ladomersky and Petris 2015). Regardless of valence state, copper binds to biomolecules such as 

proteins, lipids, and nucleic acids with Cu(I) favouring hydrides, phosphines, alkyl groups, 

cysteinyl thiols, and the thioether of methionine, and Cu(II) favouring sulfates, nitrogen donors, 

and oxygen donors (Ladomersky and Petris 2015). Because of this binding, mechanisms of 

copper toxicity function on microorganisms in a similar way to silver. Under aerobic conditions, 

copper can act as a catalyst for the Fenton and Haber-Weiss reactions to produce ·OH 

(Ladomersky and Petris 2015). These hydroxyl radicals cause oxidative damage to many 

macromolecules. The damage, however, is limited to the immediate surroundings of copper due 

to the very short half-life of ·OH (~10-9 sec) (Yoshida et al. 1993). In the absence of oxygen, 

there is a greater proportion of the more toxic Cu(I) which targets sulfur containing amino acids 

and disulfide bonds within enzymes to form Cu(I)-thiolate bonds (Gudipaty et al. 2011; Hiniker 

et al. 2005). Copper toxicity under anoxic conditions may also be ascribed to the targeting and 

degradation of enzymes involved in intermediary metabolism; although, due to the non-specific 
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nature of copper binding, most enzymes in cells can be targeted (Hiniker et al. 2005; Macomber 

and Imlay 2009). Copper may also cause incorrect formation of disulfide bonds in cell molecules 

(Hiniker et al. 2005; Macomber and Imlay 2009). This may result in damage or lack of formation 

of intracellular components or cause a loss of function to molecules affected by non-native 

disulfide bond formation (Hiniker et al. 2005; Macomber and Imlay 2009). 

Although there are differences in the way copper and silver act within a biological 

system, Cu+ and Ag+ are in the soft Lewis acid group and Cu2+ is a borderline soft Lewis acid, so 

they share similar ligand binding and chemical properties (Gudipaty et al. 2011). Because of this, 

biological systems that primarily work to detoxify copper frequently also (to a lesser degree) 

detoxify silver. Copper resistances in microorganisms are conferred by mechanisms like copper 

export across membranes (i.e. from the cytoplasm to the periplasm or to the extracellular 

environment) by ATPases which can also externalize silver and frequently show close homology 

(up to ~80%) with determinants in the sil operon (Chabert et al. 2017). In Gram-positive 

bacteria, copper and silver export by ATPases occurs by transport across the plasma membrane. 

In Gram-negative bacteria, copper and silver are transported across the inner membrane, through 

the periplasm, to the extracellular space (Ladomersky and Petris 2015). Exportation of copper 

and silver in this way prevents these metals from accumulating in the cytoplasm and causing cell 

death (Ladomersky and Petris 2015). 

1.6.2 Silver Resistance Mediated by the cus System 

The cus (copper sensing copper efflux) system (Figure 1.2) is comprised of a cluster of 

six genes that are induced by the presence of copper and silver ions, and works to detoxify and 

export those ions during copper or silver stress (Munson et al. 2000). It was first isolated from 

the chromosome of E. coli K-12 and has since been identified in other Gram-negative bacteria 

(Munson et al. 2000). The genes within the system can be sorted into two transcriptional units: 

(1) cusCFBA, genes that encode a three-component efflux pump; and (2) cusRS, genes that 

encode a two-component transcription regulatory circuit (Gudipaty et al. 2011; Staehlin et al. 

2016). The cus locus is used by bacteria to maintain safe levels of intracellular copper. 
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Determinants in the sil operon were based on homologous genes within the cus system (Table 

1.2). 

 

Figure 1.2. Proposed structure and function of the proteins in the cus system in Gram-negative bacteria. At 

the top of the figure arrows mark the mRNA transcripts and their orientation. The protein products are 

listed directly below the arrows. The pathway is illustrated through a series of black arrows. CusS responds 

to the presence of Cu+/Ag+ by phosphorylating CusR which leads to expression of the RND efflux pump 

CusCBA, and the periplasmic Cu+/Ag+ binding chaperone protein CusF. (Asiani et al. 2016; Gupta et al. 

2001; Silver 2003). 

When copper and silver ion levels exceed a toxic threshold value (exact copper 

concentration undefined; silver concentration of 2.5 µM), the transcriptional regulatory circuit is 

activated to begin transcription (Munson et al. 2000). These genes, known as the cusRS, encode 

a two-component sensor/tolerance system that regulates transcription of the remaining cusCFBA 

genes (Gudipaty et al. 2011; Zimmermann et al. 2012). CusS phosphorylates CusR in the 

presence of metal ions (usually Cu+ or Ag+) and CusR will then activate transcription (Gudipaty 

et al. 2011). Without CusRS, expression of cusCFBA cannot occur (Gudipaty et al. 2011).  

The cusCFBA genes encode a three-component chemiosmotic RND antiport efflux 

system and a periplasmic metal-binding chaperone protein involved in ion sequestration (Delmar 

et al. 2015; Gudipaty et al. 2011; Staehlin et al. 2016). The three components of the efflux 
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system are: (1) the inner membrane protein CusA; (2) the periplasmic protein CusB; and (3) the 

outer membrane protein CusC (Staehlin et al. 2016). Unlike the SilB of the sil operon, CusB may 

work in one of two ways: it may (1) transfer metal ions directly to the CusA pump for export; or 

(2) switch the conformation of CusA so that it may accept ions from CusF for export (Delmar et 

al. 2015). CusF binds copper and silver ions, sequesters them in the periplasm, and then delivers 

them to the efflux pump for transport out of the cell via proton motive force (Delmar et al. 2015). 

1.6.3 Functionality of the pco System and its Homology with the sil Operon 

The pco (plasmid-borne copper resistance) system works primarily as a copper 

homeostasis mechanism and confers copper resistance by reducing the cellular accumulation of 

ions through efflux enhancement (Brown et al. 1995). It is comprised of a cluster of seven genes 

arranged into three transcriptional units (Figure 1.3): (1) the pcoABCD, a set of structural genes 

encoding periplasmic and membrane proteins that enhance metal efflux; (2) the pcoRS, a set of 

genes encoding a two-component signal transduction system; and (3) pcoE, a gene encoding a 

periplasmic metal-binding protein (Munson et al. 2000; Zimmermann et al. 2012). It was first 

isolated from E. coli containing plasmid pRJ1004 found in the fecal matter of piggery effluent 

(Tetaz and Luke 1983). The pigs were given copper supplements (CuSO4) for use as growth 

stimulators and as an antimicrobial compound (Brown et al. 1995; Staehlin et al. 2016). pRJ1004 

was the first plasmid identified containing the genes responsible for the copper-resistant pco 

operon and is assigned to the incompatibility groups I1 and K (Brown et al. 1995; Tetaz and 

Luke 1983). Located adjacent to the pco system on plasmid pRJ1004 is the sil operon (Asiani et 

al. 2016). Although the sil operon is also located on plasmid pRJ1004 and primarily confers 

silver resistance, Zimmermann et al. (2012) confirmed that the presence of the pco system (with 

or without the presence of the sil system) will confer silver resistance. 



 

 

22 

 

 

Figure 1.3. Proposed structure and function of the proteins in the pco system in Gram-negative bacteria. At 

the top of the figure arrows mark the mRNA transcripts and their orientation. The protein products are 

listed directly below the arrows. The pathway is illustrated through a series of black arrows and dashed red 

arrows with the former indicating confirmed pathways and the ladder indicating proposed pathways. PcoS 

responds to the presence of Cu+ by phosphorylating PcoR leading to the expression of the structural gene 

products PcoABCD. PcoE is expected to bind Cu+ and transfer it to PcoC where it follows one of two 

pathways: Cu+ to Cu2+ oxidation by PcoA for removal from the cell by PcoB or movement through PcoD into 

the cytosol as nutrient copper. (Asiani et al. 2016; Munson et al. 2000; Zimmermann et al. 2012). 

Unlike the cus system which confers some level of silver resistance, the pco system is 

primarily known for copper resistance. However, it contains a periplasmic copper binding 

protein encoded by pcoE that shares 48% homology with the SilE (Table 1.2) (Asiani et al. 

2016). Although pcoE is strongly induced by the presence of copper salts (binding up to nine 

Cu+), it can also be induced by, and bind up to seven, Ag+ (Zimmermann et al. 2012). The 

functionality similarities of PcoE and SilE is attributed to both possessing His and Met metal-

binding ligands, allowing them to function as periplasmic molecular sponges for soft metals like 

copper and silver ions (Asiani et al. 2016; Zimmermann et al. 2012). Ag+ and Cu+ ions bind to 

PcoE with the highest affinity for Cu+ (KD ~ 10-12 M), whereas divalent metal ions such as Cu2+ 

or Zn2+ bind in lower quantities to PcoE with lower affinities (Zimmermann et al. 2012). Weakly 

bound Cu2+ to PcoE can undergo redox switching of Cu2+ to Cu+ allowing the ion to bind more 

strongly to PcoE (Zimmermann et al. 2012). Like the SilE, regulation of PcoE occurs separately 
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from the rest of the system. PcoE is under the control of the cusRS which is required for pcoE 

expression while pcoRS controls the expression of the remaining genes (pcoABCD) (Munson et 

al. 2000). Copper resistance mediated by the pco system does not require the presence of the 

PcoE. However, by its initial sequestration of metal ions it acts as the first line of defence against 

metal toxicity (including silver) and allows time for induction of the remaining genes in the pco 

system by the two-component regulatory system encoded by pcoRS (Zimmermann et al. 2012). 

Although the PcoE functions primarily as a copper-binding protein, its homology with the SilE 

and ability to bind Ag+ ions suggest that it may be possible to substitute it for the SilE in the sil 

operon. This substitution would likely result in reduced functionality of the sil operon and has 

yet to be experimentally confirmed. 

Upon binding copper ions, PcoE may then pass the sequestered ions to PcoC 

(Zimmermann et al. 2012).  PcoC is a periplasmic copper carrier with binding sites specific to 

Cu+ and Cu2+ (Munson et al. 2000; Zimmermann et al. 2012). Once bound to Cu+, PcoC may 

either work cooperatively with the multicopper oxidase PcoA to safely oxidize PcoC bound Cu+ 

to Cu2+ for copper egress by the outer membrane copper pump PcoB or the copper will be 

imported into the cytosol as a nutrient by the inner membrane copper pump PcoD (Munson et al. 

2000; Zimmermann et al. 2012). The two proteins, PcoS and PcoR, involved in the regulation of 

the pco system, work in similar manner as the SilS and SilR. PcoS works as a sensor that 

receives a signal to phosphorylate PcoR, a receiver, converting it to a transcription activator 

(Munson et al. 2000; Rouch and Brown 1997). This activates transcription of a cluster of 

structural genes encoding two soluble periplasmic proteins PcoA and PcoC and two copper 

pumps PcoB and PcoD encoded by pcoABCD (Zimmermann et al. 2012).  

1.6.4 Functionality of the cop System and its Ability to Confer Silver Resistance 

Another method of bacterial copper resistance is the cop operon. It was first isolated from 

plasmid pPT23D in Pseudomonas syringae pv. tomato from tomato plants that were treated with 

copper sulfate (Cooksey 1987). It is 35 kbp in size and is one of four native plasmids to the 

organism that all share large amounts of repeated DNA (Murillo and Keen 1994). The cop 

operon consists of four structural genes, copABCD, controlled by two regulatory genes, copRS 
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(Bender and Cooksey 1986; Brown et al. 1995). The protein products of the cop operon share 

close homology (between 30-76% amino acid identity depending on the protein) with those of 

the pco system. However, while pco works to reduce cellular accumulation of copper and other 

metal ions, the cop system works to initially reduce accumulation of copper by export followed 

by increased uptake and sequestration of copper (Brown et al. 1995). Activation of the cop 

system occurs when cells are exposed to low levels (~10 µM) of copper (Macomber and Imlay 

2009; Outten et al. 2001). In some literature it is indicated that the cop system may confer some 

capacity of silver resistance, however, exact values are unreported (Brown et al. 1995; 

Macomber and Imlay 2009). 

The most well characterized protein encoded by the cop operon is CopA which is a 

Cu(I)-translocating P-type ATPase (Macomber and Imlay 2009). It is a soluble periplasmic 

protein sharing 76% sequence identity to PcoA, with both being homologous to other multi-

copper oxidases (Ladomersky and Petris 2015). It works as an inner membrane efflux pump, 

transporting Cu+, and to some extent Ag+, from the cytoplasm to the periplasm (Delmar et al. 

2015). CopA may also work in conjunction with some components of the cus system to limit the 

concentration of intracellular metal ions (Delmar et al. 2015). Cu+, and likely Ag+, may be 

shuttled from CopA to CusF indicating that it may work with CusA to stop metal ion leakage 

into the cytoplasm (Delmar et al. 2015). 

Within the cop operon exists another copper-transporting P-type ATPase, CopB, encoded 

by copB (Solioz et al. 2010). Unlike CopA which transports Cu+, CopB transports Cu2+ 

suggesting the need for each ATPase to export different copper forms based on the redox status 

of the organism (Argüello et al. 2007). As well, the N-terminus of CopB features a His-rich 

region rather than a chaperone accessible CxxC Cu+-binding motif (Solioz et al. 2010). CopA 

contains two N-terminal domains that both feature the CxxC motif (Solioz et al. 2010). CopB 

exists as an outer membrane protein, sharing 55% homology with PcoB, suggesting a putative 

role in copper oxidation (Brown et al. 1995). It is capable to some extent of exporting excess Cu+ 

and Ag+ (Ladomersky and Petris 2015). Because of the shared homology between the PcoA and 

CopA and the PcoB and CopB, the determinants in the pco system likely possess some capacity 
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for conferring a low level of silver resistance. This, however, has yet to be experimentally 

confirmed. 

Copper and metal resistances mediated by the cop system require the presence of both 

CopA and CopB.  However, CopC and CopD work cooperatively for full functionality of the 

operon and maximum resistance (Staehlin et al. 2016). CopC is a periplasmic protein capable of 

binding one Cu2+ ion per monomer (Brown et al. 1995). It is homologous to PcoC with which it 

shares 60% sequence identity (Brown et al. 1995). Along with CopA, the role of CopC in copper 

resistance may be to sequester copper in the periplasm and to deliver the ions to CopD 

(Ladomersky and Petris 2015). CopD is an inner membrane protein sharing 38% homology with 

PcoD (Brown et al. 2015). Copper resistance by the cop system is expected to arise through the 

uptake of Cu2+ by CopB, which then transfers the ions to be bound to CopA and CopC in the 

periplasm (Brown et al. 1995). 

Like their homologues PcoRS with which they respectively share 61% and 30% sequence 

identity, CopRS works as a two-component transcriptional regulatory system (Brown et al. 1995; 

Rouch and Brown 1997). This system functions in very similar ways to other metal inducible 

resistance systems. CopS is predicted to have two domains that span both the membrane and 

cytoplasm and is homologous to other sensor histidine kinases (Munson et al. 2000). Induction 

of CopS is a result of an increase in copper concentration, which in turn should phosphorylate 

CopR (Munson et al. 2000). CopR is a cognate response regulator that receives information from 

CopS to activate transcription of the remaining genes in the cop system (Munson et al. 2000; 

Rouch and Brown 1997). 

1.7 Similarities Between Silver and Copper Resistance in Bacteria 

As discussed previously, many determinants in the copper resistant cus, pco, and cop 

systems share close homology with one another and with determinants in the silver resistant sil 

system. As well, how each determinant may function within its respective system to give rise to 

metal resistance is expected to occur in a similar fashion to the counterparts in the other systems. 

This is deduced from the high sequence identity percentage shared across the systems. However, 

comparison of each system aside from genetic similarities has not yet been defined. This 
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includes comparison of the efficiency of copper and/or silver efflux carried out by each system 

and how well each functions under copper and silver stress.  

The similarities between copper and silver resistance mechanisms may be attributed to 

the closeness in antimicrobial and chemical properties these metals possess as they line up in the 

same column on the periodic table. High levels of cytoplasmic accumulation of either metal 

disrupt metabolic pathways. Both metals target many different intracellular biomolecules, 

metabolites, substrates, and enzymes, and both cause formation of harmful free radical and ROS 

within the bacterial cell. While silver is outright toxic to microorganisms, copper is an essential 

micronutrient that becomes toxic when present in excess. 

1.8 Future Perspectives 

Silver resistance genes have been widely studied in Gram-negative species with very 

little information regarding its presence in Gram-positive species. Due to the scarcity of studies 

involving the response of Gram-positive bacteria to silver, there remains a gap in knowledge 

with regards to the development of silver resistance in such a large group of important 

microorganisms. While there is some research focused on Gram-positive human pathogens and 

the spread of silver resistant genes, there remain many other Gram-positive genera that have not 

been examined, particularly those from the environment (such as Bacillus sp., Clostridium sp.,  

Lysinibacillus sp., Paenibacillus sp.) where silver is expected to continue to accumulate. This 

lack of information makes it crucial for efforts to characterize silver resistance in environmental 

Gram-positive species. The discrepancies in what concentration of silver establishes silver 

resistance in bacteria also leaves room for additional work in order to determine a more precise 

definition. As well, little work has been conducted for determining how media content and 

environmental conditions (such as temperature) play a role in bacterial tolerance to silver 

concentrations, although evidence suggests that these factors do impact the efficacy of silver as 

an antimicrobial (Silver 1981b).  
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1.9 Research Rationale, Hypotheses, and Objectives 

The silver cation (Ag+) is highly toxic to microorganisms and is considered one of the 

most harmful species to bacterial cells (Charley and Bull 1979). Most metals, including silver, 

are naturally occurring in soil and water systems at low concentrations meaning bacterial 

exposure and interactions with metals occur constantly (French et al. 2013). Unlike other metals 

that are required in trace amounts for key biochemical processes, silver has no known biological 

function (Charley and Bull 1979). Because of this, it is commonly used in industrial settings as 

an antimicrobial agent, particularly in agricultural and medical practices with the hope of 

extending the antibacterial spectrum (Tchounwou et al. 2012; Wang et al. 2016). More recently, 

the expansion of silver usage has included its incorporation into textile and clothing products 

(Kędziora et al. 2020). This increase in silver usage with resulting increases in aquatic and soil 

environments could lead to the development of silver resistant mechanisms within bacterial cells 

(Eckelman and Graedel 2007; Ratte 1999).  

Presently the most well understood mechanism of silver-resistance is a horizontally 

acquired efflux mechanism encoded by the sil operon (Asiani et al. 2016; Gupta et al. 2001; 

Randall et al. 2014). The sil operon is a collection of nine genes found on plasmid pMG101 and 

is comprised of three transcriptional units: (1) a three-component RND efflux pump, a P-type 

ATPase, and a periplasmic Ag+-binding protein (silCFBAGP); (2) a two-component 

transcriptional regulatory circuit (silRS); and (3) a periplasmic Ag+-binding protein (silE) (Asiani 

et al. 2016; Randall et al. 2014). pMG101 and the sil operon were first isolated in 1975 from 

Salmonella enterica serovar Typhimurium from a burn wound and have since been recorded in 

multiple Gram-negative bacteria of the Enterobacteriaceae family (McHugh et al. 1975; Sütterlin 

et al. 2017). Consequently, studies involving development of silver resistance in bacteria are 

often focused on Gram-negative bacteria and/or pathogens.  

Information regarding the response of Gram-positive bacteria to silver is scarce and very 

little is known with regards to environmental isolates. Many of the studies conducted involving 

silver resistance in Gram-positive bacteria have focused on its development in clinical isolates of 

Staphylococcus aureus and whether any resistance development is as result of the sil operon 
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(Hosny et al. 2019; Loh et al. 2009; Randall et al. 2012). Although some components of the sil 

operon are reported in Gram-positive bacteria, evidence suggests that its expression occurs only 

in Gram-negative bacteria (Loh et al. 2009). The studies that have been conducted on Gram-

positive silver resistance usually focus on clinical isolates of Staphylococcus aureus and the 

prevalence of the sil genes with little work regarding other species and mechanisms (Hosny et al. 

2019; Loh et al. 2009; Randall et al. 2012). Because of this, development of silver resistance in 

Gram-positive bacteria is not well understood.  

Environmental bacteria that harbour silver resistance have been isolated from sewage and 

sludge from photographic film plants (Belly and Kydd 1982; Haefeli et al. 1984), water 

distribution systems (Bell 1991), and contaminated soils (such as from silver mines) (Haefeli et 

al. 1984). Studies on environmental silver resistant microorganisms however are limited to 

decades old work that again typically focused on Gram-negative bacteria (such as Pseudomonas 

stutzeri AG259) or microbial communities as a whole (Haefeli et al. 1984; Klein and Molise 

1975).  

In this thesis, I describe the isolation and physiological characterization of two Gram 

positive bacteria from silver contaminated soils, which have been identified as Paenibacillus sp. 

SS2 and Lysinibacillus sp. SS4. These bacteria were found not to carry the sil operon and are 

hypothesized to possess a mechanism of silver resistance that has yet to be identified. The studies 

conducted for this thesis focused on characterizing the physiological response of the silver 

resistance in SS2 and SS4. The research objectives were to: (1) isolate and identify potentially 

silver resistant bacteria from silver contaminated soils – this work was completed by Adam 

Martinez and Marc Habash and included the initial isolation from soils, 16S rRNA sequencing of 

SS2 and SS4, and detection of silR and silE, (2) characterize the cell morphology of SS2 and SS4 

through light microscopic analyses, (3) examine the interaction of silver with SS2 and SS4 via 

electron microscopic analyses, and (4) evaluate the microbial physiology of the silver resistance 

in SS2 and SS4 via culture-based studies aimed at defining the minimum bactericidal 

concentration (MBC) of silver, antibiotic resistances (innate and induced after pre-exposure to 

silver), impact of temperature, sodium chloride concentration and nutrient concentration on 

silver resistance, and inducibility of silver resistance. 
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2 Materials and Methods 

2.1 Sampling and Colony Selection 

Soil samples were collected from Kirkland Lake, Ontario in May 2017 from a silver 

contaminated site.  Five separate soil samples were received at University of Guelph. Isolations 

were conducted as follows: for each soil sample, 0.25 g (dry weight) of soil were added to 25 mL 

of each of the following sterile broth media: Luria-Bertani (LB) broth (Miller), tryptic soy broth, 

and 1/10 diluted tryptic soy broth. These were conducted in duplicate; one set of samples 

contained 1 mM AgNO3, the other did not include silver. A set of negative controls for each 

medium alone were prepared to ensure no growth occurred during the extended incubation 

period. The samples were incubated statically, in the dark for four weeks at 22°C. The samples 

were kept in 50 mL centrifuge tubes, tightly capped and the cap was sealed with parafilm. No 

observable evaporation of the media occurred over the 4-week incubation. No additional oxygen 

was added during the 4-week incubation. After 4 weeks, triplicate 0.1 mL volumes were 

removed from each sample and plated on the corresponding agar medium with and without 1 

mM AgNO3. Plates were incubated in the dark at 22°C and monitored daily for colony formation 

for up to 1 week. Single colonies were re-streaked on the same medium to ensure isolation and 

incubated in the dark at 22°C and monitored daily for colony formation. Two colonies with 

distinct morphologies that grew on LB agar with 1 mM AgNO3 were selected for further study.  

2.2 Bacterial Strains 

A number of additional bacterial strains were used based on their silver susceptibility. E. 

coli J53 carrying plasmid pMG101 (containing the complete sil operon) was kindly provided by 

the AJ O’Neill Lab (Antimicrobial Research Centre and School of Molecular and Cellular 

Biology, University of Leeds) and used as a silver resistant positive control for this study. Three 

additional Gram-negative silver-susceptible bacteria were selected to be used as silver sensitive 

controls: E. coli ATCC 11775 (resistant to vancomycin), E. coli NAR (resistant to vancomycin 

and nalidixic acid) and P. aeruginosa PAO1 (resistant to ampicillin, vancomycin, and nalidixic 

acid). B. subtilis ATCC 6633 and S. epidermidis ATCC 12228 (resistant to tetracycline) were 
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selected to be used as Gram-positive silver-susceptible controls. Each organism was selected for 

comparison with results of SS2 and SS4. 

2.3 Growth Conditions 

All isolates were grown from freezer stocks on LB agar plates at 30°C for 24 h in 

preparation for experimental testing. Plates were streaked for isolated colonies once a week in 

order to maintain viable cultures. For assays not pre-exposed to silver the cultures were prepared 

as follow: isolated colonies of each bacterial species were selected for inoculation into LB broth 

and grown at 30°C for 24 h before commencement of tests. Isolates SS2 and SS4 were grown 

both in the presence and the absence of silver prior to testing to observe differences in responses 

between the pre-exposed state and the isolate grown in the absence of silver. For assays requiring 

pre-exposure to silver the cultures were prepared as follows: isolated colonies of each bacterial 

species were selected for inoculation into LB broth and grown at 30°C for 24 h. Following this 

growth, 100 µL of the culture was plated onto LB agar + 1 mM AgNO3 and grown at 30°C for 

24 h. Isolated colonies of each bacterial species were selected for inoculation into LB broth + 0.1 

mM AgNO3 and grown at 30°C for 24 h before commencement of tests. 

2.4 16S rRNA Sequencing and silR and silE Assessment 

For genomic DNA preparation, SS2, SS4 and E. coli J53 (pMG101) were grown 

overnight in LB broth at 30oC. Genomic DNA isolation was performed using the Qiagen Blood 

and Tissue kit, as per the manufacturer’s instructions. The additional lysis steps for DNA 

extraction from Gram positive bacteria were applied for SS2 and SS4. The genomic DNA 

samples were stored at -20oC. 

For 16S rRNA sequencing:  the nearly complete 16S rRNA gene was amplified from SS2 

and SS4 genomic DNA using a set of universal primers, (8F [5’-

AGAGTTTGATCCTGGCTCAG-3’, E. coli 16S rRNA positions 8 to 27] and 1541R [5’-

AAGGAGGTGATCCAGCCGCA-3’, E. coli 16S rRNA positions 1541 to 1522]), previously 

used to amplify 16S rRNA genes from environmental samples (Loffler et al. 2000). 

Amplification of the 16S rRNA was performed using reaction mixtures containing 2.0 μl 
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template DNA, 1.0 μl forward (8F) and reverse primers 1541R), 12.5 μl GoTaq 2× Green 

mastermix, and nuclease-free water added to a total reaction volume of 25 μl. The cycling 

conditions were 2 min at 95°C. Then 35 cycles were performed as follows: 30 sec at 95°C, 30 

sec at 55°C, and 1.5 min at 72°C. A final cycle at 72°C for 5 min was applied. The PCR products 

were run on a 1% agarose gel to confirm appropriate size and presence of a single band. The 

product was cleaned up using a Qiagen PCR clean-up kit, according to the manufacturer’s 

instructions. The PCR product was submitted to the University of Guelph Advanced Analysis 

Centre for Sanger sequencing using the 8F primer. 

silR and silE assessment:  Genomic DNA from SS2 and SS4 were screened for the 

presence of silE and silR genes. Both genes represent critical components of a functional sil 

operon (Randall et al. 2014) that confers silver resistance, so their presence in SS2 or SS4 could 

indicate a potential mechanism for the observed ability to grow in the presence of silver. 

Genomic DNA from SS2, SS4 and E. coli J53 (pMG01), included as a positive control for silE 

and silR, were analyzed.  PCR reactions were prepared to contain 2.0 μl template DNA, 1.0 μl of 

the forward and reverse primers (Table 2.1), 12.5 μl GoTaq 2× Green mastermix, and nuclease-

free water added to a total reaction volume of 25 μl. Each set of reactions contained both positive 

and negative controls. The positive-control mixture contained DNA template from E. coli 

J53(pMG101). A no-template control was used for the negative-control reaction, which 

contained nuclease-free water in place of template DNA. Amplification was performed in a 

BioRad C1000 thermal cycler and the reaction conditions were as follows: silE assay:  95oC for 2 

mins, 35 cycles of 95oC – 30 sec, 48oC – 30 sec, 72oC – 30 secs, 1 cycle 72oC – 5 min. silR1 

assay:  95oC for 2 min, 35 cycles of 95oC – 30 sec, 54oC – 30 sec, 72oC – 45 secs, 1 cycle 72oC – 

5 mins. silR2 assay:  95oC for 2 min, 35 cycles of 95oC – 30 sec, 51oC – 30 sec, 72oC – 15 sec, 1 

cycle 72oC – 5 mins. PCR products were then run onto a 1% agarose gel, and visualized via UV 

transillumination. 

Primer Design for the DNA amplification of silR and silE:  three different primer sets 

were designed to amplify conserved DNA regions of the silR and silE genes, based on the 

available nucleotide sequence data in GenBank (Ascension # AF067954). The primer sequences 

are indicated in Table 2.1. 
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Table 2.1. Primers for amplification of silE and silR genes. 

Primer 

Set 

Forward Primer (5’ → 3’) Reverse Primer (5’→ 3’) Amplicon size, 

Base Pair (bp) 

SilR Set 1 CTCCAGCATGTAGCCCACGC GCCATGACAGCCGAGTATGA 555 

SilR Set 2 CGGAGTCGCTTTACTGCGAC GGATCACGCTGATAATGGTC 522 

SilE GCAGCTCTTTCATGCTCATTC CGTATTAGCATCCTTGCTGG 333 

2.5 Cell Morphology Study of Isolates SS2 and SS4 by Microscopy 

Primary wet mounts and Gram-stains using crystal violet and safranin counterstain were 

performed to determine cell morphology of SS2 and SS4. Isolates were grown in both LB broth 

without the presence of silver and LB broth + 0.1 mM AgNO3 at 30°C for 24 h in preparation for 

microscopy. SS2 and SS4 isolates were also evaluated with the Live Bacterial Gram Stain Kit 

(Biotium, San Francisco Bay Area). The cells were prepared as described by the manufacturer, 

using DAPI to stain the intracellular DNA and CF™594 wheat germ agglutinin (WGA) 

conjugate to stain N-acetylglucosamine found in the peptidoglycan layer of Gram-positive 

organisms. Brightfield and fluorescence microscopy were conducted using a Leica DM5500 

microscope, images were captured using a Hamamatsu ORCA-ER digital camera (black and 

white). Total magnification of the images was 630x (objective lens – Leica HCX PL APO 

63x/1.20). For the fluorescence observations, the following filter cubes were used: 1) for DAPI 

stained cells -- 49000 – ET – DAPI C120588 with an excitation peak wavelength of 350 nm and 

an emission peak wavelength of 460 nm; 2) for the conjugate stained cells -- 49005 – ET – 

DSRed C120591 with an excitation peak wavelength of 545 nm and an emission peak 

wavelength of 620 nm.  

Transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) 

spectroscopic mapping were used to observe the interaction of SS2 and SS4 with silver. Samples 

were prepared and imaged unstained and with uranyl acetate staining. In preparation for imaging, 

the samples were grown in 10 mL LB broth both in the absence and presence of silver (0.1 mM 

AgNO3) to evaluate the isolates under both conditions. Cultures were incubated for 24 h at 30°C. 
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The cultures were submitted to the Canadian Centre for Electron Microscopy at McMaster 

University for preparation and imaging. The samples were prepared for TEM imaging as 

follows: 3.5 µL of each sample was applied to the surface of a glow-discharged grid for 10 mins. 

Any excess solution was blotted from the grid with filter paper. Excess salt was rinsed away by 

touching the surface of the grid to three consecutive drops of deionized water. Excess water was 

blotted from the grid with filter paper. If the samples were stained, the next steps apply: 3.5 µL 

of 1% uranyl acetate stain was applied to the surface of the grid for 1 min. Excess stain was 

blotted off.  TEM imaging was performed using the Talos L120C operated at 120 kV and EDX 

mapping was performed using the Talos 200X operated at 200 kV. 

2.6 Observation of Zones of Clearing in Silver Containing Media using 

Modified Agar Diffusion Assay 

Growth of SS2 and SS4 on LB agar containing 1 mM AgNO3 resulted in the formation of 

zones of clearing of the silver present in the agar below and adjacent to the colonies (Figure 3.4), 

suggesting the secretion of an extracellular component. This was evaluated by a modified agar 

diffusion assay, which was a modification of a well diffusion assay described in Rodriguez-

Palacios et al. (2009). In addition to SS2 and SS4, silver resistant E. coli J53 (containing 

pMG101 plasmid), and silver susceptible S. epidermidis ATCC 12228, B. subtilis ATCC 6633, 

P. aeruginosa PAO1, E. coli NAR, and E. coli ATCC 11775 were also tested. Overnight cultures 

were prepared for each of these bacterial species. All were grown in LB broth without silver, 

while SS2 and SS4 were also grown in LB broth containing 1 mM AgNO3. The cultures were 

incubated at 30oC for 24 h prior to use in the modified agar diffusion assays. 

LB agar plates containing 1 mM AgNO3 were used for this experiment. 6 wells with a 6 

mm diameter were created in each plate. 50 µL of each culture was transferred to 5/6 wells on 

the plate. The 6th well was used as a negative control (50 µL LB). The plates were incubated 

statically in the dark for 96 h at 30°C. Following incubation, each plate was exposed to UV light 

for 1 min to oxidize the silver in the media to observe the zones of clearing. Photographs were 

taken using a Bio-Rad GelDoc XR imaging system with QuantityOne software (version 4.6.7). 
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To evaluate the silver content of the zones of clearing, sets of modified diffusion assays 

using SS2 and SS4 were prepared as described above. Following incubation in the dark for 96 h 

at 30°C and exposure to UV light, any liquid in the wells was removed and the agar was dried. 

Transects from the edge of the well to an area just past the zone of clearing were dissected from 

the sample and placed on scanning electron microscopy (SEM) grids and sputter coated with 

ionized gold. The samples were analyzed using SEM/EDXan - FEI Inspect S50 Scanning 

Electron Microscope Elemental analysis (equipped with Oxford X-Max20 SSD for elemental 

analyses of the silver content of the zones of clearing.) 

2.7 Assessment of Antibiotic Resistance and Cross-Resistance with Silver 

SS2 and SS4 were evaluated for inherent antibiotic resistance and silver-induced cross-

resistance by an antibiotic disc assay. Overnight cultures were prepared for SS2, SS4 and the 

controls used in this experiment -- B. subtilis ATCC 6633 (silver susceptible) and E. coli J53 + 

pMG101 (silver resistant). Each isolate was tested in three biological replicates. All were grown 

in LB broth without silver, while SS2 and SS4 were also grown in LB broth containing 1 mM 

AgNO3. The cultures were incubated at 30oC for 24 h prior to use in the antibiotic disc assays. 

100 µL of each culture was dispensed and spread onto LB agar plates. The antibiotics used were 

ampicillin (10 µg), vancomycin (30 µg), tetracycline (30 µg), and nalidixic acid (30 µg) and 

were selected based on their differing modes of action. The discs were placed onto the inoculated 

LB agar and the plates were incubated for 24 h at 30°C, after which the cultures were evaluated 

visually for inhibition by the antibiotics. Discs containing no antibiotic were used as negative 

controls to ensure that the disc itself did not impact growth.  

2.8 Evaluating Inducibility of Silver Resistance in SS2 and SS4 

Preliminary observations suggested that SS2 and SS4 did not maintain their silver 

resistance/tolerance when grown in the absence of silver for more than 24 h. To evaluate how 

quickly this transition occurred single colonies of SS2 and SS4 grown on LB + 1 mM AgNO3 

plates were inoculated into 10 mL LB broth (in 10 mL centrifuge tubes) + 0.1 mM AgNO3 (a 

concentration that selected for silver resistance). Both isolates were tested in three biological 

replicates. The tubes were incubated statically for 24 h at 30°C. Following the initial incubation, 
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1 mL of the overnight cultures were sub-cultured into 25 mL of LB broth (in 50 mL centrifuge 

tubes) (containing no AgNO3) and incubated statically at 30°C. Spectrophotometer readings 

(OD600) were taken every 4 h to quantify the growth with the first reading occurring at 4 h and 1 

mL of culture was transferred to tubes containing 5 mL LB broth with a final concentration of 

0.1 mM AgNO3, this process was repeated up to 24 h. After transfer into LB broth (final 

concentration of 0.1 mM AgNO3) each tube was incubated statically for 48 h at 30°C. Growth in 

each tube was confirmed via serial dilution and drop counts onto LB agar, plates were incubated 

for 24 h at 30°C after which colonies were enumerated. 

2.9 Determination of Minimum Bactericidal Concentration of Ag 

To determine concentrations of AgNO3 that inhibit the growth of isolates SS2 and SS4, 

MBC tests were performed. Multiple stressors were evaluated such as NaCl in the media, 

nutrient concentration, and temperature to determine their impact on the MBC of silver for SS2 

and SS4. Cultures were prepared as described above (see: Growth Conditions, section 2.1.3). For 

the MBC tests, 10 µL of each culture was re-inoculated into 5 mL of fresh LB broth. They were 

incubated at 30°C until early exponential growth phase, between approximately 2-10 h 

(dependent on organism). Exponential growth was determined by spectrophotometer readings at 

a wavelength of 600 nm; with optical density values falling between 0.1-0.3 considered 

acceptable. 96-well microtiter plate assays were used for MBC tests. A 2-fold dilution series of 

AgNO3 in LB and LB without NaCl were prepared. The concentration range of AgNO3 

evaluated was 0.02 - 20 mM, wells containing only LB acted as a positive growth control. Each 

isolate was diluted in LB broth to an initial concentration of 107 CFU/mL per well and was tested 

in triplicate. The assay mixtures were incubated statically in a humidified environment, in the 

dark for 72 h at 30°C. Growth inhibition was confirmed via the drop count method onto LB agar. 

For each sample a 10-fold dilution series was prepared in phosphate-buffered saline (PBS) and 

viable cell counts were quantified via drop counts. The drop count plates were incubated for 24 h 

at 30°C. Drops with colony totals falling between 3-30 were counted and CFU/mL was 

calculated. 
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Additional MBC tests to evaluate impacts of temperature and nutrient concentration were 

conducted using SS2 and SS4 pre-exposed to AgNO3 and only using B. subtilis ATCC 6633 and 

E. coli J53 as controls with the same experimental set-up as described above. Temperatures 

tested were 15°C, 22°C, 26°C, and 30°C. Nutrient concentrations tested were 1/2, 1/5, and 1/10 

dilutions of LB broth (initial concentration 10 g/L NaCl) and LB broth without NaCl.  

3 Results 

3.1 Isolation and Initial Characterization of SS2 and SS4 

The initial screening method for isolating potentially silver resistant bacteria from the soil 

samples resulted in two distinct isolates being selected for further study. These isolates were 

designated SS2 and SS4. Initial identification of the isolates involved sequencing the first ~750 

bp of the 16S rRNA gene (Appendices 1 and 2) and conducting a BLASTn search based on those 

sequences. The isolates were identified and given the tentative designations of Paenibacillus sp. 

SS2 and Lysinibacillus sp. SS4. The presence of the silE and silR genes were evaluated by 

endpoint PCR and neither SS2 nor SS4 was found to possess these genes that are critical to the 

functioning of the sil operon, suggesting an alternative mechanism for the silver resistance 

observed in these environmental isolates. Further characterization of these isolates involved 

microscopic analyses and assessing their growth and survival characteristics in the presence of 

silver. 

3.2 Cell Morphology Study of Isolates SS2 and SS4 by Microscopy 

Consistent with the designation of the isolates as Paenibacillus sp. SS2 and 

Lysinibacillus sp. SS4, both were observed to be rod-shaped Gram-positive bacteria (Figure 3.1). 

The Gram designations of the isolates were conducted with the traditional Gram stain and a 

second method that utilized a fluorescently labelled WGA that specifically binds to N-

acetylglucosamine present in the peptidoglycan layer of Gram-positive bacteria. DAPI, a DNA 

binding dye capable of penetrating into cells, was used as a second stain for both bacteria. Both 

SS2 and SS4 were identified as Gram-positive by the traditional staining method (Figures 3.1-C 

and H). Using the labelled WGA, SS2 clearly bound the WGA conjugate (Figure 3.1-A) and 
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revealed the bacteria in clusters, but staining with DAPI was not observed in the majority of the 

cells (Figure 3.1-B). The lack of DAPI staining indicated the stain either did not penetrate the 

cells or did not bind to the DNA. Conversely, SS4 did not bind the conjugate (Figure 3.1-F) 

while DAPI clearly stained the cells (Figure 3.1-G); this image reveals a sheath-like structure 

produced by the organism and shows a filamentous appearance. This suggests the peptidoglycan 

layer of SS4 lacks N-acetylglucosamine or has a different peptidoglycan or component to the cell 

exterior inhibiting the binding of the labelled WGA to its target.  

TEM imaging and EDX mapping reveal that the cellular morphology of SS2 and SS4 

remains relatively unchanged when pre-exposed or not pre-exposed to silver (Figure 3.2 and 

3.3). EDX maps of SS2 and SS4 cells that are pre-exposed to silver but grown in the absence of 

silver (Figure 3.2-E-H and 3.3-E-H) and cells that are not pre-exposed and grown in the absence 

of silver (Figure 3.2-A-D and 3.3-A-D) revealed an even distribution of chlorine, sulfur and 

phosphorus across the cell. As well, when pre-exposed to silver and then grown in the absence of 

silver, SS2 and SS4 did not retain silver as no Ag-EDX maps were generated (Figure 3.2-E-H 

and 3.3-E-H). EDX maps for SS2 grown in silver (Figure 3.2-I-M) showed clustering of 

elements (chlorine, sulfur, and phosphorous) in regions where silver was present. Clustering of 

chlorine and phosphorous (Figure 3.2-J and L) on the cell only occurred in regions with large 

clusters of silver (Figure 3.2-M); whereas clustering of sulfur (Figure 3.2-K) occurred in the 

same pattern as silver (Figure 3.2-M). EDX maps for SS4 grown in silver (Figure 3.3-I-M) reveal 

a similar clustering of elements (chlorine and sulfur) to SS2 in regions where silver was present 

with the exception of phosphorous. Clustering of chlorine (Figure 3.3-J) on the cell only 

occurred in regions with large clusters of silver (Figure 3.3-M); whereas clustering of sulfur 

(Figure 3.3-K) occurred in the same pattern as silver (Figure 3.3-M). This clustering of silver and 

sulfur in the same areas is likely due to the high affinity silver has for sulfur (a soft base) and 

may be responsible for the dark precipitate found associated with the colonies when grown on 

silver containing media (Figure 3.4). Because phosphorous is a hard base and chlorine is a 

borderline hard base, clustering of these elements with silver is much less likely and apparent 

than with sulfur. 
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Based on the TEM images, the elements show very close association with the cells, so it 

is unclear if the silver deposits are located on the interior or exterior of the cell. In both Figure 

3.2 and 3.3, the silver deposits are clustered in the central and thicker part of the cell rather than 

on the periphery indicating that the element may be internal; although, there is little evidence to 

further support this. It is unknown if the distribution of silver sulfide formation occurred 

intracellularly or extracellularly. The distribution of silver sulfide is localized to the cell, and not 

scattered around outside the cell, which suggests that the compound was formed internally. 

However, the silver sulfide compounds may be associated with a specific structure on the cell 

surface. As a result, further testing is required to determine the location of silver in relation to the 

cell. 
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Figure 3.1. Fluorescent and brightfield microscopy images of isolates Paenibacillus sp. SS2 and Lysinibacillus 

sp. SS4. (A) SS2 stained with fluorescently labelled WGA, (B) SS2 stained with DAPI, (C) SS2 Gram-stain 

(visual observation indicated cells were Gram positive), (D) wet mount of unstained SS2 (grown in the 

absence of silver), (E) wet mount of unstained SS2 (grown in the presence of silver), (F) SS4 stained with 

fluorescently labelled WGA, (G) SS4 stained with DAPI, (H) SS4 Gram-stain (visual observation indicated 

cells were Gram positive), (I) wet mount of unstained SS4 (grown in the absence of silver), (J) wet mount of 

unstained SS4 (grown in the presence of silver). Fluorescent microscopy images of both isolates were taken 

from the same view and false coloured (green for WGA and red for DAPI). Images were taken at a total 

magnification of 630X. Arrows indicate sheath material of SS4. 
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Figure 3.2. TEM images of SS2 with EDX mapping. (A) SS2 no silver exposure, high-angle annular dark-field 

(HAADF) scanning TEM; (B) SS2 no silver exposure, chlorine EDX mapping; (C) SS2 no silver exposure, 

sulfur EDX mapping; (D) SS2 no silver exposure, phosphorous EDX mapping; (E) SS2 no silver with pre-

exposure, HAADF scanning TEM; (F) SS2 no silver with pre-exposure, chlorine EDX mapping; (G) SS2 no 

silver with pre-exposure, sulfur EDX mapping; (H) SS2 no silver with pre-exposure, phosphorous EDX 

mapping; (I) SS2 + silver, HAADF scanning TEM; (J) SS2 + silver, chlorine EDX mapping; (K) SS2 + silver, 

sulfur EDX mapping; (L) SS2 + silver, phosphorous EDX mapping; and (M) SS2 + silver, silver EDX 

mapping. Arrows indicate clustering of element. 
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Figure 3.3. TEM images of SS4 with EDX mapping. (A) SS4 no silver exposure, high-angle annular dark-field 

(HAADF) scanning TEM; (B) SS4 no silver exposure, chlorine EDX mapping; (C) SS4 no silver exposure, 

sulfur EDX mapping; (D) SS4 no silver exposure, phosphorous EDX mapping; (E) SS4 no silver with pre-

exposure, HAADF scanning TEM; (F) SS4 no silver with pre-exposure, chlorine EDX mapping; (G) SS4 no 

silver with pre-exposure, sulfur EDX mapping; (H) SS4 no silver with pre-exposure, phosphorous EDX 

mapping; (I) SS4 + silver, HAADF scanning TEM; (J) SS4 + silver, chlorine EDX mapping; (K) SS4 + silver, 

sulfur EDX mapping; (L) SS4 + silver, phosphorous EDX mapping; and (M) SS4 + silver, silver EDX 

mapping. Arrows indicate clustering of element. 

3.3 Observation of Zones of Clearing in Silver Containing Media using 

Modified Agar Diffusion Assay 

When grown on LB agar + 1 mM AgNO3, SS2 and SS4 were found to produce 

observable zones surrounding the colonies in the media (Figure 3.4, Table 3.1). To further assess 
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this observation a modified agar diffusion assay was utilized to evaluate if SS2 and SS4 secrete 

extracellular compounds that might interact with Ag to create these zones. Through EDX 

analysis and modified agar diffusion assays, it was determined that these zones in the media 

lacked silver (zone of clearing). In addition to testing SS2 and SS4, E. coli J53 (pMG101) and 

several silver susceptible bacteria were also evaluated. 

Formation of the zones of clearing were observed in all isolates except SS4 without pre-

exposure to silver (Figure 3.5). The Gram-negative bacteria (E. coli J53, E. coli NAR, E. coli 

ATCC 11775, and P. aeruginosa PAO1) all displayed formations of the zones of clearing 

comparable in diameter (all ~18.5 mm) and brightness (Figure 3.5-A-D, respectively, Table 3.1). 

The Gram-positive controls, B. subtilis ATCC 6633 (8.6 mm in diameter) and S. epidermidis 

ATCC 12228 (10.6 mm in diameter) (Figure 3.5-E and F) formed much smaller and fainter 

zones of clearing compared to the Gram-negative bacteria. For SS2, the zone of clearing 

occurred regardless of pre-exposure to silver and was similar in size to the zones produced by the 

Gram-negative bacteria, however, pre-exposure of SS2 to silver revealed a much more prominent 

(brighter) zone (Figure 3.5- G and H). Unlike SS2, SS4 did not form zones of clearing without 

pre-exposure to silver (Figure 3.5-I), suggesting this character was not constitutively expressed 

but activated once a stress, such as silver exposure, is experienced. The zone formed by pre-

exposed SS4 was smaller (~8.2 mm smaller) compared to the Gram-negative isolates (Figure 

3.5-J) and was comparable with the results of B. subtilis ATCC 6633. Overall, these data suggest 

that this characteristic is not unique to isolates SS2 and SS4, however, the zones of clearing were 

not observed for the silver susceptible cells tested when grown on LB agar + 1 mM AgNO3, as 

they were not able to grow in those conditions.  The lack of silver in the wells of the modified 

agar diffusion assays did allow for the growth of the silver susceptible bacteria and the 

consequent release of some secreted component that interacted with the silver. With the silver 

susceptible bacteria, it is unclear at this time if both Gram-positive bacteria and Gram-negative 

bacteria may respond to silver in their surrounding environments regardless of the susceptibility 

of the individual organism.  

To visualize the zones of clearing, the modified agar diffusion assays were exposed to 

UV light causing the silver in the media to oxidize and darken. This allowed for better 
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observation of the zones. Because the zones did not darken it was assumed that there was no or a 

reduced concentration of silver within those areas. To confirm this observation elemental 

analyses were conducted across a transect of agar representing the zone of clearing (from the rim 

to the outer edge of the zone of clearing) for SS2 and SS4 (Figure 3.6 and 3.7). Similar results 

were observed for both isolates with regard to the presence of silver (presented as a % weight 

(mass) of each element identified within the area scanned by the EDX instrument) across the 

transect. In the wells no silver was detected (Figure 3.6, Location 25, Figure 3.7 Locations 36). 

At the rim of the well, where the bacteria were observed to accumulate, silver was detected 

(ranging from 3 – 13.1 % weight Figure 3.6, Locations 26 - 27, Figure 3.7 Locations 31 - 33). 

Through the zone of clearing Ag was not detected (Figure 3.6, Locations 28-35, Figure 3.7 

Locations 34, 35, 42, 43, 44, 46). For samples analyzed at the outer edge of the zone of clearing 

and in a region of agar outside of the zone of clearing, Ag was detected, ranging from 0.6 – 14.5 

% weight (Figure 3.6, Locations 36-37, Figure 3.7 Location 45). Overall, this data indicated that 

Ag was not present in the zones of clearing produced by SS2 and SS4. 

    

Figure 3.4. Growth of (A) SS2 on LB agar + 1 mM AgNO3; (B) SS2 on LB agar (no AgNO3); (C) SS4 on LB 

agar + 1 mM AgNO3; and (D) SS2 on LB agar (no AgNO3). Arrows indicate zone of clearing 
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Figure 3.5. Representative modified agar diffusion assays of: (A) E. coli J53, (B) E. coli NAR, (C) E. coli 

ATCC 11775, (D) P. aeruginosa PAO1, (E) B. subtilis ATCC 6633, (F) S. epidermidis ATCC 12228, (G) SS2 

without pre-exposure to silver, (H) SS2 with pre-exposure to silver, (I) SS4 without pre-exposure to silver, (J) 

SS4 with pre-exposure to silver, and (K) negative control. Samples were incubated for 96 h following addition 

of bacterial cultures to wells in LB agar containing 1 mM AgNO3. Plates were exposed to UV light for 1 min 

to oxidize the silver for better observance of zones of clearing. The images taken are inverted to better 

highlight the zone of clearing. The central well of each plate was used as negative controls (K) (50 µL LB was 

added in place of bacterial culture). Arrows used to indicate the outer edge of the zone of clearing. 
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Table 3.1. Diameter (in mm) of zones of clearing for modified agar diffusion assay. 

Isolate  Diameter of zone in mm 

E. coli J53 (pMG101) 18.5 

E. coli NAR 18.5 

E. coli ATCC 11775 18.5 

P. aeruginosa PAO1 18.5 

B. subtilis ATCC 6633  8.6 

S. epidermidis ATCC 12228 10.6 

SS2 (no pre-exposure) 16.9 

SS2 (pre-exposure)  14.1 

SS4 (no pre-exposure)  0 

SS4 (pre-exposure)  10.3 

                                                       

 

Location Silver (% weight) 

25 (well interior) 0 

26 (rim of well) 3.3 

27 (rim of well) 12.5 

28/33 (Zone of Clearing) 0/0.6 

34 (Zone of Clearing) 0 

29/35 (Zone of Clearing) 0/0 

30 (Zone of Clearing) 0 

31/35 (Zone of Clearing) 0/0 

32 (Zone of Clearing) 0 

36 (Zone of Clearing) 0.6 

37 (edge of Zone of Clearing) 3 

38 (edge of Zone of Clearing) 0.2 

Figure 3.6. SEM image of the zone of clearing from a modified diffusion agar assay for SS2, the agar was 

dried prior to imaging. Positions 26/27 in (A) are located at the rim of the well. Positions 28-32 in (A) and 33-

38 in (B) represent locations across the zone of clearing. Each position represents a location where an 

elemental analysis was conducted. Concentrations of silver at the locations are indicated in the table below. 
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Location Silver (% weight) 

36 (well interior) 0 

31 (rim of well) 13.1 

32 (rim of well) 12.9 

33 (rim of well) 8.5 

34 (Zone of Clearing) 0.2 

35 (Zone of Clearing) 0 

46 (Zone of Clearing) 0 

42 (Zone of Clearing) 0.2 

43 (Zone of Clearing) 0 

44 (Zone of Clearing) 1.7 

45 (Outside Zone of Clearing) 14.5 

Figure 3.7. SEM image of the zone of clearing from a modified diffusion agar assay for SS4, the agar was 

dried prior to imaging. Positions 31-33 in (A) are located at the rim of the well. Positions 34-35 in (A) and 42-

44, 46 in (B) represent locations across the zone of clearing and position 45 represents a location outside of the 

zone of clearing. Each position represents a location where an elemental analysis was conducted. 

Concentrations of silver at the locations are indicated in the table above. 

3.4 Assessment of Antibiotic Resistance and Cross-Resistance with Silver 

Antibiotic disc assays were used to determine if SS2 and SS4 possessed any inherent 

antibiotic resistances and/or their suspected silver-resistance mechanism(s) provided cross-

resistance to diverse antibiotics. Without pre-exposure to silver, SS2 was susceptible to all 

antibiotics tested. With pre-exposure to silver, SS2 became resistant to nalidixic acid (Table 3.2). 

These results suggest the mechanism responsible for silver resistance in SS2 does provide cross-
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resistance to nalidixic acid based on the antibiotic disc assays used in this study. Nalidixic acid 

must enter the cell to exert its effect so it is unclear as to whether pre-exposure to silver caused a 

change in cell permeability (similar to the way loss in outer membrane porins reduce 

permeability) or if it caused an efflux of the antibiotic out of the cell through a non-specific 

mechanism (Randall et al. 2014).  

With and without pre-exposure to silver, SS4 was resistant to nalidixic acid (Table 2), 

indicating SS4 possesses an innate resistance to nalidixic acid. Pre-exposure of silver did not 

cause SS4 to develop cross-resistances to the other antibiotics that were tested. All other 

microorganisms tested showed expected results for antibiotic resistance and were included to 

ensure the antibiotics on discs were active. Based on the disc assay results, neither SS2 or SS4 

displayed a significant level of antibiotic resistance, when compared to B. subtilis ATCC 6633, 

another common Gram-positive soil bacterium, (Table 3.2). 

Table 3.2. Assessing Antibiotic Susceptibility of Paenibacillus sp. SS2 and Lysinibacillus sp. SS4with antibiotic 

disc assays. Brackets represent results of triplicate tests with fraction observed to be susceptible or resistant. 

SS2 and SS4 were evaluated with and without pre-exposure to silver to observe for differences in antibiotic 

resistances resulting from pre-exposure to silver (AgNO3). Silver-susceptible controls used include E. coli 

ATCC 11775, P. aeruginosa PAO1, S. epidermidis ATCC 12228, and B. subtilis ATCC 6633. E. coli J53 

(pMG101) was used as a silver-resistant control. 

Isolate Ampicillin 

(10 µg) 

Vancomycin 

(30 µg) 

Tetracycline 

(30 µg) 

Nalidixic Acid 

(30 µg) 

P. aeruginosa PAO1  R (3/3) R (3/3) S (3/3) R (3/3) 

S. epidermidis ATCC 12228  S (3/3) S (3/3) R (3/3) S (3/3) 

E. coli ATCC 11775 S (3/3) R (3/3) S (3/3) S (3/3) 

E. coli J53 (pMG101) R (3/3) R (3/3) R (3/3) R (3/3) 

B. subtilis ATCC 6633  S (3/3) S (3/3) S (3/3) S (3/3) 

SS2 (no pre-exposure) S (3/3) S (3/3) S (3/3) S (3/3) 

SS4 (no pre-exposure)  S (3/3) S (3/3) S (3/3) R (3/3) 

SS2 (pre-exposure)  S (3/3) S (3/3) S (3/3) R (3/3) 

SS4 (pre-exposure)  S (3/3) S (3/3) S (3/3) R (3/3) 

3.5 Inducibility of Silver Resistance and Loss of Resistance Over Time 

The MBC assays described in Section 3.1.6 indicate an increase in the MBC of silver for 

SS2 and SS4, depending on their pre-exposure to silver.  Without prior exposure to silver, SS2 

and SS4 were viable in concentrations up to 0.08 and 0.16 mM silver, respectively (Table 3.3). 

When pre-exposed to silver prior to the MBC assay, the silver concentrations where SS2 and SS4 

remained viable increased by about 8-fold. This suggested an inducible mechanism that requires 
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the presence of silver for expression. Additionally, preliminary observations indicated that sub-

culturing SS2 or SS4 from LB broth + 0.1 mM AgNO3 into LB alone, incubating the cultures 

overnight (~12-18 h), and reintroducing the isolates to LB + 0.1 mM AgNO3 resulted in 

complete growth inactivation, while a shorter incubation time (≤10 h) did not result in growth 

inactivation when reintroducing the isolates to LB + 0.1 mM AgNO3. For this reason, we looked 

to better define how long the resistance capabilities of SS2 and SS4 remained active while 

growing in silver-free media (Figure 3.8).    

From 4-24 h, both SS2 and SS4 (grown in silver-free media) showed ~5-fold increase in 

CFU/mL prior to reinoculation in silver containing media. When reinoculated into LB (10 g/L 

NaCl) + 0.1 mM AgNO3 between 4-12 h, both isolates SS2 and SS4 exhibited growth in the 

media containing silver. After 4 h of growth in media containing no silver, the average CFU/mL 

of SS2 following reinoculation into LB (10 g/L NaCl) + 0.1 mM AgNO3 is ~10-fold higher than 

the initial inoculum. After 8 and 12 h of growth in media containing no silver, the average 

CFU/mL of SS2 following reinoculation into LB (10 g/L NaCl) + 0.1 mM AgNO3 is ~5-fold 

higher. Despite having viable cells at 16 h following reinoculation, the growth is less than 99.9% 

the initial inoculum and is therefore considered inactivated. SS4 exhibited a similar pattern 

where at 4, 8, and 12 h the average CFU/mL following reinoculation into LB (10 g/L NaCl) + 

0.1 mM AgNO3 is ~100-fold higher than the initial inoculum. However, at 16 h, average 

CFU/mL following reinoculation into LB (10 g/L NaCl) + 0.1 mM AgNO3 is approximately the 

same as the initial inoculum showing that the silver resistance mechanism for SS4 takes longer to 

shut off in comparison with SS2.  It was found that growth of isolates in the absence of silver, 

followed by reintroduction to the presence of silver resulted in total inactivation of the cells >16 

h of incubation (Figure 3.8-A and B). This indicates that inactivation of the silver response 

mechanism occurs between 16 – 20 h of growth for both SS2 and SS4 (Figure 3.8-A and B). 
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Figure 3.8 Loss of silver resistance in SS2 and SS4 when transferred from LB + 0.1 mM AgNO3 to media in 

the absence of silver. The X-axis represents the length of time (in h) the culture was grown in LB in the 

absence of silver prior to reinoculation into LB + AgNO3. The Y-axis is log10(CFU/mL). (A) growth of SS2, 

and (B) growth of SS4. Samples at 20 and 24 h after reinoculation had no growth. 
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3.6 Assessment of Silver Resistance in SS2 and SS4 Using Minimum 

Bactericidal Concentration Tests  

MBC tests were used to evaluate the silver resistance capabilities of SS2 and SS4 

compared to silver resistant and susceptible bacterial strains. The MBC assays were used to 

determine the concentration of silver that produced at least a 99.9% decrease in viable cells of 

the test microorganisms, compared to their initial inocula (Taylor et al. 1983). Since there is no 

defined concentration of silver identifying resistance vs. susceptible, for this study, resistance 

will be described as the ability of a bacterial population to grow in concentrations at least 

fourfold higher than the lowest concentration an antimicrobial prevents growth of the same 

species (Schrader et al. 2020). Several environmental stresses were evaluated, using the MBC 

assays, for their impact on SS2 and SS4 silver resistance, including the presence or absence of 

NaCl, temperature, and nutrient concentration. 

The antimicrobial effects silver has on microorganisms are well established. Having a 

silver resistance mechanism is important for bacteria exposed to concentrations ≥0.08 mM 

AgNO3 (Table 3.3, Appendix 3) according to this experiment as this is approximately the highest 

concentration of silver tolerated by silver susceptible isolates. The MBC for silver for the silver 

resistant control, E. coli J53 (pMG101), was determined to be >20mM (the highest Ag 

concentration evaluated), as it was observed to grow in all concentrations of AgNO3 tested 

regardless of additional stressors (Figure 3.10). All silver-susceptible controls (B. subtilis ATCC 

6633, P. aeruginosa PAO1, S. epidermidis ATCC 12228, E. coli NAR, and E. coli ATCC 

11775) had MBCs of AgNO3 <0.08 mM at 30°C in LB (10 g/L NaCl) and LB (no NaCl) (Table 

3.3). B. subtilis ATCC 6633 was selected to be used as a silver-susceptible control for nutrient 

dependent and temperature related tests as it is the most closely related control to SS2 and SS4 

and it was inactivated in all instances at concentrations >0.04 mM AgNO3. Overall, for all 

microorganisms tested it was observed that assays conducted with LB (with or without NaCl) 

and incubated at 30°C were found to give the highest MBC values for silver. Thus, these 

conditions were used as a baseline to evaluate effects of temperature and nutrient concentration 

on silver susceptibility. 
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MBC tests examining the impact of temperature and nutrient concentration on silver 

susceptibility of B. subtilis ATCC 6633 are presented in Figure 3.9 and Table 3.4. Temperature 

alone, caused an approximately 10-fold decrease in CFU/mL at 22°C and 15°C compared to 

30°C and 26°C in LB (10 g/L NaCl). In LB (no NaCl), B. subtilis ATCC 6633 experiences a 

much more drastic decrease in CFU/mL at 15°C, which is ~10, 000-fold less than 30°C and is 

less than 99.9% of the initial inoculum. From 30°C to 26°C, B. subtilis ATCC 6633 experiences 

a ~10-fold decrease. Temperature related MBC tests (Figure 3.9-A and B) revealed that growth 

of B. subtilis ATCC 6633 was inactivated by concentrations of AgNO3 ≥0.04 mM regardless of 

temperature and the presence or absence of NaCl. Introduction of silver into temperature related 

tests caused a further decrease in the abilities of B. subtilis ATCC 6633 to grow (Table 3.4). As 

the temperature decreased, so too did the ability of B. subtilis ATCC 6633 to grow in the 

presence of silver. In LB (10 g/L NaCl) the MBC (0.04 – 0.08 mM AgNO3) did not change for 

tests conducted at 30°C, 26°C and 22°C, while at 15°C, the MBC for B. subtilis ATCC 6633 

decreased ~4-fold. In assays in LB (no NaCl), the MBC was lower at 22°C (0.02-0.04 mM 

AgNO3) and the assays conducted at 15°C were inhibited due to the low temperature alone. 

Nutrient deficiency as a stress yielded similar results where decreases in nutrients caused a 

reduction in viable cells. In LB (10 g/L NaCl) and LB (no NaCl), the 1/2 media reduced the 

growth of B. subtilis ATCC 6633 by reducing the MBC from 0.04-0.08 mM AgNO3 to 0.02-0.04 

mM AgNO3. The 1/5 and 1/10 media dilution in both media compositions yielded ~10-fold 

decrease in CFU/mL from the initial inoculum with both having MBC results of 0.02-0.04 mM 

AgNO3.  

In general, growth of E. coli J53 (pMG101) exceeded that of the initial inoculum and was 

observed in assays with 20 mM AgNO3 (the highest concentration of Ag evaluated) for nearly all 

temperature and media compositions tested (Figure 3.10). While the MBC was >20 mM, at 

concentrations above 0.625 mM AgNO3, growth of E. coli J53 (pMG101) decreased by ~5-fold 

when compared to the 0 mM control for both LB (10 g/L NaCl) and LB (no NaCl) (Figure 3.10-

A and B). In addition, growth of E. coli J53 (pMG101) in LB (no NaCl) was decreased by ~2-

fold below the initial inoculum at AgNO3 concentrations of 5 mM and higher at colder 
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temperatures (26°C, 22°C, and 15°C) (Figure 3.10-B). Nutrient concentrations caused decreases 

in growth of E. coli J53 (pMG101) ≥0.16 mM AgNO3 in 1/10 LB (Figure 3.10-C, and D). 

Pre-exposure of isolates SS2 and SS4 to silver (in the form of AgNO3) resulted in a 

significant increase in the MBC of silver. Pre-exposure of SS2 to silver caused an increase in 

silver MBC from 0.08 mM AgNO3 in LB (10g/L NaCl) (without pre-exposure) to 0.625 mM 

AgNO3 (Table 3.3). In LB containing no NaCl the increase in MBC exhibited by SS2 increased 

from 0.08 mM AgNO3 to 0.32 mM AgNO3 when pre-exposed to silver (Table 3.3). Pre-exposure 

of SS4 to silver caused an increase in the MBC of silver from 0.16 mM AgNO3 in LB (10g/L 

NaCl) (without pre-exposure) to 1.25 mM AgNO3 (Table 3.3). In LB containing no NaCl the 

increase in MBC exhibited by SS4 increased from 0.08 mM AgNO3 to 2.5 mM AgNO3 (Table 

3.3). It can be noted that SS4 is the only isolate tested where survival in LB (no NaCl) containing 

silver dilutions is higher than in the LB (10 g/L NaCl).  

Additional stressors on SS2 and SS4 caused large reductions in the tolerance level of both 

organisms. As temperature decreased, so too did the ability of either organism’s tolerance 

capabilities (Figure 3.11 and 3.12 and Table 3.4). The impact of temperature alone on SS2 in LB 

(10g/L NaCl) showed a decrease in MBC from 0.625-1.25 mM AgNO3 at 30°C to 0.31-0.625 

mM AgNO3 at 26°C, 0.16-0.31 mM AgNO3 at 22°C, and 0.02-0.04 mM AgNO3 at 15°C. In LB 

(no NaCl), SS2 experienced a much more drastic decrease in growth at 15°C, which is ~1000-

fold less than 30°C, and a ~10-fold decrease from 30°C to 22°C (without silver). In LB (no 

NaCl) this decrease in MBC was from 0.31-0.625 mM AgNO3 at 30°C to 0.16-0.31 mM AgNO3 

at 26°C, 0.08-0.16 mM AgNO3 at 22°C, and 0-0.02 mM AgNO3 at 15°C. Nutrient deficiency as 

a stress yielded similar results where decreases in nutrients caused a reduction in viable cells. In 

LB (10 g/L NaCl) the 1/2 media reduced the growth of SS2 by reducing the MBC from 0.625-

1.25 mM AgNO3 to 0.16-0.31 mM AgNO3 and in LB (no NaCl) it was reduced from 0.31-0.625 

mM AgNO3 to 0.08-0.16 mM AgNO3. In LB (10 g/L NaCl) and LB (no NaCl), the media 

dilutions had little effect on the growth of SS2 (without silver) except in 1/10 LB (no NaCl) 

where there was a ~10-fold difference from the rest of the dilutions. The 1/5 media dilution in 

both media compositions yielded MBC results of 0.04-0.08 mM AgNO3 which drops again in 

1/10 LB (no NaCl) to an MBC of 0.02-0.04 mM AgNO3.  
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SS4 exhibits a similar pattern where decreases in temperatures (below 30°C) caused a 

decrease in CFU/mL from the initial inoculated CFU/mL (1.0×107 CFU/mL) (Figure 3.12). The 

impact of temperature in LB (10g/L NaCl) showed a decrease in MBC from 1.25-2.5 mM 

AgNO3 at 30°C to 0.31-0.625 mM AgNO3 at 26°C, 0.16-0.31 mM AgNO3 at 22°C, and 0-0.02 

mM AgNO3 at 15°C. In LB (no NaCl), all temperatures at 0 mM AgNO3 have approximately the 

same CFU/mL (Figure 3.12). In LB (no NaCl) the decrease in MBC was from 2.5-5 mM AgNO3 

at 30°C to 0.625-1.25 mM AgNO3 at 26°C, 0.16-0.31 mM AgNO3 at 22°C, and 0.02-0.04 mM 

AgNO3 at 15°C. Nutrient deficiency tests again show that the addition of another external 

stressor on the organism causes a rapid decline in its ability to survive in the presence of silver. 

In LB (10 g/L NaCl) the 1/2 media reduced the growth of SS4 by reducing the MBC from 1.25-

2.5 mM AgNO3 to 0.31-0.625 mM AgNO3 and in LB (no NaCl) it was reduced from 2.5-5 mM 

AgNO3 to 0.31-0.625 mM AgNO3. In both LB (10 g/L NaCl) and LB (no NaCl), the 1/5 and 

1/10 media dilutions reduced the growth of SS4 (without silver) except in 1/10 LB (no NaCl) 

where there was a ~10-fold difference from the rest of the dilutions. In LB (10 g/L NaCl) growth 

was observed in the 1/10 dilution up to 0.04 mM AgNO3 with a ~10-fold reduction from the 

initial inoculum at 0 – 0.02 mM AgNO3 and a ~100-fold reduction at 0.04 mM AgNO3. In LB 

(no NaCl) viable cells were observed in the 1/2 media dilution up to 0.625 mM AgNO3 with the 

CFU/mL at 0.08 – 0.32 mM AgNO3 experiencing a ~5-fold decrease from the initial inoculum, 

with the CFU/mL being less than 99.9% the initial inoculum at 0.625 mM AgNO3. The 1/5 

media dilution in both media compositions yielded MBC results of 0.16-0.31 mM AgNO3 which 

dropped again at 1/10 in both media compositions to an MBC of 0.04-0.08 mM AgNO3. 
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Table 3.3 MBC test results for all isolates in LB (10 g/L NaCl) and LB (no NaCl) following a 3-day incubation 

period at 30oC. Each isolate was tested using 3 biological replicates of the isolate with 2 technical replicates of 

the biological replicate. MBC concentrations are based on the average of all replicates.  

Bacterial isolate MBC value for LB (10 g/L NaCl) 

(mM AgNO3) 

MBC value for LB (no NaCl) (mM 

AgNO3) 

P. aeruginosa PAO1  0.04 – 0.08 0.02 – 0.04 

S. epidermidis ATCC 12228  0.08 – 0.16 0.04 – 0.08 

E. coli NAR 0.08 – 0.16 0.08 – 0.16 

E. coli ATCC 11775 0.08 – 0.16 0.08 – 0.16 

E. coli J53 (pMG101) >20 >20 

B. subtilis ATCC 6633  0.04 – 0.08 0.04 – 0.08 

SS2 (no pre-exposure) 0.08 – 0.16 0.08 – 0.16 

SS4 (no pre-exposure)  0.16 – 0.32 0.08 – 0.16 

SS2 (pre-exposure)  0.625 – 1.25 0.32 – 0.64 

SS4 (pre-exposure)  1.25 – 2.5 2.5 - 5 
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Table 3.4. MBC temperature and nutrient concentration test results for (A) B. subtilis ATCC 6633, (B) E. coli 

J53 (pMG101), (C) SS2, and (D) SS4 in LB (10 g/L NaCl) and LB (no NaCl) following a 3-day incubation 

period. Concentration of AgNO3 tolerated represented in mM. Each isolate was tested using 3 biological 

replicates of the isolate with 2 technical replicates of the biological replicate. MBC concentrations are based 

on the average of all replicates.  

B. subtilis ATCC 6633 

 MBC Values of Temperature Tests MBC Values of Nutrient Concentration Tests 

 30°C 26°C 22°C 15°C LB 1/2th 

Strength 

LB 

1/5th 

Strength 

LB 

1/10th 

Strength 

LB 

LB 10g/L NaCl 0.04 – 0.08 0.04 – 0.08 0.04 – 0.08 0 – 0.02 0.04 – 0.08 0.02 – 0.04 0.02 – 0.04 0.02 – 0.04 

LB no NaCl 0.04 – 0.08 0.04 – 0.08 0.02 – 0.04 0 0.04 – 0.08 0.02 – 0.04 0.02 – 0.04 0.02 – 0.04 

 

E. coli J53 (pMG101) 

 MBC Values of Temperature Tests MBC Values of Nutrient Concentration Tests 

 30°C 26°C 22°C 15°C LB 1/2th 

Strength 

LB 

1/5th 

Strength 

LB 

1/10th 

Strength 

LB 

LB 10g/L NaCl >20 >20 >20 >20 >20 >20 >20 >20 

LB no NaCl >20 >20 >20 >20 >20 >20 >20 >20 

 

SS2 

 MBC Values of Temperature Tests MBC Values of Nutrient Concentration Tests 

 30°C 26°C 22°C 15°C LB 1/2th 

Strength 

LB 

1/5th 

Strength 

LB 

1/10th 

Strength 

LB 

LB 10g/L NaCl 0.625 – 

1.25 

0.31 – 

0.625 

0.16 – 0.31 0.02 – 0.04 0.625 – 

1.25 

0.16 – 0.31 0.04 – 0.08 0.04 – 0.08 

LB no NaCl 0.31 – 

0.625 

0.16 – 0.31 0.08 – 0.16 0 – 0.02 0.31 – 

0.625 

0.08 – 0.16 0.04 – 0.08 0.02 – 0.04 

 

SS4 

 MBC Values of Temperature Tests MBC Values of Nutrient Concentration Tests 

 30°C 26°C 22°C 15°C LB 1/2th 

Strength 

LB 

1/5th 

Strength 

LB 

1/10th 

Strength 

LB 

LB 10g/L NaCl 1.25 – 2.5 0.31 – 

0.625 

0.16 – 0.31 0 – 0.02 1.25 – 2.5 0.31 – 

0.625 

0.16 – 0.31 0.04 – 0.08 

LB no NaCl 2.5 – 5 0.625 – 

1.25 

0.16 – 0.31 0.02 – 0.04 2.5 – 5 0.31 – 

0.625 

0.16 – 0.31 0.04 – 0.08 

A 

B 

C 

D 
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Figure 3.9. Nutrient and temperature related MBC test results for B. subtilis ATCC 6633 in LB (10 g/L NaCl) 

and LB (no NaCl). Following a 3-day incubation period, the CFU/mL of each organism was determined for 

all AgNO3 concentrations. Values are represented as total CFU/mL with a red line indicating the initial 

inoculated CFU/mL (1.0*107) of the organism. (A) B. subtilis ATCC 6633 in LB (10 g/L NaCl) at 15°C, 22°C, 

26°C, and 30°C; (B) B. subtilis ATCC 6633 in LB (no NaCl) at 15°C, 22°C, 26°C, and 30°C; (C) B. subtilis 

ATCC 6633 in LB (10 g/L NaCl) at 1/2, 1/5, 1/10, and undiluted LB; (D) B. subtilis ATCC 6633 in LB (no 

NaCl) at 1/2, 1/5, 1/10, and undiluted LB. 
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Figure 3.10. Nutrient and temperature related MBC test results for E. coli J53 in LB (10 g/L NaCl) and LB 

(no NaCl). Following a 3-day incubation period, the CFU/mL of each organism was determined for all AgNO3 

concentrations. Values are represented as total CFU/mL with a red line indicating the initial inoculated 

CFU/mL (1.0*107) of the organism. (A) E. coli J53 in LB (10 g/L NaCl) at 15°C, 22°C, 26°C, and 30°C; (B) E. 

coli J53 in LB (no NaCl) at 15°C, 22°C, 26°C, and 30°C; (C) E. coli J53 in LB (10 g/L NaCl) at 1/2, 1/5, 1/10, 

and undiluted LB; (D) E. coli J53 in LB (no NaCl) at 1/2, 1/5, 1/10, and undiluted LB. 
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Figure 3.11. Nutrient and temperature related MBC test results for SS2 in LB (10 g/L NaCl) and LB (no 

NaCl). Following a 3-day incubation period, the CFU/mL of each organism was determined for all AgNO3 

concentrations. Values are represented as total CFU/mL with a red line indicating the initial inoculated 

CFU/mL (1.0*107) of the organism. (A) SS2 in LB (10 g/L NaCl) at 15°C, 22°C, 26°C, and 30°C; (B) SS2 in 

LB (no NaCl) at 15°C, 22°C, 26°C, and 30°C; (C) SS2 in LB (10 g/L NaCl) at 1/2, 1/5, 1/10, and undiluted LB; 

(D) SS2 in LB (no NaCl) at 1/2, 1/5, 1/10, and undiluted LB. 
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Figure 3.12. Nutrient and temperature related MBC test results for SS4 in LB (10 g/L NaCl) and LB (no 

NaCl). Following a 3-day incubation period, the CFU/mL of each organism was determined for all AgNO3 

concentrations. Values are represented as total CFU/mL with a red line indicating the initial inoculated 

CFU/mL (1.0*107) of the organism. (A) SS4 in LB (10 g/L NaCl) at 15°C, 22°C, 26°C, and 30°C; (B) SS4 in 

LB (no NaCl) at 15°C, 22°C, 26°C, and 30°C; (C) SS4 in LB (10 g/L NaCl) at 1/2, 1/5, 1/10, and undiluted LB; 

(D) SS4 in LB (no NaCl) at 1/2, 1/5, 1/10, and undiluted LB. 
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4 Discussion 

This study evaluated two Gram-positive bacterial isolates obtained from silver 

contaminated soils. Initial molecular studies identified these isolates as Paenibacillus sp. SS2 

and Lysinibacillus sp. SS4, and both were lacking the sil operon. Using culture-based methods, 

Paenibacillus sp. SS2 and Lysinibacillus sp. SS4 were physiologically characterized with respect 

to their silver response mechanism. 

4.1 Identification and Cellular Morphology of SS2 and SS4 

The Gram staining, cell morphology and 16S rRNA sequencing for SS2 were consistent 

with the genus Paenibacillus that is characterized as rod-shaped Gram-positive or Gram-variable 

endospore formers that can be aerobic or facultatively anaerobic (Sáez-Nieto et al. 2017).  

The Gram staining, cell morphology and 16S rRNA sequencing of SS4 were consistent 

with the genus Lysinibacillus. It is characterized by rod-shaped Gram-positive soil bacteria that 

are endospore formers and can be aerobic or facultatively anaerobic (Ahmed et al. 2007; 

Wenzler et al. 2015). A distinctive feature of SS4 was the observation of filamentous chains that 

appeared to be “sheathed” which can be observed in Figure 1-G. In a study conducted by 

Chandramohan et al. (2019), it was first reported that metal resistance in Lysinibacillus species 

may arise though a surface layer (S-layer) shedding and regeneration mechanism. S-layers are 

found in many bacteria and archaea as a cell wall component and can act as a nucleation site for 

metal mineralization (Chandramohan et al. 2019). This S-layer shedding may explain the sheath-

like structure observed when the cells were imaged using a microscope. The sheath-like structure 

may also be due to a filament-to-rod cell cycle as characterized by Zhu et al. (2014). This study 

describes the cell cycle of Lysinibacillus varians sp. nov. as growing in long intact single cells up 

to 100 microns in length that then divide into rods (Zhu et al. 2014).  

SS4 did not bind as readily with the WGA that specifically binds to N-acetylglucosamine 

present in the peptidoglycan layer of Gram-positive bacteria. Species of the Lysinibacillus genus 

were originally considered Bacilli, however they were reclassified as Lysinibacillus species, in 

part due to the presence of a lysine-aspartate type peptidoglycan in their cell wall (Ahmed et al. 
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2007). Other Gram-positive bacteria usually have the sugar component of peptidoglycan 

consisting of alternating linked N-acetylmuramic acid and N-acetylglucosamine residues and the 

amino acids L-alanine, D-isoleucine, glutamine, L-lysine, and two D-alanines (Kim et al. 2015). 

Species in the Lysinibacillus genus, however, have a cell-wall peptidoglycan consisting of D-

aspartate, L-lysine, D-alanine, and D-glutamic acid and D-xylose as the major cell wall sugar 

(Seiler et al. 2013).  

The ability of these two isolates to grow in the presence of silver prompted a more 

detailed examination of the presence of silver resistance genes and their physiological responses 

to various environmental stressors including the influence of sodium chloride, nutrient 

concentration and temperature. Neither isolate was found to possess silE or silR, two critical 

genes in the sil operon. SilE is an essential protein of the sil operon that acts as a periplasmic 

silver-binding chaperone protein and is believed to augment the action of the sil operon by 

alleviating the need for outer membrane porin loss (Randall et al. 2014). SilR is one of two 

components of the transcriptional regulatory circuit in the sil operon, where it is a transcriptional 

regulatory responder to initiate transcription of the remaining genes in the sil operon (Gupta et 

al. 2001; Randall et al. 2014; Silver 2003). Without the presence of silE and silR, the remaining 

genes would be unable to function to provide silver resistance (Gupta et al. 2001; Randall et al. 

2014). Since SS2 and SS4 do not possess silE and silR, it suggests these microorganisms use a 

different mechanism for silver resistance/tolerance.  

4.2 Modification of Extracellular Environment by SS2 and SS4 When Grown 

in Media Containing AgNO3 

When grown on LB plates containing AgNO3, it was observed that SS2 and SS4 formed 

black or dark brown colonies surrounded by clearings in the agar that did not contain any form of 

silver. A similar response of bacteria grown on media containing silver was observed previously 

in Pseudomonas stutzeri AG257 and P. stutzeri AG259 whereby the bacteria formed black 

colonies surrounded by clearings in the agar (Haefeli et al. 1984). The researchers found that the 

concentration of silver in the clearings (570 – 592 µg/g agar) was not significantly different from 

the rest of the plate (547-564 µg/g agar), and that the silver contained in the clearings was in a 
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form that did not darken when exposed to light (Haefeli et al. 1984). They suggested that this 

response by the P. stutzeri strains may be due to the production of metallothioneins (metal-

binding proteins rich in cysteine) (Haefeli et al. 1984). In order to characterize the ability of SS2 

and SS4 to form those zones, a modified agar diffusion assay was performed. 

The EDX analysis indicated that the zones of clearing associated with SS2 and SS4 were 

devoid of silver, unlike the strains of P. stutzeri described by Haefeli et al. (1984). The darkening 

of the colonies of SS2 and SS4 did occur similarly to the production of black P. stutzeri colonies 

(Haefeli et al. 1984). However, the agar surrounding the P. stutzeri contained silver which the 

researchers suggested was not a result of the bacteria accumulating silver, but rather a form 

change brought on by the growth of the bacteria (and potentially the excretion of a 

metallothionein by the bacteria) (Haefeli et al. 1984). Because the zones of clearing formed by 

SS2 and SS4 contained no silver, but silver accumulated in the rims of the wells, it is possible 

that these zones may form due to accumulation of silver by SS2 and SS4. These differences 

between the zones described by Haefeli et al. (1984) provide additional support that SS2 and SS4 

possess a silver resistance mechanism different from Gram-negative bacteria. 

Biosorption of the silver ions may be responsible for the development of the zones of 

clearing with SS2 and SS4. Biosorption is the physico-chemical process by which two 

substances become attached to one another by involvement of a biological entity (bacterial cells 

in this instance) and may be caused by active metabolic processes (genotypic) or environmental 

factors that cause passive change in the cell (phenotypic) (Fomina and Gadd 2014). This process 

can be achieved through incorporation of a substance into a different state or more commonly 

through the bonding of ions onto the cell surface (Fomina and Gadd 2014). Although biosorption 

is often associated with metals, not all cells capable of biosorption can be considered metal 

resistant (Fomina and Gadd 2014). This is due to it being a property of both living and dead 

microorganisms (Fomina and Gadd 2014). Strains of Paenibacillus sp. and Lysinibacillus sp. 

have previously been reported to exhibit biosorption of heavy metal ions (Grady et al. 2016; 

Lozano and Dussán 2013). The biosorptive abilities of Paenibacillus species have been 

examined and studies have found that Paenibacillus jamilae CECT 5266 (first isolated from 

olive-mill wastewater in 2001, and has since been reclassified as Paenibacillus polyxma in 2020) 
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is capable of biosorption of metals such as lead, cadmium, cobalt, nickel, zinc, and copper 

through production of exopolysaccharides triggered by the presence of metals that precipitate 

with the metal (Aguilera et al. 2001; Kwak et al. 2020; Morillo Pérez et al. 2008). In another 

study it was found that Paenibacillus pabuli (JX561107) (isolated from alkaline soils) was 

capable of biosorption of chromium through an unknown cell surface adhesion mechanism 

(Rangasamy et al. 2021).  

Several studies characterizing the biosorptive abilities of certain Lysinibacillus species 

such as Lysinibacillus sphaericus have been carried out and have revealed biosorption 

capabilities of heavy metals such as lead, chromium, cadmium, and gold through intracellular 

metal accumulation and adsorption to the cell surface (Páez-Vélez et al. 2019). Interestingly, 

some studies indicate that strains from different Lysinibacillus species possess some level of 

metal tolerance as a result of the presence of an S-layer protein that is expressed when exposed 

to metals such as cadmium, zinc, cobalt, copper, nickel, chromium, and arsenic and heavy metal 

efflux pumps for metals such as antimony, arsenic, cadmium, chromium, cobalt, copper, 

manganese, nickel, tellurium, and zinc (Chandramohan et al. 2019; Merroun et al. 2005; Peña-

Montenegro et al. 2015; Peña-Montenegro et al. 2013). As well, these microbes are often 

isolated from metal contaminated soils (Chandramohan et al. 2019; Merroun et al. 2005; Páez-

Vélez et al. 2019). Whether SS2 and SS4 are capable of biosorption is unknown and requires 

further study. Metals interacting with biological functional groups depends on the functional 

group (e.g. COOH-, OH-, NH2
-, etc.) and the metal, and many cell structures (such as the cell 

wall) contain many functional groups that can interact strongly with multiple different metals. 

However, the precipitation of phosphorous (exclusive to SS2), sulfur, and chloride with silver 

which can be observed in Figures 3.2 and 3.3 and the accumulation of silver in the wells 

containing SS2 and SS4 suggests that these organisms may be producing an exopolysaccharide 

with functional groups that interact with silver, or in the case of SS4, may be related to S-layer 

production (similar to other Lysinibacillus species) responsible for the biosorption of silver.  

When grown on agar containing 1 mM AgNO3 and when grown in the modified agar 

diffusion assay wells, SS2 and SS4 were observed to produce a dark (black or brown) 

precipitate. Typically this compound may be an excreted substance by the cell as a metal-
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precipitating substance that may form metal precipitates as Ag(0) or precipitate as Ag+ with an 

anion (commonly found in silver sulfide compounds), or cause the ions to adhere to the cellular 

surface (biosorption) (Gadd 2010). Because many of these organisms are silver-susceptible, the 

development of these zones may be attributed to differences in cell wall composition (Gram-

positive vs. Gram-negative bacteria) or may be a result of reduced exposure to silver due to their 

growth in the wells. The electron microscopy images of SS2 and SS4 revealed silver deposits 

with the cells that are found associated with phosphorous (exclusive to SS2), sulfur, and 

chlorine. The exact mechanism by which various bacteria are capable of accumulating silver has 

not yet been established. Intracellular silver accumulation will often be in the Ag0, Ag2O, or Ag+ 

forms and the silver is commonly bound to nucleic acids or found in deposits in the cellular 

envelope (Slawson et al. 1994; Trevors 1987). Some studies suggest that the bacteria can reduce 

the intracellular metal to its non-toxic metallic form (Belly and Kydd 1982). Extracellular 

accumulation of silver is thought to reduce silver toxicity through complexation with phosphates, 

sulfides, and chlorides (Trevors 1987). In a study conducted by Pooley (1982), passive 

extracellular accumulation of silver was observed in T. ferrooxidans and T. thiooxidans with 

dense sulfur particles bound to the silver due to the reduction of sulfur. Using EDX analysis, 

Slawson et al. (1992) observed silver accumulated on P. stutzeri AG259 was immobilized on the 

cell surface in dense deposits of Ag-sulfur complexes. In our study, both TEM EDX analysis 

images showed deposits of silver associated with SS2 and SS4, dense sulfur deposits in a similar 

pattern. For SS2, chlorine and phosphorous deposits were observed in a similar pattern to silver; 

however, sulfur deposits were much more prominent in those areas. SS4 also showed less dense 

deposits of chlorine in a similar pattern to silver. The silver associated with the cell is likely 

bound in Ag-S compounds (and to a lesser degree Ag-Cl for both SS2 and SS4, and Ag-P for 

SS2) which may be responsible for a reduction in silver toxicity to the microorganisms. It 

remains unclear however, if the silver deposits are internal or external to the cell. 

4.3 Assessment of Antibiotic Resistance and Potential Cross-Resistance to 

Silver 

The silver resistance observed in SS2 and SS4 was evaluated for cross-resistance to four 

common classes of antibiotics, following exposure to silver. This information may provide data 
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indicating the type of silver resistance mechanism used by SS2 and SS4. For example, cross 

resistance to metals and antibiotics may be conferred by non-specific efflux pumps that function 

to provide resistance to both (Blanco et al. 2016). Five main families of efflux pumps have been 

studied in bacterial species: (1) the small multidrug resistance family (SMR), (2) the adenosine 

triphosphate (ATP)-binding cassette (ABC) superfamily, (3) the multidrug and toxic compound 

extrusion (MATE) superfamily, (4) the RND family (specific to Gram-negatives and includes 

silCBA, part of the sil operon), and (5) the major facilitator superfamily (MFS) which is the most 

relevant in Gram-positive bacteria (Blanco et al. 2016). The RND, MFS, and MATE families can 

be categorized as antibiotic efflux pumps which work by exporting antibiotics powered by the 

proton motive force (Poole 2000).  The non-specific nature of the RND, MFS, and MATE efflux 

pump groups includes some heavy-metal and semi-metal (such as arsenic, zinc, copper, 

cadmium, chromium, silver, and cobalt) exportation abilities, with the RND efflux pumps being 

the most well characterized with regards to metal resistances (Kumar et al. 2013; Nies 2003). 

Results of the antibiotic disc assays indicated that SS4 possessed an innate resistance to nalidixic 

acid, while SS2 showed cross-resistance to nalidixic acid following pre-exposure to silver.  

Nalidixic acid is a quinolone that targets the enzyme DNA gyrase in Gram-positive and 

Gram-negative bacterial cells, although many studies report that quinolones may also target 

topoisomerase IV in Gram-positive bacteria (Aldred et al. 2014; Fournier et al. 2000; Takei et al. 

2001). DNA gyrase contains two protein subunits, GyrA and GyrB, encoded by gyrA and gyrB 

respectively; while topoisomerase IV contains homologous protein subunits in Gram-positive 

bacteria, GrlA and GrlB, encoded by grlA and grlB respectively (Aldred et al. 2014; Pourahmad 

Jaktaji and Mohiti 2010). Resistances to quinolones may arise through mutations in either or 

both of gyrA and gyrB in both Gram-positives and Gram-negatives or grlA and grlB in Gram-

positives (Aldred et al. 2014; Pourahmad Jaktaji and Mohiti 2010). Studies examining the effects 

of quinolones on microorganisms involving Gram-positive bacteria are usually limited to clinical 

isolates (often S. aureus isolates and/or Streptococcus sp.) and it is found that although nalidixic 

acid may inhibit DNA synthesis through interactions with topoisomerase IV, nalidixic acid 

preferentially targets DNA gyrase (Aldred et al. 2014; Fàbrega et al. 2009; Fournier et al. 2000). 

Because SS4 is innately resistant to nalidixic acid, it is likely that it possesses a mutation in 
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either one of the DNA gyrase genes, gyrA and gyrB, or a mutation in one of the topoisomerase 

IV genes, grlA and grlB. The latter is less likely due to nalidixic acid preferentially targeting 

DNA gyrase. 

With regard to Gram-positive bacteria, certain species within the Paenibacillus and 

Lysinibacillus genera are known to exhibit innate resistances to antibiotics (Grady et al. 2016; 

Zothanpuia et al. 2016). Often this is a result of antibiotic overuse and prolonged exposure from 

human interference such as with Paenibacillus larvae, a bacterium that causes American 

Foulbrood disease in honeybees (Grady et al. 2016). Antibiotics that were previously known to 

be effective against P. larvae such as tylosin, lincomycin, and oxytetracycline are no longer 

successful in elimination of the infection causing beekeepers to resort to incinerating afflicted 

hives (Grady et al. 2016). In a study conducted by Okamoto et al. (2021), P. larvae strains were 

detected to contain resistance genes for fluroquinolones, however, details were not reported. 

Alternatively, bacteria isolated from freshwater sediment belonging to the genus Lysinibacillus 

have been found to display resistance to antibiotics such as ampicillin, gentamicin, methicillin, 

streptomycin, kanamycin, and ketoconazole (Zothanpuia et al. 2016).  

While SS4 showed an innate nalidixic acid resistance that was not dependent on silver 

exposure, the susceptibility of SS2 to nalidixic acid occurred following its pre-exposure to silver. 

This proposed cross-resistance may have arisen as result of a non-specific efflux pump such as 

the MFS family. MFS efflux pumps are reported to be involved in quinolone and 

fluoroquinolone (quinolones containing a fluorine atom) resistance in both Gram-positive and 

Gram-negative bacteria as well as metal resistances (Poole 2000). In a study conducted by 

Lomovskaya et al. (1995), an MFS efflux pump encoded by the emrAB locus of E. coli conferred 

resistance to nalidixic acid. However, little information regarding metal resistances conferred by 

MFS efflux pumps is reported (Kumar et al. 2013). Further support for the presence of an MFS 

efflux pump in SS2 is provided as the observed cross-resistance in SS2 was specific to nalidixic 

acid while the susceptibility of SS2 to the other three antibiotics tested was not altered following 

exposure to silver. 
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4.4 Inducibility of Silver Resistance and Assessment of Silver Resistance in 

SS2 and SS4 Using Minimum Bactericidal Concentration Tests   

Presently, there is a gap in knowledge as to what concentration of silver defines a 

resistant organism. This cut-off concentration in literature for what defines silver resistance in a 

cell ranges anywhere between ~4 µM - >25 mM, with some researchers describing resistance not 

as a concentration of silver, but as the ability of a bacterial population to grow in concentrations 

at least four-fold higher than the lowest concentration of silver that prevents growth of the same 

species (Schrader et al. 2020). Resistance of a microorganism may also depend on growth media 

as complex media will have more compounds available for complexation and immobilization of 

silver (Gupta et al. 1998). Gadd (1992) proposed that tolerance and resistance have different 

meanings with Schrader et al. (2020) building on that idea by suggesting tolerant 

microorganisms exhibit a phenotypic change while resistant microorganisms require a genetic 

change. Because genotypic resistance arises from a genetic change, it is accompanied by a 

specific antimicrobial detoxification mechanism (eg. sil operon) (Gadd 1992; Schrader et al. 

2020). Gram-negative bacteria have been widely studied for their development of silver 

resistance with many arising from horizontally transferred genes (such as plasmid pMG101 

containing the sil operon) (Hosny et al. 2019; McHugh et al. 1989; Randall et al. 2014; Sütterlin 

et al. 2017). Studies have been conducted to determine if the presence of the horizontally 

transferred sil operon is able to confer resistance in Gram-positive bacteria with little success due 

to the sil operon being an RND type efflux pump only found in Gram-negative bacteria due to 

the structure of RND efflux pumps requiring an inner and outer membrane (Blanco et al. 2016; 

Hosny et al. 2019; Loh et al. 2009).  

Studies involving the development of Gram-positive silver resistance are limited (Hosny 

et al. 2019; Loh et al. 2009; Randall et al. 2012). Whether resistance in Gram-positives occurs 

through genotypic mediated change and/or phenotypic mediated change remains unknown. It is 

difficult to recognize and analyze phenotypic antimicrobial resistance in comparison with 

genotypic resistance due to its reversibility and lack of apparent genetic change (Schrader et al. 

2020). It can however manifest in “persistent” cells, a subset of cells that have a slowed rate of 

inhibition or killing at elevated levels of antimicrobial substances relative to the starting 
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population which is thought to be a result of metabolic state differences (Schrader et al. 2020). 

Because of this, no or limited resistances are expected to manifest in the progeny of persistent 

cells (Schrader et al. 2020). 

Preliminary tests comparing the effects that silver pre-exposure has on the ability of SS2 

and SS4 to resist silver revealed significant increases in the silver concentration at which growth 

of the isolates is inhibited. Pre-exposure to silver caused the concentration for which SS2 was 

able to resist silver to increase to >0.625 mM AgNO3 from >0.08 mM AgNO3 in LB (10 g/L 

NaCl), and from >0.08 mM AgNO3 to >0.32 mM AgNO3 in LB (no NaCl). Similarly, pre-

exposure to silver caused the concentration for which SS4 was able to resist silver to increase to 

>1.25 mM AgNO3 from >0.16 mM AgNO3 in LB (10 g/L NaCl) and from >0.08 mM AgNO3 to 

>2.5 mM AgNO3 in LB (no NaCl). The nature of SS2 and SS4 suggests that it is likely that their 

resistance is not a result of phenotypic antimicrobial resistance (persistent cells), and instead is 

conferred by an inducible mechanism (genotypic resistance) that is negatively impacted in the 

presence of external stressors (presence and absence of NaCl, nutrient deficiencies, low 

temperatures).  

Both SS2 and SS4 displayed growth inhibition in the presence of silver when they were 

previously grown for more than 16 h in the absence of silver. Because the resistance mechanism 

does not stay active in the cells when they are not under environmental stress caused by the 

presence of silver, it suggests that the mechanism of resistance may be highly endergonic 

(energy-requiring) or may be a result of degradation of the mRNA/proteins responsible for 

resistance. To maintain energy efficiency, cells disable genes that are not immediately required 

for survival. As a result, its inactivation suggests that some energy is required for its function. 

Blanco Massani et al. (2018) conducted a similar study in which they utilized a stepwise 

adaptation method (stepwise passage of culture into increasing concentrations of AgNO3) and 

modified stepwise adaptation method (stepwise passage of culture growing at highest 

concentration of AgNO3 into increasing concentrations of AgNO3) to select for silver resistant E. 

coli strains. Both methods yielded resistant strains, however, the resistant phenotype selected 

from the stepwise adaptation method was not lost after 10 consecutive overnight cultures in the 

absence of silver, while the resistant phenotype selected from the modified stepwise adaptation 
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method was lost following 2 consecutive overnight cultures in the absence of silver (Blanco 

Massani et al. 2018). These results indicated that resistance acquisition in E. coli had a genetic 

basis and that it may be a result of gene upregulation in the presence of silver (Blanco Massani et 

al. 2018). Growth responses conducted on the resistant E. coli vs. the susceptible E. coli strains 

reveal a reduced growth rate for the resistant E. coli, implying that the upregulation of silver 

resistant genes is energy-dependent and/or requires greater cellular resources (Blanco Massani et 

al. 2018). Although this study was conducted in E. coli (Gram-negative), comparing its results to 

the responses of SS2 and SS4 (Gram-positives) further suggests that their resistance mechanism 

is genotypic and inducible in the presence of silver and is energy-dependent. Perhaps the 

resources (such as nutrients and energy) needed for silver resistance in SS2 and SS4 and the 

impacts of environmental stresses on growth are severe enough for the bacteria to switch off 

their expression.  

Because LB contains a high concentration of complex organic matter, the silver dilutions 

precipitate with components of the media. At the higher media concentrations, silver precipitates 

not only with chloride (forming AgCl), but also with the organic matter within the growth media. 

These complexes act to prevent silver from reaching the cell and are unlikely to be taken up by 

the transport pathways of the cell (Gupta et al. 1998). The presence of NaCl decreased the 

concentration of silver tolerated by SS2 and increased the concentration of silver tolerated by 

SS4. When preparing the LB broth (10 g/L NaCl), a visible precipitation of the AgNO3 can be 

observed indicating that the presence of Cl- may be impacting bioavailable silver concentrations. 

Gupta et al. (1998) examined the effects of halides on E. coli species harbouring plasmid 

pMG101. They found that higher levels of water-soluble Ag-halide complexes resulted in an 

increase in sensitivity to silver for the silver-resistant bacteria (Gupta et al. 1998). When grown 

in media containing low levels of NaCl however, it was observed that sensitive strains of E. coli 

had their growth inhibited at significantly lower concentrations of silver than that of resistant E. 

coli (Gupta et al. 1998). The researchers suggest that these findings may indicate that water-

soluble Ag-halide complexes cause the Ag+ to be more bioavailable by being more readily 

accessible to the cell membrane, whereas because AgCl is water-insoluble (1.56 × 10-10 M/L), it 

is unable to access the cell membrane as readily (Gupta et al. 1998). While SS2 exhibited similar 
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results with regards to NaCl concentrations (SS2 pre-exposed to silver had an MBC value of 

>0.625 mM AgNO3 in LB (10 g/L NaCl) and an MBC value of >0.32 mM AgNO3 in LB (no 

NaCl)), SS4 resisted a 2-fold higher concentration of silver (>2.5 mM AgNO3) in LB (no NaCl) 

than in LB (10 g/L NaCl) (>1.25 mM AgNO3). This suggests that changes in NaCl 

concentrations have a similar impact on SS2 as organisms described by Gupta et al. (1998), 

whereas SS4 likely has a different response mechanism than SS2. Optimal temperatures for 

different Paenibacillus species range on average from 28-40°C with some strains capable of 

growth as low as 6°C (Grady et al. 2016; Patowary and Deka 2020). Additionally, optimal 

temperatures for different Lysinibacillus species range on average from 30-37°C with growth 

temperature ranges being between ~10-45°C (Ahmed et al. 2007; Miwa et al. 2009; Zhu et al. 

2014). This provides some rationale for the decreases in growth at lower temperatures. 

4.5 Summary and Future Perspectives 

This study provides definitive evidence that the Gram-positive isolates Paenibacillus 

sp. SS2 and Lysinibacillus sp. SS4 contain genotypic antimicrobial resistance to silver that is not 

caused by the sil operon. These mechanisms are inducible through exposure to silver and provide 

tolerance to elevated concentrations of silver when compared to silver-susceptible bacteria. TEM 

imaging and EDX analysis reveal silver deposits associated with the cell found in locations with 

sulfur, chlorine, and phosphorous (exclusive to SS2) deposits. Evaluation of cross-resistance to 

antibiotics showed that resistance to nalidixic acid was found in both isolates but was activated 

in SS2 after pre-exposure to silver. Additional differences in responses to environmental stresses 

(presence/absence of NaCl, temperature, and nutrient concentrations) show that silver resistance 

is negatively impacted and suggest that they may possess resistance mechanisms different from 

one another. 

Because it has already been determined that these two organisms do not possess 

components of the sil operon, future work involving these isolates should use genomic and 

proteomic approaches to pinpoint the exact mechanism responsible for silver resistance. 

Observation of up-regulated and down-regulated protein expression when exposed to silver can 

be evaluated through proteomic studies. Due to the inducibility of the silver resistance 
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mechanism of both isolates, protein expression following pre-exposure to silver over the course 

of 16 H can be monitored and compared to protein expression when they are not exposed to 

silver. Genomic sequencing studies such as scanning the genome for specific metal resistance 

components, identifying locations of genes/operons responsible for the silver resistance, and 

phylogenetic studies may also enable identification of additional metal resistant genes and/or 

efflux pump components to determine if SS2 and SS4 are capable of resisting other antimicrobial 

substances. These tests should be used for comparative studies with closely related strains of 

Paenibacillus and Lysinibacillus species. Further testing using antimicrobial agents, such as 

copper due to its chemical similarity to silver, should be carried out in future work to determine 

whether these two isolates display any other metal resistance. Testing should also include 

determining if a non-specific efflux pump such as a member of the MFS family is activated by 

the presence of silver and is the cause of silver and nalidixic acid resistance. In conclusion, these 

future studies will contribute to our understanding of the specific mechanism of silver resistance 

associated with Paenibacillus sp. SS2 and Lysinibacillus sp. SS4, a potentially novel mechanism 

found in Gram-positive bacteria. 
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APPENDICES 

Appendix 1. (A) 16s rRNA raw sequence data for SS2, and (B) trimmed 16s rRNA sequence for SS2. 

SS2 Raw sequence (using 8F primer) 

NNNNNNNNNNNNNNNNNCNNNNACATGCAGTCGAGCGAACAGAGAAGGAGCTTGCTCCTTTGACGTTAGCGGCG

GACGGGTGAGTAACACGTGGGCAACCTACCTTATAGTTTGGGATAACTCCGGGAAACCGGGGCTAATACCGAAT

AATCTATTTCGCTTCATGGTGAAATACTGAAAGACGGTTTCTGNTGGCCCTATAANAAGGGCCCGCGGCGCATT

ANCTAGTTGGNGAAGGAACGGCTCCCCCAGGGNACNAAGCNNAACCNAACNGNNANGGNGANCNGNCNCNCTGG

GANNGANANNCNGNCCNNANNCCTACNGGANGNNNCNNTANGGAANCNTCCNNNATGGGCNAAANCCNGANGGA

ACNACNCCNNNNGNNNGAANAANGGTTTCNGANCNNAAAANTCTGNTGGNANGGAAGAACNANTACCGTAATAA

CTGGNTGNNCCTTGNCNGNACCTTATTANAAAGCCNCGGCTAACTACNNGNCNNCNNCCGCGGTAATACNTANG

TGGNNAGCGNTGNCCGGAATTATTGGGCGTAAAGCGCGCGCNNGCNGTCCTTTNANTCTGANGTGAAAGCCCNC

GGCTCNACCGTGGNNGGTCATTGGNAANTGGGGGACTTGANTGCNNAAGAAGAAAGTGGAANTNCAGTGNANCN

GTGAAATGCNTANAGATTTNGNNACNCNNTGGCNAANNNNNCTTTCTGGTCNGNACTGANGNTGAGNNNNAANC

NNNGGNAGCAACNGATNNATACCTGNAGTCNCNNNTAACNATGANGNTANNGTNGGGNNNCNNCCNNNNCTGCA

NCTANGCNTANCANTCGCNGGGNNTNNGNNNNNNANTGNANNNNNNNNNANGGNNNNNNCNNGNNNNNNNNNNT

NNANNNNNNNANANTNCNGNTGNNNNNTNANNNNNNANNTNNNNNNNNNNNNNNNNNNNNGNNNNGNNCNCNNN

NNNNNCNNNNNNNNNNNCNNNNNNNNNNNNNNNTNCNNNNNNNNNCNNANGNNNNNNNNN 

 

SS2 Trimmed sequence used for BLASTn search 

CATGCAGTCGAGCGAACAGAGAAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGTAACACGTGGGCA

ACCTACCTTATAGTTTGGGATAACTCCGGGAAACCGGGGCTAATACCGAATAATCTATTTCGCTTCATGGTGAA

ATACTGAAAGACGGTTTCTGNTGGCCCTATAANAAGGGCCCGCGGCGCATTANCTAGTTGGNGAAGGAACGGCT

CCCCCAGGGNACNAAGCNNAACCNAACNGNNANGGNGANCNGNCNCNCTGGGANNGANANNCNGNCCNNANNCC

TACNGGANGNNNCNNTANGGAANCNTCCNNNATGGGCNAAANCCNGANGGAACNACNCCNNNNGNNNGAANAAN

GGTTTCNGANCNNAAAANTCTGNTGGNANGGAAGAACNANTACCGTAATAACTGGNTGNNCCTTGNCNGNACCT

TATTANAAAGCCNCGGCTAACTACNNGNCNNCNNCCGCGGTAATACNTANGTGGNNAGCGNTGNCCGGAATTAT

TGGGCGTAAAGCGCGCGCNNGCNGTCCTTTNANTCTGANGTGAAAGCCCNCGGCTCNACCGTGGNNGGTCATTG

GNAANTGGGGGACTTGANTGCNNAAGAAGAAAGTGGAANTNCAGTGNANCNGTGAAATGCNTANAGATTTNGNN

ACNCNNTGGCNAA 
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Appendix 2. (A) 16s rRNA raw sequence data for SS4, and (B) trimmed 16s rRNA sequence for SS4. 

SS4 Raw sequence (using 8F primer) 

NNNNNNNNNNNNNNNNCNNNACNTGCAGTCGAGCGGAGTNNNTTTGAAAGCTTGCTTTCAANTNNCTTAGCGGC

GGACGGGTGAGTANNANGTACGCAACCTGCCCTTCAGACTGGGATAACTACCGGAAACGGTAGCTAATACCGGA

TAATTTCTTTTTTCTCCTGAGAGAAGAATGAAAGACGGAGCAATCTGTCACTGAGGGATGGGCCTGCGGCGCAT

TAGCTAGTTGGTGGGGTAACGGCCCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTG

GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGG

AGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAGGGAAGAACGTCCGGTAGAGTA

ACTGCTACCGGAGTGACGGTACCTGANAAGAAAGCCCCGGCTAACTACNTGCCAGCAGCCGCGGTAATACGTAN

GGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCANGCGGCTATTTAAGTCTGGTGTTTAAACCTT

GGGCTCAACCTGANGTCGCACTGGAAACTGGNTGGCTTGAGTACAGAAGAGGAAAGTGGAATTCCACGTGTAGC

GGTGAAATGCGTANATATGTGGAGGAACACCAGTGGCGAANGCGACTTTCTGGGCTGTANCTGACGCTGANGCG

CGAAAGCGTGNGGAGCAAACAGGATTANATACCCTGGTAGTCCACGCCGTAAACGATGANTGCTAGGTGTTAGG

GGTTTCGATNNCCTTGGTGCCGAAGTTAACACAGTAAGCNCTCCGCCTGGGGAGTACNGTCNCNNGACTGNAAC

TCANNNNNNTGACGGNGACCCGCACAGCAGTNNNGTATGTGNTTTAANTNNNAAGCACGCNNNNNCNNTACNNN

NNTTGACATCCNTCTGAANNNTGCTNNANATNNCANNNNNNNNCNGGANNGANNNNNNNNGNNGNNGNATGNNN

NNCNTCNNCTNNNNTNNNGNNANNNNGNTNANNNCCCNNANNNNNGNNNNNNNNNNNNNNNNGNNNNGNNNNGN

NTNNNNNNNNAAGNNNNNNNNNNNNCNAANNCNNNNNNGNNGNNNNNNNNNANNNNNNNNNNNNNACNNNNNAN

NNNNNNNNNNNNNNNNNNANANNNN 

 

>Isolate4_8F_A03 Trimmed sequence used for BLASTn search 

TGCAGTCGAGCGGAGTNNNTTTGAAAGCTTGCTTTCAANTNNCTTAGCGGCGGACGGGTGAGTANNANGTACGC

AACCTGCCCTTCAGACTGGGATAACTACCGGAAACGGTAGCTAATACCGGATAATTTCTTTTTTCTCCTGAGAG

AAGAATGAAAGACGGAGCAATCTGTCACTGAGGGATGGGCCTGCGGCGCATTAGCTAGTTGGTGGGGTAACGGC

CCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTC

CTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAA

GGTTTTCGGATCGTAAAGCTCTGTTGCCAGGGAAGAACGTCCGGTAGAGTAACTGCTACCGGAGTGACGGTACC

TGANAAGAAAGCCCCGGCTAACTACNTGCCAGCAGCCGCGGTAATACGTANGGGGCAAGCGTTGTCCGGAATTA

TTGGGCGTAAAGCGCGCGCANGCGGCTATTTAAGTCTGGTGTTTAAACCTTGGGCTCAACCTGANGTCGCACTG

GAAACTGGNTGGCTTGAGTACAGAAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTANATATGTGGA

GGAACACCAGTGGCGAANGCGACTTTCTGGGCTGTANCTGACGCTGANGCGCGAAAGCGTGNGGAGCAAACAGG

ATTANATACCCTGGTAGTCCACGCCGTAAACGATGANTGCTAGGTGTTAGGGGTTTCGATNNCCTTGGTGCCGA

AGTTAACACAGTAAGCNCTCCGCCTGGGGAGTACNGTCNCNNGACTGNAACTCA 
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Appendix 3. MBC test results for all isolates in LB (10 g/L NaCl) and LB (no NaCl). Following a 3-day 

incubation period, the CFU/mL of each organism was determined for all AgNO3 concentrations. Values are 

represented as log10(total CFU/mL) with a red line indicating the initial inoculated CFU/mL (1.0×107) of the 

organism. (A) LB (10 g/L NaCl) at 30°C; and (B) LB (no NaCl) at 30°C. 
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