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Abstract Bacteria have evolved unique mechanisms that allow them survive in the

presence of strong selection pressures. Included in these mechanisms is the ability

to share genetic determinants among and between species of bacteria thus spreading

metal or antibiotic resistance traits quickly. The textile industry in response to

demand has developed antimicrobial fabrics by the addition of bactericidal

compounds during production. Some of these antimicrobials include metal

nanoparticles, quaternary ammonia compounds, and broad spectrum compounds

like triclosan. Bacteria have already expressed resistance to each of these

bactericides. Here we discuss the evolutionary and ecological consequences of

antimicrobial textiles in terms of co-selection. We predict that continued use of

such materials could result in increased and widespread resistance to specific
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antimicrobials, especially metals, with an increased resistance to antibiotics. Such

increases have the potential to find their way into other bacterial populations of

human pathogens leading to serious and unintended public health consequences.

Keywords Antimicrobial textiles • Resistance • Nanoparticles • Evolutionary arms

race • Heavy metals

1 Introduction

Colonizing all known areas of the biosphere, there are approximately five nonillion

(5 � 1030) bacteria on Earth, forming much of the world’s biomass (Whitman et al.

1998). Bacteria arose 3.8 billion years ago and, as a group, have survived longer than

all other organisms combined. More importantly, they are still here. During this

incredible evolutionary history microbial diversity has evolved to such an extent that,

based on 16SRNA and metagenome sequencing, there is significantly far more

genetic diversity among bacteria and archaea than among all other organisms.

Undoubtedly the first bacteria evolved in rich toxic metal environments (Silver

1998) or other similarly harsh environments. Survival required the ability to

circumvent the toxic nature of these inhospitable extreme conditions. Continued

existence and perpetuation of a species is contingent on the genetic repertoire.

Consequently, it is difficult to avoid the conclusion that metal resistance genes were

among the very first gene systems to evolve, and the genetic basis for metal

homeostasis is evident in both recently diverged bacterial phyla as well as ancient

crenarchaeota clades (Baker-Austin et al. 2005). Over time as organisms modified

their environments, niches arose that did not require metal resistance and such traits

were presumably lost or culled from the genome of certain species. However, in

metal-rich environments these genes quite certainly persisted (Haefeli et al. 1984).
Bacteria have extraordinary adaptive genetic capacities and these capacities

have been primarily shaped by horizontal gene transfer of mobile genetic elements

(MGE) (Szczepanowski et al. 2008; O’Brien 2002; Ochman et al. 2000; Yurieva

et al. 1997). Interestingly, the genes for regulation, resistance, and biosynthesis are

often found linked together on the same continuous strand of DNA (Clardy et al.
2009). Thus, the evolutionary ecological history of bacterial genes is driven, under

many circumstances, by horizontal gene transfer events suggesting that the survival

capabilities of specific microbes are more dependent on the promiscuity and

plasticity of its genome than the genetic characteristics of its ancestors.

The ability of MGE to interact with bacterial genomic DNA across multiple

species and environmental barriers creates a unique evolutionary problem. Bacte-

rial cells in ecological proximity to each other may be more important in microbial

adaptations and gene exchange than genetic relatedness alone. Microbes that are

able to draw from the collective genetic resistome (D’Costa et al. 2007) should have

higher chances of survival than those individuals that lack such ability. However

because of reproduction by binary fission, bacterial cells closest are often copies of
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each other—and that fact frequently colors our collective interpretation regarding

bacterial evolution.

Bacterial MGE spread not only vertically, by inheritance, but also horizontally

by involving phylogenetically distant cells (Davison 1999; Lorenz and

Wackernagel 1994; Sobecky 1999). The horizontal dissemination of MGEs can

be accomplished via plasmid exchange (conjugation), the uptake of naked DNA

from the environment (transformation), or via viral infection mechanisms (trans-

duction). The metagenome of a bacterial community should indicate past and

present selective pressures in that environment (Turner et al. 2002). It has been

well documented that genes conferring antibiotic resistance are often more plentiful

in bacterial communities exposed to antibiotic contamination (Heuer and Smalla

2007; Pei et al. 2006). For example, mercury resistance genes are more abundant in

mercury-contaminated sediments (Smalla et al. 2006). However, in contrast to

classic selection theory, previous studies have documented that additional

genotypes and phenotypes can be co-selected along with traits under direct selec-

tion (Alonso et al. 2001; Baker-Austin et al. 2006; Summers et al. 1993).
There are no known examples of extinction of a bacterial lineage; although such

may be the case. A number of reasons have been identified for why extinctions in

bacteria may be very low (Dykhuizen 1998). Firstly, bacteria rarely starve to death

because they can lay dormant until environmental conditions improve. Secondly,

bacteria readily share genes between and within “species,” conferring a selective

advantage in many instances to just a small subset of the overall population that can

thrive even under highly inhospitable conditions. Thirdly, microbes do not require

sex to reproduce, eliminating the limiting factor of finding a suitable mate to continue

a genetic lineage. Finally, they, as a group, are able to live in a range of environments

under extremes of physical and chemical conditions. The premise that bacteria rarely

undergo extinction is important in understanding the ability of man to alter bacterial

communities and populations through various technologies and methods.

Perhaps more important than low extinction rates are the high speciation rates

found among bacteria (Dykhuizen 1998). It is this ability to rapidly adapt and

evolve to novel or changing conditions that allows bacteria to exploit extreme

habitats and to withstand strong selection that, for more genetically and phenotypi-

cally “advanced” organisms, results in mass extinctions. Such exploitation of the

environment is primarily facilitated by horizontal gene transfer.

Resistance to antibiotics is a prime example of this rapid evolution. The word

antibiotic was first used as noun by Selman Waksman in 1941 as a description of

molecules produced by one microbe that has a negative effect on the growth of

another (Clardy et al. 2009). Large-scale production of antibiotics began in the early

1940s with the expectation that infectious diseases might become relegated to the

past. In fact the use of antibiotics dropped the rate of death from infectious disease

from nearly 800/100,000 in 1900 to<40/100,000 in 1980 (Walsh and Wright 2005).

Unfortunately, by the mid-1940s antibiotic-resistant bacteria had emerged. It is this

ever expanding resistance to antibiotics, both old and new generation, that has

motivated the emergence of novel delivery or bactericidal methods. The discovery

of antibiotics has been considered one of the defining events in medicine and science
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during the twentieth century (Davies and Davies 2010). However, the ever increasing

levels of antibiotic resistance in agriculture, hospitals, and in environmental

reservoirs seemingly in step with their use are equally or of greater importance

than their discovery. Microbes relying on the strong selection imposed by the misuse

and overuse of antibiotics have been able to exploit mechanisms of gene exchange to

spread every source of resistance genes among close and unrelated taxa. In the

process they have developed multiple mechanisms of resistance and many species

harbor multiple resistance genes. Some species have been screened that are resistant

to almost every class of antibiotic, including recently developed drugs (Stepanauskas

et al. 2005, 2006).
Genotypes may persist in a bacterial community even after a given selective

pressure no longer exists (Enne et al. 2001). This observation is counter intuitive as

there should be a fitness cost associated with maintaining extraneous DNA when

there is no immediate benefit. However, several studies have shown that bacteria

carrying these extra-genetic elements do not seem to show decreased fitness when

compared to strains of the same species without the traits (Andersson and Levin

1999; Schrag et al. 1997). Therefore, various gene combinations can and do remain in

the bacterial community and are available for transfer via horizontal gene transfer

mechanisms or selective increase under changing environmental conditions.

2 Use of Metals as Bactericides

Although various metals are necessary for bacterial survival as micronutrients, e.g.,

Cr, Co, Cu, Mn, Mo, Ni, Se, W, V, Zn, and Fe, many of these elements are toxic at

higher concentrations. The antibacterial effects of some of these and certain other

metals have been known since antiquity (Silver and Phung 1996) prompting their

use in dentistry and medicine (Kim et al. 2007; Catauro et al. 2004; Crabtree et al.
2003). The efficacy of a metal biocide is dependent on the concentrations used and

the exposure time. While many studies report dramatic decreases in bacterial

numbers (see discussion below) very few studies have shown complete elimination

of bacteria. This observation is critical and drives the remaining discussion.

3 Nanoparticles

The bioavailability of particles is enhanced as the size decreases. Indeed the science

of nanotechnology is focused on making materials with significantly improved

physical, chemical, and biological properties (Wang 2000) with increased function-

ality because of the nanosize. However, there are a number of problems with

bringing nanotechnology into large-scale commercial use (Mazzola 2003; Serov

et al. 2003; Ohshima 2003) not the least of which is significant differences between

batches using the same protocols to produce standard reference materials for use in

experiments.
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One area where nanotechnology may have an impact is drug delivery and

therapeutics. The use of nanoparticles as an antimicrobial allows the delivery of

metals to the actual cell. This increase in the efficacy of the metal as a biocide has

brought about what has been called a “new generation of antimicrobials” (Rai et al.
2009). Shrivastava et al. (2008) presented what they described as the enhanced

antimicrobial effect of novel silver nanoparticles. Interestingly, their methods were

more pronounced against gram-negative bacteria than gram-positive organisms. In

fact none of the doses of silver nanoparticles they used were effective against

Staphylococcus aureus.
There is a general consensus regarding the modes of antimicrobial activity of

metal and carbon nanoparticles. Most studies indicate that nanoparticles cause

disruption of bacterial cell membranes in probable response to various oxygen

species (Neal 2008). For this to occur there needs to be contact between the bacteria

and the nanoparticle with interfacial process such as electrostatic interactions.

Toxicity of the nanoparticle may also be important and while unlikely, accumula-

tion does in some instances occur after disruption of the membrane. With the

discovery of the mode of action of nanoparticles there seems to be a similar sense

of wonder to that expressed when the first “wonder drugs” were developed, i.e., an

assurance that we can beat the processes of bacterial evolution. We will discuss the

evolutionary arms race between man and bacteria below.

4 Antimicrobial Textiles

Textiles, both natural fiber and engineered fibers, provide surfaces for microbial

growth. Given optimal conditions of temperature, water, minimal nutrients, elec-

tron donors and acceptors, and a carbon source, microbes associated with textiles

can multiply rapidly. In general, engineered fibers are more resistant to microbial

degradation than naturally derived fibers. Textiles thus become an excellent media

for microbial growth with the resulting consequences such as odor, discoloration,

and increased likelihood of infections, etc. Cultural evolution of human societies,

especially in developed countries, has placed an ever increasing demand for

clothing that is hygienic. Gao and Cranston (2008) indicate that sportswear,

socks, shoe linings, and lingerie account for 85% of the total production of

antimicrobial textiles. Production of these textiles in Western Europe has increased

more than 15% per year between 2001 and 2005 (Gao and Cranston 2008). Other

industries have increased the demand for antimicrobial fibers for use in air filters,

automotive and outdoor textiles, home furnishings, and textiles used in medicine.

Manufacturers have met this increasing demand imposed by a public concern

about comfort, hygiene, and physical well-being by incorporating a wide range of

broad spectrum biocides. Various antimicrobials have been used including silver,

quaternary ammonium compounds, and triclosan on most of the products of the

textile industry (Table 1). These substances are applied at various stages of the
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textile process such as finishing or through incorporation into synthetic fibers

during extrusion.

The effectiveness of these treatments has been varied. For example, Tomšič et al.
(2009) examined the antimicrobial activity of AgCl that had been embedded in a

silica matrix on cotton and found that the biocidal effects were strongly influenced by

the concentration of the silver present in the coatings. Saengkiettiyut et al. (2008)
demonstrated that silver nanoparticles on cotton fabrics have excellent antibacterial

activity against Staphylococcus aureus, Staphylococcus aureusmethicillin resistance

strain (MRSA), Escherichia coli, and Pseudomonas aeruginosa. In another study

(Dubas et al. 2006) antimicrobial silver nanoparticles were immobilized on nylon and

silk fibers using a layer-by-layer deposition method. This procedure showed an 80%

reduction in Staphylococcus aureus on silk fibers and a 50% reduction on the nylon

fibers. While this procedure did demonstrate a decrease in bacterial activity there

were significant numbers of bacteria remaining on both fibers.

Conversely, a study (Li et al. 2006) designed to assess the antimicrobial activity

of silver nitrate and titanium dioxide nanoparticle coated facemasks in an effort to

protect against infectious agents found unequivocal results. After 48 h of exposure

and incubation the authors found a 100% reduction in viable Escherichia coli and
S. aureuswhereas there was a 20% and 50% respective increase in the viable counts

of these two species on untreated masks. A study that compared the effect of Ag

nanoparticles on microbial activity on cotton and wool showed variable results for

both fibers and species of microorganism examined (Falletta et al. 2008). When

applied to cotton and polyester fibers there was complete inhibition of bacterial and

fungal growth; however, when applied to wool there was only inhibition against

fungi.

Table 1 Some commercial biocides used in textiles with comments and bacterial resistance

potential. Modified from Gao and Cranston (2008)

Biocide Fiber Comments

Silver Polyester Slow release, Ag can be depleted, bacterial

resistanceWool

Nylon

Regenerated cellulose

QACs (e.g., AEM 5700) Cotton Covalent bonding, very durable, possible

bacterial resistancePolyester

Nylon

Wool

PHMB Cotton Requires large amounts, possible bacterial

resistancePolyester

Nylon

Triclosan Polyester Requires large amounts, breakdown products

toxic, bacterial resistanceNylon

Polypropylene

Cellulose acetate

Acrylic fibers

140 J.V. McArthur et al.



While numerous other studies can be reviewed similar results are obtained, i.e.,

high variability between and within studies on the effectiveness of a nanoparticle

treatment. This variability ranges from complete inhibition to no inhibition and

seems to be dependent on dose, exposure, and type of fiber under consideration.

Most importantly is the observation that the efficacy of this treatment regime is, in

many cases, not completely successful against a wide variety of microorganisms.

5 Cross-Selection and Co-selection of Metal Resistance

Traits in Nature

Strikingly, the structural basis of microbial resistance to metals and antibiotics is

highly similar (Fig. 1). Bacteria use just a handful of mechanisms to detoxify metals

and antimicrobials, such as active extrusion from the cell, sequestration, and

exclusion of toxin by the cell membrane, among others. Of further evidence of

this symmetry, recent studies have implicated the role metal contamination has as a

selective agent in the proliferation of antibiotic resistance (See Baker-Austin et al.
2006 for review). These studies have documented that various associations between

types and levels of metal contamination and environmental patterns of antibiotic

resistance exist in nature. Such patterns suggest that various mechanisms

underlie the co-selection of metal and antibiotic resistance. There are at least

two co-selection mechanisms that include co-resistance and cross-resistance.

Co-resistance occurs when different resistance genes are found on the same genetic

element, e.g., resistance to aminoglycosides and Hg resistance genes on the same

mobile genetic element such as a plasmid or integrase. In cross-resistance the same

genetic determinant is responsible for more than one type of resistance, e.g., Cd and

tetracycline efflux pumps where the same pump is used to rid the cell of either Cd or

tetracycline.

Metal contamination of the environment is different from the release of

antibiotics because antibiotics can, over time, be degraded. Metals cannot be

degraded although their mobility through soil matrices can be altered by changes

in valence state and the chemical composition of soil particles. Depending on the

valence state of the metal the bioavailability similarly changes. If the metal is

tightly bound to a surface it is less likely to have an impact on the microbial

communities than the same metal that is in solution. The toxic impact of metals

on bacteria is dependent on how much the microorganism interacts with the metal

as well as the chemical state of the metal upon contact (e.g., reduced, oxidized,

methylated, etc.).

In controlled laboratory experiments, it has been shown that exposure of bacteria

to either metals or antibiotics results in an increase in the proportion of bacteria

resistant to both metals and antibiotics. In these experiments, naı̈ve bacteria in river

water were exposed to either Cd or Ni chloride at increasing concentrations or to the

antibiotics tetracycline or ampicillin at increasing concentrations. Both the metals
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and antibiotics had significant effects on the fraction of cultivable bacteria in the

microcosms. Total numbers of bacteria decreased nearly one order of magnitude

after being exposed to the metals. Of those bacteria remaining the proportions of

resistant bacteria increased dramatically. Where less than 20% of cultivable bacte-

ria obtained from the control microcosms (river water) were resistant to any of the

tested antibiotics between 50 and 100% of isolates from the microcosms amended

with either Cd or Ni were resistant to at least one antibiotic (Stepanauskas et al.
2006). Of equal interest while only 3% of isolates obtained from the control

microcosms were resistant to Cd or Ni, 50–60% of isolates obtained from the

microcosms amended with tetracycline and ampicillin were resistant to at least

one of the two metals. Of greater concern when river water microbial assemblages

were individually exposed to each of the four toxicants, the frequency of

microorganisms with multiple resistances (metal and antibiotic resistances)

increased. This study is important for at least three reasons:

1. It demonstrated that bacteria exposed to metals increase the frequency of

antibiotic-resistant bacteria.

2. It demonstrated that bacteria exposed to antibiotics increase the frequency of

metal-resistant bacteria.

3. It provided the first experimental evidence that the exposure of freshwater

microbial assemblages to individual metals and antibiotics selects for

multiresistant microorganisms (Stepanauskas et al. 2006).

These laboratory studies as well as numerous observational studies from the

environment confirm that exposure of bacteria to metals increases the proportion

of bacteria resistant to the metals but more importantly the number of bacteria

resistant to antibiotics. Even without sequencing it is apparent that co-selection is
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occurring. Whether the mechanisms in these multiresistant phenotypes are cross-

resistance or co-resistance is interesting from a basic science perspective but the

most important outcomes have significant practical importance and may directly

affect public health.

6 Resistance to Ag and Other Metals Used

in Microbial Textiles

Silver and colleagues (Silver 2003; Silver and Phung 1996; Silver et al. 2006) have

for some time been warning of increased resistance to metals used in biocides and to

silver specifically. Basing their predictions on models explaining the rapid and

widespread increase in antibiotic resistance that has been carefully documented,

they suggest that horizontal gene transfer, under strong selection of metal exposure,

will move metal resistance traits quickly through microbial assemblages and

populations. A restrained word of caution has been offered by Percival et al.
(2005) who suggest that the risks of antibacterial resistance developing from the

use of metal containing biocides have been overstated. They feel that there have

been too few studies that have effectively documented the prevalence of resistance.

Where Silver (2006) argues the possibility that widespread use of Ag may promote

the development of resistance, Percival et al. (2005) citing numerous studies to

support their conjecture, counter that the probability of transferring silver resistance

genes is low, unstable, difficult to maintain and to transfer. Interestingly, Percival

et al. (2005) suggest that the occurrence of silver resistance can be variable under

different conditions of exposure and that it is difficult to distinguish between

sensitive and resistant bacteria. They then provide a list of different bacteria that

have been shown to be silver resistant or from which silver-resistance conferring

plasmids have been isolated. While the list is not exhaustive it is suggestive that the

trait can occur in many different types of bacteria and should be considered

indicative of the possibility of many other bacteria showing the trait.

The greatest possibility of finding silver-resistant bacteria is in environments

where usage or occurrence of metals is highest such as dentistry where amalgams

contain 35% silver (Brunne 1986), in hospital burn units where silver is used in

dressings (Klasen 2000), or on catheters (Sampath et al. 1995). Several controlled
laboratory studies have shown a relationship between bacterial resistance to

biocides and cross-resistance to antibiotics. While these studies create various

levels of contention among researchers the results seem to be following the same

paths trod in the early days of studies on antibiotic resistance.

Following Percival et al. (2005) publication, Silver et al. (2006) provided a new

review of silver resistance studies. From this review we find that bacterial resistance to

Ag+ has been observed repeatedly (Silver et al. 2006) but that until recently the genetic
mechanisms were not understood. Genes located on plasmids frequently confer resis-

tance to toxic metals including silver (Davis et al. 2005; Gupta et al. 2001). The plasmid
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pMG101, which was originally found in Salmonella, encodes resistance to several

antibiotics as well as Hg2+, Ag+, and tellurite (Gupta et al. 1999, 2001; McHugh et al.
1975). However, genes conferring resistance to Ag are not restricted to plasmids. In

Salmonella and Escherichia coli, a chromosomal Ag+ resistance determinant has been

described (Gupta et al. 2001; Franke et al. 2001; Silver 2003). Selection imposed by the

widespread, often indiscriminate use of antiseptics, has resulted in increased resistance

to Ag+ in clinical and hospital settings (Davis et al. 2005). For example, (Silver 2003)

found in a random sampling of enteric bacteria from a Chicago hospital that more than

10% had resistance genes for Ag+ resistance. These observations suggest that the

potential for wide-scale horizontal gene transfer of metal resistance genes, similar to

antibiotic resistance genes, could occur under such strong selection. Such strong

selection is clearly employed in hospital settings but is also used in the application to

textiles. However, Chopra (2007) followed with a review which concluded the

variability in results from various studies is probably due to a failure to establish

standard procedures for determining MIC values, a lack of recognized breakpoints,

differences in the way products and media release silver, and finally that there is no

standard way to measure inhibitory activity. Chopra (2007) suggests that because the

clinical incidence of silver resistance remains low the emergence of resistance can be

contained or minimized if silver ion concentrations are high and bactericidal activity

rapid. Gao and Cranston (2008) counter that because large quantities of biocides are

frequently required on textiles to achieve an adequate durability and effect there should

be increased concern. Most biocides used in textiles can and do induce bacterial

resistance to the biocide (Table 1) but more importantly this selection increases

resistance to antibiotics through co-selection. Gao and Cranston (2008) suggest that

the long-term benefits and potential problems of antimicrobial textiles need to be

closely monitored.

What is curious about these review articles is that many fail to discuss the other

side of resistance, i.e., naturally occurring resistance and the use of bacteria to

synthesize nanoparticles of various metals. Nanoparticle scientists rely on the

ability of various bacteria to not only resist metal toxicity but to sequester metals

within the cells (Mandal et al. 2006). As early as 1979, bioaccumulation of silver in

bacteria had been described in a multispecies community of bacteria (Charley and

Bull 1979). In this study, an isolated stable community of three species had an

unusually high tolerance to silver where tolerance is defined as remaining viable

under the imposed conditions but not necessarily reproducing. The community was

composed of Pseudomonas maltophilia, Staphylococcus aureus, and an unidenti-

fied species. The effect of exposure to Ag was a change in the relative abundance of

the three species. Tolerance of high silver concentrations was reduced when the

community was grown in the absence of silver suggesting that these resistance-

bearing bacteria were less able to compete in the nonselective environment. Con-

sidering that in several recent studies silver did not affect or had minimal effect of

S. aureus it seems surprising that these earlier studies on environmental bacteria did

not help design experiments or to define the hypotheses and predictions regarding

antimicrobial textile studies.

144 J.V. McArthur et al.



The most important observation that needs to be made in studies on the efficacy

of antimicrobial textiles is how many of the bacteria that remain are metal resistant.

If we decrease the total viable bacteria to ranges found in various studies

(92–99.99%) that means that there are still between 1,000 and hundreds of

thousands of bacteria remaining. It is likely that the remaining bacteria are simply

tolerant and not necessarily resistant. The same is true of bacteria exposed to an

initial dose of antibiotics, i.e., the initial low dose does not kill all bacteria at once

and hence the need to take the full regimen of antibiotics to increase the likelihood

that all disease-causing bacteria are eliminated. Failure to do so means that these

tolerant or minimally resistant bacteria are free to proliferate either in the host or in

the environment resulting in an increase in both resistant pathogens and their genes

that can be transferred to other species of bacteria. Since bacterial growth rates are

high these remaining bacteria can increase in density or pass their genes to bacteria

that are adapted for the ambient conditions and thus increase the number of resistant

genes in the assemblage.

7 Problems with Nanoparticles on Textiles

One very important observation regarding antimicrobial textiles is that the effective

particles or applications do not necessarily remain on the textile but can be released

by repeated washings and enter into the environment. Unfortunately, there has not

been sufficient research to mimic natural systems in laboratory settings or to actual

controlled releases into complex natural systems (Neal 2008). Failure to perform

carefully designed experiments has resulted in a poor understanding of likely

consequences from the release of these substances into the environment. Neal

(2008) in reviewing what the then current studies were, states that there is a general

failure to identify any significant effects at the microbial level of nanoparticles in

complex systems. Does this means that there are no effects or that we have not yet

observed or measured the component of the system where an effect has occurred?

There is a cause for concern about the toxicity and bioavailability of these

substances to bacteria involved in critical ecosystem level processes especially

biogeochemical cycles such as carbon and nitrogen cycling. Chronic low level

release of these antimicrobials into the environment will increase tolerance and

over time result in increased numbers of diverse species carry resistance genes.

More importantly, the chronic input of metal-rich nanoparticles into the environ-

ment may have unforeseen consequences. A clear understanding of effects on

critical players in important biogeochemical processes must be explored under

various natural conditions. Only then can we make intelligent predictions of future

impacts or lack thereof.

The pathways to increased exposure of environmental bacteria are similar

between antibiotics in the environment and nanoparticles. Washing of metal-coated

textiles will distribute released substances into waterways. Increased antibiotic

resistance traits can be found at much higher levels below water treatment facilities
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and below intensive agricultural areas. We would predict similar increases in metal-

resistant bacteria below such facilities due to co-selection caused by increased

selection by the antibiotics present in the water column (Baquero et al. 2008).
Because nanoparticles and antibiotics will have the same vectors of inputs into

waterways it will be difficult to ascertain whether increased metal resistance found

downstream is due to direct selection or via co-selection mechanisms. The same

problem is true in clinical situations. Because of the strong selection from the

various biocidal agents used it may be difficult to determine the exact mechanism

of increased metal and antibiotic resistance. Nevertheless, such studies are

imperative.

8 Evolutionary Arms Races

An evolutionary arms race occurs between two organisms when one is antagonistic

or parasitic towards the other. Selection should favor traits in the host or

antagonized species that prevent or decrease the incidence of infection or antago-

nism. However, this change in the host then provides selection for traits in the

antagonizing species which can overcome the acquired traits of the host. This tit-

for-tat cycle continues as a spiral of ever increasing point and counter-point

between the two species with each evolving to unique characteristics that promote

survival.

The limits of this spiral are determined by the genetic resources of the two

organisms. Researchers have investigated such an arms race between bacteria and

bacteriophage (Weitz et al. 2005). In this system the bacteria evolve to change the

binding site(s) that are used by the phage to gain entry into the bacterial cell. This in

turn results in selection of phage that are able to bind to novel sites. It is clear that

these arms races never eliminate either the host or the infectious agent but the

interaction controls densities.

Given that bacteria evolved in a metal-rich environment we should expect that

various gene combinations can be found that confer resistance to metals. Indeed,

Silver (1998) has stated that there are genes for all metals. In other words, there are

no toxic metals for which there are no genes or gene systems that can confer

resistance. Furthermore, there are genes that actually allow bacteria to accumulate

or sequester metals within the cytoplasm, such as metallochaperones. As man

continues to attempt to modify his environment, especially in the realm of clinical,

strong selection is imposed on potential disease-causing organisms. The result is a

general decrease in bacterial numbers and in many cases what appears as an initial

elimination of the disease-causing bacterial agents. However, over time resistant

bacteria emerge with traits that allow them to survive in ever increasing

concentrations of the bactericidal substances. Thus, an evolutionary arms race is

occurring between the capacity of bacteria to evolve and the creative ability of man

to make new substances that are effective against disease-causing bacteria. This is a

new area of evolution that, although the mechanisms used by bacteria have been in
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existence for millennia, is not between one species evolving in response to the

evolution of another species. Rather the selection is imposed by the technological

innovation of man and the genetic evolution of bacteria. The only question is which

species has the greatest probability to counter the other. Given the evolutionary

history of microorganisms and their impressive ability to develop resistances to all

known classes of naturally occurring and synthetic drug agents, bacteria represent

formidable opponents.

Novel or what seem to be novel methods to treat bacterial infections, regardless

of whether the substance used is newly synthesized and thus never been found

before in nature, has only a limited life expectancy or efficacy. Time and again,

bacteria have overcome these barriers and continue to infect man with decreasing

options for effective clinical intervention.

9 Is There a Reason for Concern?

One additional finding first reported in Baker-Austin et al. (2009) raises the specter
of unwitting artificial selection for so-called superbugs. They showed that with the

increasing number of antibiotics to which a bacterial isolate is resistant, there

appeared to be a concomitant increase in the concentration of the antibiotic that

was minimally inhibitive to those isolates. We refer to this as the “multiresistance

effect.” The bacteria in Baker-Austin et al. (2009) were shellfish pathogens Vibrio
vulnificus, collected from two known metal contaminated estuaries and from a third

nearly pristine estuary along the southeastern Atlantic coast. Figure 2 shows a

similar pattern among Escherichia coli bacteria from the same collection events

(unpublished). The obvious implication is that constant exposure to heavy metals,

in naturally occurring or anthropogenic elevated concentrations, co-selects for

multiple antibiotic resistance traits. More importantly, the more traits acquired,

the higher the concentration (on average) of the corresponding antibiotics required

to inhibit growth. This is a somewhat puzzling outcome given the prevailing

hypothesis that the acquisition of new traits/genes comes with a fitness cost that

isolates without such traits do not have to bear. Traditionally, a trade-off is expected

between the costs of carrying and replicating new genes in the genome and the

conferred fitness benefit in the presence of the selective agent. However, MacLean

et al. (2010) point out that

Once a population is dominated by resistant cells, mutants that have second-site compen-

satory mutations that recover the cost of resistance have higher fitness than resistant

genotypes lacking the compensatory mutations, and natural selection ultimately results in

the fixation of compensatory mutations,

which benefits remain, they point out, in the absences of antibiotics. Perhaps, this

explains the “multiresistance effect,” but to do so completely requires us to

acknowledge conveniently high second-site mutation rates given metal contami-

nant selection pressure in only ecological time. We suspect the more likely expla-

nation still has to do with HGT of those genes which recover fitness costs from
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carrying antibiotic resistance genes. After all, as we have discussed above, such

genes are likely to have been around for a very long time.

This research finding of a “multiresistance effect,” combined with evidence

provided earlier in this chapter should be sufficient cause for concern over the

widespread use of antimicrobials including metals on textiles. Co-selected bacteria

with resistance traits are likely to find their way into public water treatment facilities

and become gene nurseries for multiply resistant strains. Furthermore, HGT will only

add to this concern from the acquisition of antibiotic resistance genes by human

pathogens in such public works settings. Note that our discussion here does not

technically qualify as an ugly prediction, but should give pause for the assessment of

current research on these potential biological innovations that may have unintended

consequences.

10 Where Do We Go from Here?

Modern culture imposes economic incentives for the development of products that

meet perceived needs. Included in these needs are fabrics that help to eliminate

odors, that resist degradation, and that are capable of killing or greatly reducing

potential disease-causing organisms. Prior to the development of broad-spectrum

bactericides washing clothes was sufficient for the effective removal or temporary

inactivation of bacteria present in clothing. However, medicine and dentistry

require materials that can fight off infections. The development of these materials

opened the door for the development of textiles to be used by the general public.
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Fig. 2 An illustration among estuarine E. Coli isolates of the unexpected “multiresistance effect.”

This is a positive and statistically significant (p < 0.05) relationship between the number of

antibiotics to which an isolate is resistant and the mean minimum Inhibitory concentration (MIC)

among only those traits acquired per isolate, expressed on a standard normal deviate scale
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Many products are available to kill 99.99% of microbes on contact such as hand

washes and wipes. Progression towards fabrics and materials with antibacterial

substances embedded or attached is a continued step towards trying to rid humans

of possible infection-causing agents.

Given the seemingly unlimited capacity of bacteria to respond to and exploit

novel environments it is not surprising that resistance to metals, biocides, and

antibiotics occurs. Both metals and antibiotic are found in nature although the

role of antibiotics in nature is not fully elucidated. It is our contention that the use

of bactericidal products will over time select for resistant bacteria. Bacteria resis-

tant to the bactericide probably carry with it other co-selected traits. Bacteria can

live in the most inhospitable places on the planet, e.g., high level radioactive waste

tanks, thus it is unlikely that even high concentrations of metal nanoparticles would

be effective for long periods of time. In addition, the effects of metal nanoparticles,

released from antimicrobial textiles into the environment, are not understood and

could have serious consequences. Similar concerns have been raised about the long-

and short-term effects of human-derived antibiotics on natural systems. While there

may have been short-term effects such as the reduction in the abundance of specific

groups of bacteria, overall biogeochemical cycles have not been significantly

impacted by the release of antibiotics into the environment. However, as noted

above, antibiotics can be degraded over time either by microbial activity or through

natural weathering whereas metal nanoparticles cannot. Thus, while the effect of

antibiotics on natural processes has not been shown to be a major problem the effect

of metal nanoparticles is less sure. Regardless of whether metal resistance increases

in the community, some species are less capable of obtaining new genetic traits and

identifying and characterizing which bacteria are impacted is the question of

concern. For example if nitrogen fixing bacteria are negatively impacted we

might expect significant changes in nitrogen cycling over time.

The arms race will continue with man and his array of technologies and ability to

perceive, conceive, and achieve being matched by the long evolutionary history of

microbes. Microbes who first colonized the planet and continue to do so 3.8 billion

years later.
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