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Abstract 

During long-term manned spaceflight, controlling microbial contamination 

is of paramount importance as it can cause problems for the astronaut’s 

health – well documented to have a decreased immunity – and the 

infrastructure of the space station. Strains from the β-proteobacterial genera 

Cupriavidus and Ralstonia have been identified and isolated during 

numerous monitoring campaigns from different space-related environments. 

This study aimed to gather more insights in the ability of these genera to 

thrive in these environments.  

Several C. metallidurans and R. pickettii isolates from space-related 

environments were characterized in detail. Our results revealed that extreme 

resistance is not required to withstand the disinfection and sterilization 

procedures implemented in the International Space Station and space 

industry. All isolates acquired moderate to high tolerance against several 

stressors (antibiotics, silver and other metals, UV-C) and can grow in 

oligotrophic conditions, putatively enabling them to persist in these 

environments. 

An important part of this study investigated the silver resistance mechanisms 

of the C. metallidurans and R. pickettii isolates, as silver is used to sanitize 

space water sources. All isolates tolerated silver concentrations higher than 

those measured regularly in the drinking water aboard the ISS and survived a 

23 months exposure to 2 µM AgNO3 in drinking water. In addition, at least 

all C. metallidurans isolates carried efflux systems involved in silver 

detoxification. 

Furthermore, rapid evolution towards significantly increased silver 

resistance (> 10-fold compared to the parental strain) was observed with C. 
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metallidurans strains. Interestingly, the identified silver efflux pumps did not 

participate in this adaptive evolution. Whole-genome gene expression 

profiling and Illumina resequencing indicated the involvement of an 

uncharacterized protein that belongs to a unique group of ca. 20 homologous 

proteins distributed over the C. metallidurans genome. In addition, the data 

also indicated the putative involvement of the two-component regulatory 

system AgrR/S. 

Finally, as Insertion Sequence elements were involved in the above 

described adaptive evolution, all IS elements in type strain C. metallidurans 

CH34 were characterized and classified. Our observations indicated that 

these IS elements indeed play an active role in the lifestyle of CH34, 

including its metabolic potential and adaptation under selective pressure. 
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Chapter 1 

Microbial contamination monitoring 

and control during human space 

missions 

The ubiquity and resilience of microorganisms makes them 

unavoidable in most environments including space habitats. The 

impaired immune system of astronauts in flight raises the level of 

concern about disease risk during human space missions and 

additionally these biological contaminants may affect life support 

systems and hardware. In this chapter, the microbial contamination 

observed in manned space stations and in particular, the International 

Space Station will be discussed, demonstrating that it is a 

microbiologically safe working and living habitat. Microbial 

contamination levels were in general below the implemented quality 

standards, although, occasional contamination hazard reports indicate 

that the current prevention and monitoring strategies are a strict 

minimum. 

 

This chapter is based on the following publication: 

Van Houdt R., Mijnendonckx K., Leys N. (2012) Microbial contamination 

monitoring and control during human space missions Planetary and Space 

Science 60(1):115-120  
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1.1 Introduction 

The International Space Station (ISS) is an exceptional work and living 

place. This state-of-the-art small-enclosed volume accommodates alternating 

crews with 3 to 10 members. Astronauts on mission face unique 

circumstances including high working pressure, defined diet and restricted 

hygienic practices, microgravity and radiation. These factors affect the 

immune system of astronauts (reviewed by [1]) and increased susceptibility 

to infection in space analogous environments has been shown [2, 3]. 

The microbial population in these man-made environments mainly comes 

from the crew (skin, upper respiratory tract, mouth, and gastrointestinal 

tract) but also environmental microorganisms are present. This microbial 

population is further shaped both in diversity and mass by the unique 

combination of environmental factors (e.g. restricted hygienic practices, 

confinement, microgravity, radiation). Although most of these 

microorganisms do not pose severe risks for healthy people, the hampered 

immune system of astronauts combined with limited treatment and isolation 

possibilities, and no immediate return to Earth reinforces the requirement to 

control microbial contamination stringently. Therefore, the contamination 

level as well as its diversity needs to be controlled, to guarantee adequate 

living quality and reduce the risks of harmful effects on the crew. It is 

obvious that (opportunistic) pathogens, which are capable of causing 

infections and disease, take a dominant part in these preventive measures. 

Therefore, international microbiological quality standards for food, air, 

surfaces and water have been defined and prevention, monitoring and 

mitigation measures are implemented by the space agencies. 
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1.2 International environmental quality standards 

 for the ISS 

The maximal concentration of bacteria and fungi allowed in water, air and 

on surfaces in the living and working areas of the ISS were internationally 

defined to ensure the indoor environmental quality in space stations and are 

described in the ISS Medical Operations Requirements Document (ISS 

MORD) [4, 5]. The threshold levels are a trade-off between acceptable risk 

and realizable levels with the current prevention and monitoring 

technologies available and applicable for space (Table 1.1). Threshold levels 

are scored by the maximum total number of aerobic and heterotrophic viable 

cells of bacteria or fungi, counted as colony forming units on a rich agar 

medium. 

Table 1.1: Environmental microbial quality standards for air, surfaces 

and water in the ISS  

  Maximum for bacteria Maximum for fungi 

Pre-flight 

Air 300 CFU/m
3
 50 CFU/m

3
 

Internal surfaces 500 CFU/100 cm
2
 10 CFU/100 cm

2
 

Potable water* 50 CFU/ml ND 

In-flight 

Air 1000 CFU/m
3
 100 CFU/m

3
 

Internal surfaces 10,000 CFU/100 cm
2
 100 CFU/100 cm

2
 

Potable water* 50 CFU/ml ND 

ND = not determined, CFU = Colony Forming Unit, *Coliforms may not be 

detected. 

 

The in-flight air quality standards in the ISS are equivalent to limits 

frequently implemented for healthy offices [6, 7] and in general similar to 

those used to assess indoor air quality in Europe [8]. Based on the 

classification of the European Collaborative Action "Indoor Air Quality and 

its Impact on Man" for bacteria and fungi in homes and offices, the ISS 

threshold levels fall in the category intermediate for bacteria and low for 
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fungi [9]. Similarly, ISS drinking water standards are comparable to World 

Health Organization guidelines [10] and Earthly US standards [11]. For 

surfaces there are few published standards or guidelines on what are 

acceptable levels of microbial contamination. The European Commission 

Decision laid down that cleaned and disinfected surfaces in establishments 

for the production and marketing of fresh meat have an acceptable range 

when total viable counts are between 0-10 CFU/cm
2
 (equivalent to 0-1,000 

CFU/100 cm
2
) (2001/471/EC). For hand contact surfaces in hospitals, the 

total viable count should be less than 2.5 CFU/cm
2
 (equivalent to 250 

CFU/100 cm
2
) [12]. Therefore, ISS surface standards for bacterial 

contamination are less stringent than standards for food contact surfaces or 

hand contact surfaces in hospitals. The ISS surface standard for fungal 

contamination is comparable to those described in the Australian Mould 

Guidelines. The latter rates the hygiene of indoor surfaces normal when 

viable fungal concentration is between 50 and 105 CFU/100 cm
2
 [13]. 

1.3 Microbial contamination control in the ISS 

1.3.1 Air 

Airborne microorganisms can be dispersed through different routes 

including talking, coughing, sneezing, and sewage removal, and can cause 

irritation, respiratory infections and allergic diseases [14]. Dispersion and 

disposition of airborne particles is complex as particles are subjected to 

Brownian motion, gravity, electrical forces, thermal gradients, 

electromagnetic radiation, turbulent diffusion, inertial forces, and relative 

humidity [15, 16]. In addition, the ability of microorganisms to survive in 

droplets and on dust particles is affected by relative humidity, temperature, 

atmosphere composition (pollutants, oxygen), UV light and residence time 

[17-19]. 
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In an orbiting spacecraft, airborne microorganisms (and dust) do not settle 

due the absence of gravity and thermodiffusion or electrostatic forces gain in 

importance. This results in a more persistent (bio)aerosol and higher 

microbial contamination levels in cabin air and thus a continuous active 

removal of the aerosols from the air is necessary. Therefore, it is evident that 

the design and operational characteristics of a confined space station have an 

important impact on the spread of (bio)aerosols [20]. 

In space, the air in the ISS is continuously filtered to guarantee that the 

microbial levels remain below the thresholds and to prevent spread of 

microorganisms through bioaerosols. Different filters are used in the ISS: 

while the air in the U.S. Segment of the ISS (Nodes 1, 2, and 3, Lab, 

Airlock, Japanese Experiment module JEM-PM, and Columbus) is filtered 

through High Efficiency (HEPA) filters (Duane L. Pierson, pers. comm.), the 

Russian Segment (Service Module, Functional Cargo Block FGB, and Mini-

Research Modules 1 & 2) uses pleated woven (accordian structure) filters. 

However, both filter fine aerosols (from 0.3 µm) and constantly reduce the 

levels of dust particles and associated microorganisms in the air (99.97% 

efficiency for the HEPA filters) [21]. Although filters continuously 

scavenge, they do not inactivate microbial cells and need to be replaced 

when saturated. The POTOK 150MK Russian air filtration and disinfection 

systems do provide inactivation by using electrostatic pulses and charged 

ions followed by filtration with an efficiency up to 99% for particle sizes 

ranging from 0.01 µm to 10 µm [22]. Two POTOK systems are currently 

implemented in the ISS, one in Zvezda module and a second one in the 

Zarya module. 

To evaluate the airborne microbial population, air samples from different 

sites of the U.S. and Russian segments are collected regularly (once every 90 

days) within the framework of the standard on-board procedure "Control of 

Environmental Microecosphere" (MO-21). In the U.S. segment, two samples 
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are collected in each module with the U.S.-supplied Microbial Air Sampler 

Kit [23], one on a media plate for bacterial analysis and one for fungal 

analysis. In the Russian segment, the Ecosphera kit is used, which includes a 

SAS air sampling device (PBI International, Italy) that uses an 

aspiration/sedimentation method to collect air samples on petri dishes with 

trypcase soy agar and Czapek's medium for bacteria and fungi, respectively. 

In both cases, evaluation of the airborne microbial contamination (sample 

collection, incubation, data recording and interpretation) is performed by the 

crew aboard ISS and transmitted later to Earth by radio communication. 

1.3.2 Surface 

Most microorganisms are able to adhere to surfaces and form biofilms. This 

process promotes persistence and resilience of microbial contamination and 

has major implications for many industrial activities. For instance, biofilm 

formation in potable water distribution systems and on food and food contact 

surfaces constitutes an increased risk for product contamination with 

spoilage or pathogenic microorganisms [24, 25]. 

In space vehicles, microbial contamination levels on surfaces and 

instrumentation are minimized pre-flight with different methods such as 

heat, radiation or chemicals depending on surface-cleaning method 

compatibility [26]. In flight, surfaces burdened with contamination levels 

above the threshold levels are wiped with disinfectant wipes according to the 

guidelines until a decrease of the contamination below the acceptability 

limits is obtained. The active ingredient in these disinfectant wipes is either a 

quaternary ammonium compound (supplied by U.S.) or a mixture of 

hydrogen peroxide and a quaternary ammonium compound (supplied by 

Russia). When cleaning fails repeatedly removal and replacement of the 

contaminated surfaces is the final countermeasure. 
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To evaluate the microbial contamination of surfaces aboard ISS, samples 

from different sites of the U.S. and Russian segments are collected regularly 

within the framework of the standard on-board procedure "Sanitary-

Epidemiological Status Monitoring" (MO-22). In the U.S. segment, two sites 

are sampled once every 90 days in each module with the U.S.-supplied 

Surface Sampler Kit (SSK) [27], one on a media plate for bacterial analysis 

and one for fungal analysis. If the designated crew member observes that the 

acceptability limit is exceeded, a digital image of the sample will be 

downlinked and evaluated by NASA and RSA microbiologists. In addition, 

samples are further analysed post-flight and detection of clinically 

significant organism is reported. In the Russian segment, the Test Tube Kit 

for Microbiological Sampling is used, which is a pouch holding fluoroplastic 

test tubes with preservative impregnated pads. Sample collection is done by 

swabbing a 10 by 10 cm surface area within 1 to 2 days before completion of 

each mission and sample return to the laboratory simultaneous with crew 

return. Post-flight, bacterial and fungal numbers are analysed and 

morphologically-different isolates are identified. If acceptability limits are 

exceeded, recommendations to the crew are transmitted. Thus, evaluation of 

the microbial contamination of surfaces differs slightly between the U.S. and 

Russian segments, while for the U.S. samples are processed and evaluated 

aboard, the Russian segment relies solely on post-flight analysis. 

1.3.3 Water 

Microbial contamination of drinking water is a well-known hazard, both 

from a health perspective as well as for microbial-mediated corrosion [28, 

29]. In drinking water storage and distribution systems, microorganisms 

often develop into biofilms. These sessile communities facilitate the 

persistence of pathogens and show an increased resistance to disinfectants 

[24, 30-32]. The latter can be due to different mechanisms such as a slow or 

incomplete penetration of the biocide into the biofilm, an altered physiology 
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of the biofilm cells, expression of an adaptive stress response by some cells, 

or differentiation of a small subpopulation of cells into persister cells [24]. 

Appropriate monitoring and disinfection methods are therefore essential to 

mitigate the risks to crew health and hardware disintegration. 

The ISS is provided with potable water through different supplies. The 

Russian PROGRESS, European ATV and American Shuttle vehicles provide 

ground-supplied water [33-35]. However, it's expensive to ship water from 

Earth to space as transport costs to deliver items to the ISS run up to 10,000 

Euros per kilogram [36]. This emphasizes the necessity to recycle water in 

space. Water from the Shuttle fuel cells is collected in Contingency Water 

Containers (CWC) during flight and transferred to the ISS upon arrival [33-

35]. Aboard the ISS, humidity condensate, which mainly originates from the 

crew's breath and sweat, is collected and purified by the Russian SRV-K 

system located in the Service Module [34]. In addition since May 2009, 

humidity condensate and urine distillate are being recycled by the U.S. 

Water Recovery System (WRS) (U.S. Segment) into potable water, which is 

then distributed by the Potable Water Dispenser. 

Microbial contamination of the potable water sources in ISS is prevented by 

the addition of silver (4.6 µM) pre- and in-flight. Potable water collected in 

CWC during Shuttle flight is disinfected by the addition of iodine (15.8 -

39.4 µM), which is removed and replaced by silver before being dispended 

for consumption [34]. 

The quality of potable water from different ports in the Russian (SRV-K, 

SVO-ZV, CWC) and U.S. segment (WRS) are checked once every three 

months and each month, respectively. The samples are processed in-flight 

with the U.S.-supplied Water Microbiology Kit [5, 37] for the quantification 

of heterotrophic bacteria and for the U.S segment also for the presence of 

coliforms. In addition, samples are regularly archived for further analysis 
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post-flight. The sampling schedule and frequency is adjusted when 

recommended by U.S. and Russian experts to ensure water quality aboard 

the ISS. 

1.3.4 Food 

Finally, also food processing (production and packaging) is rigorously tested 

and controlled pre-flight to guarantee that contamination levels comply with 

the implemented standards for space flight foods [5, 38, 39]. Noteworthy, the 

Hazard Analysis Critical Control Point management system applied in the 

food industry is designed to identify and prevent microbial and other hazards 

in food production and was initially developed by the Pillsbury Company 

while working on producing foods for NASA for space flights in the early 

1960s [40]. 

Commercially sterile food, which by definition is free of microorganisms 

capable of reproducing in the food under normal non-refrigerated conditions 

of storage and distribution, is checked for package integrity. Foods for space 

flights that are not commercially sterile are analysed at the stage of raw 

materials (before packaging) for certain specific microorganisms depending 

on the product (5 samples from each lot) and after flight packaging (finished 

goods) for total aerobic count (one sample from each daily production) 

(Table 1.2) [39]. 

1.4 The environmental microbial contamination 

 detected aboard the ISS 

1.4.1 Air 

The airborne bacterial and fungal contamination levels were already 

monitored during the occupation of the Mir space station (1986-2001). In 

general (95% of the samples) the air contained less than 500 bacterial CFU 
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per m
3
 of air and occasional increases were due to human exercise [41]. The 

concentration of fungi in the air ranged from 2 up to 10,000 fungal CFU per 

m
3
 of air [41]. Although the fungal concentrations fluctuated strongly, an 

initial build-up was observed probably due to fungal accumulation on 

different locations and equipment inside the station [41]. Later, a comparable 

survey was performed aboard the ISS (from the year 1998 to 2005) and 

showed that the airborne bacterial and fungal contamination were low with a 

maximum of 710 and 44 CFU/m
3
, respectively [42] (Table 1.3). These levels 

were well within the acceptable levels defined by the current threshold limits 

aboard the ISS (1,000 bacterial and 100 fungal CFU/m
3
). The improved 

microbial air quality in the ISS compared to Mir was largely caused by the 

installation of the efficient Russian air disinfection and filtration system 

POTOK 150MK. A similar increase in microbial air quality was noticed in 

Mir after installation of this system in January 1998 [41]. This illustrates 

(and as mentioned above) that rational habitat design is essential and 

probably most cost-effective in the long-term. 

Table 1.2: Microbial testing procedure for foods that are not 

commercially sterile 

Test Item is rejected 

Total aerobic count If > 20,000 CFU/g in a sample or 

If > 10,000 CFU/g in more than 1 sample 

Yeast and moulds If > 1,000 CFU/g in a sample or 

If > 100 CFU/g in more than 1 sample 

Coliform If > 100 CFU/g in a sample or 

If > 10 CFU/g in more than 1 sample 

Coagulase-positive 

staphylococci 

If > 100 CFU/g in a sample or 

If > 10 CFU/g in more than 1 sample 

Salmonella If > 0 CFU/g in a sample 

The observed airborne contamination levels were generally within the 

acceptable levels (see above), however, these absolute numbers do not 

necessarily reveal the associated risks since no information is provided about 
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the pathogenic potential of the contaminants. Identification of the 

microorganisms that make up the contamination is thus an essential 

supplement to their numbers, to be able to truly asses the risks associated to 

such contamination. Staphylococcus and Bacillus spp. were found to be the 

dominant bacterial species in the air aboard ISS [43], which is similar to 

other surveys in non-space related confined environments such as airplanes 

[44] and polar stations [45]. Staphylococcus aureus, which colonizes 

naturally the skin and nose of healthy people, but also can cause a range of 

illnesses, was observed occasionally (in 3.2% of the cases). Exchange of S. 

aureus strains among crewmembers was also observed in previous missions 

[46]. The dominant fungal species were Penicillium and Aspergillus [42], 

which are xerophilic and primary colonizers of indoor environments [9, 47, 

48] and may trigger hypersensitivity reactions such as rhinitis, sinusitis or 

asthma [49]. 

Table 1.3: Environmental microbial contamination reported for air, 

surfaces and water in the ISS 

In-flight Bacteria Fungi Reference 

Air < 710 CFU/m
3
 

Dominant: Staphylococcus and 

Bacillus spp. 

< 44 CFU/m
3
 

Dominant: 

Penicillium and 

Aspergillus spp. 

[42] 

Internal 

surfaces 

24 – 43,000 CFU/100 cm
2
 

Dominant: Staphylococcus and 

Bacillus spp. 

25 - 300,000 

CFU/100 cm
2
 

Dominant: 

Penicillium and 

Aspergillus spp. 

[42] 

Potable 

Water 

Often >100 CFU/100 ml 

Dominant: Methylobacterium, 

Ralstonia, Sphingomonas and 

Pseudomonas spp. 

ND [50] 

1.4.2 Surface 

A large survey performed aboard the ISS (from the year 1998 to 2005), 

which included 243 swab samples, showed that the bacterial and fungal 
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contamination ranged from 25 to 43,000/100 cm
2
 and from 25 to 

300,000/100 cm
2
, respectively [42] (Table 1.3). These contamination levels 

varied strongly but were in most cases low and below the implemented 

threshold limits (i.e. 10,000 bacterial and 100 fungal CFU/100 cm²) [42]. 

Some surfaces were apparently more prone to an occasional rise in bacterial 

and fungal contamination such as a panel of the ventilation screen and the 

table surface in the Service Module, or behind panels of the Functional 

Cargo Blok [35, 42]. Despite the drop in contamination levels after 

disinfection (as described above), the resilience of contamination at certain 

locations could indicate either a resistance to the used disinfectants, 

favourable growth conditions (e.g. humidity), or both. 

All data collected were based on the current implemented procedures, which 

are culture-dependent analyses. These labour-intensive and time-consuming 

analyses with a bias towards the culturable fraction of the population 

motivate the need to develop new rapid monitoring systems. One of these 

new techniques that has been tested aboard the ISS is the Lab-On-a-Chip 

Application Development Portable Test System (LOCAD-PTS), which is 

based on the Limulus Amebocyte Lysate assay [51, 52]. In this system, the 

presence of endotoxin (lipopolysaccharides), lipoteichoic acid and β-1.3-

glucan activates and cleaves a colorimetric substrate, resulting in a 

quantifiable color, enabling the detection and quantification of Gram-

negative, Gram-positive bacteria and fungi, respectively. However, it cannot 

distinguish between live and dead organisms. Recent analyses aboard ISS 

with the LOCAD-PTS indicated that the highest endotoxin levels were found 

on surfaces associated with human activity such as exercise, hygienic, dining 

and sleeping areas [51, 52].  
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1.4.3 Water 

A four-year monitoring campaign (27 sampling times spread over the period 

2000-2004) was performed on the the ISS SVO-ZV system, which dispenses 

at ambient temperature both the Russian ground-supplied and the CWC 

water for consumption. These in-flight analyses showed that bacterial 

contamination levels were above the former acceptability limit of 100 

CFU/100 ml in 16 cases (60%) [34]. Most of the recovered isolates were 

typical waterborne gram-negative bacteria, including the genera 

Methylobacterium, Ralstonia, Sphingomonas and Pseudomonas. Most of 

these bacteria are non-pathogenic and only some members of these groups 

are recognized as opportunistic pathogens. Therefore, this contamination 

does not pose an immediate risk to the astronauts. Nevertheless, 

consumption of this contaminated potable water is prohibited, as currently 

the identification methods that are available for in-flight screening of the 

water quality are not fully validated. Thus, clearly, these types of water 

contamination waste large amounts of crew time and Earth-based resources 

and require more materials to be transferred both to and from the ISS, which 

is very costly. 

A series of remediation actions were initiated to combat this recurrent water 

contamination, however, contamination levels increased again above the 

threshold limit shortly afterwards [34]. The observed resilience could be due 

to a number of factors. For instance, the contaminating bacterial population 

could be adapted to survive in these oligotrophic conditions by the formation 

of a starved and non-culturable but metabolic active fraction of the 

population (VBNC) or by the formation of persister cells, which are both 

more resistant to disinfectants. A small McAlister and colleagues [53] 

showed that Ralstonia sp. isolated from ultrapure water systems were able to 

survive in such ultrapure water for up to 6 months. Ralstonia solanacearum 

was even able to survive over 4 years in river water [54]. In addition, the 



Microbial contamination monitoring and control during human space missions 

14 

 

bacterial population could be equipped with resistance mechanisms towards 

silver, which is the designated biocide in the ISS potable water [33]. Isolates 

recovered from ISS water indeed showed the presence of large plasmids 

similar to the plasmids of Cupriavidus metallidurans strain CH34 [55], 

which could be indicative for the presence of silver resistance mechanisms. 

C. metallidurans strain CH34 (formerly Ralstonia metallidurans CH34) has 

been studied intensively for its resistance towards multiple heavy metals 

including silver, for which the genetic determinants are mostly carried by 

one of its large plasmids [56, 57]. Finally, certain parts in the water system 

could be prone to bacterial adherence and subsequent biofilm formation, 

which could augment the aspects described above. 

1.5 Conclusions 

The combined effort of the different space agencies to evaluate the microbial 

contamination aboard ISS continuously, which is in-flight for almost ten 

years, showed that it is a microbiologically safe working and living habitat. 

Nevertheless, multiple reported contamination events indicate that the 

current prevention, monitoring and disinfection methods are the strict 

minimum to control the microbial contamination in manned space stations. 

The current efforts and limitations even motivate further development and 

improvement of these or new methods. 

As prevention is the first step, it will be an essential element in the design of 

(future) orbital and planetary space stations, which should integrate, next to 

thermal, mechanical and chemical resistance of equipment and utensils, also 

the hygienic properties (e.g. biofouling or antimicrobial surface properties). 

A rational habitat design that integrates both constructional and health-

related parameters is essential and probably most cost-effective in the long-

term. 
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In addition, monitoring tools could be optimized by developing online 

detection tools that are capable of simultaneous quantification and 

identification. These molecular, non-culture dependent assays would be less 

time consuming for the astronauts, bypass the necessity for post-flight 

analyses, and allow quick and autonomous decisions by the crew resulting in 

an accurate assessment and remediation of contamination problems aboard 

space stations. However, development of new techniques should be 

continued and stimulated since each culture-independent monitoring system 

has its own drawbacks (e.g. sensitivity, selectivity and reliability).  
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Chapter 2 

Antimicrobial silver: uses, toxicity and 

potential for resistance 

This chapter gives a comprehensive overview of the widespread use and 

toxicity of silver compounds in many biological applications. Moreover, the 

bacterial silver resistance mechanisms and their spread in the environment 

are discussed. This chapter shows that it is important to understand in detail 

how silver and silver nanoparticles exert their toxicity and to understand how 

bacteria acquire silver resistance. Silver ions have shown to possess strong 

antimicrobial properties but cause no immediate and serious risk for human 

health, which led to an extensive use of silver-based products in many 

applications. However, the risk of silver nanoparticles is not yet clarified and 

their widespread use could increase silver release in the environment, which 

can have negative impacts on ecosystems. Moreover, it is shown that silver 

resistance determinants are widely spread among environmental and 

clinically relevant bacteria. These resistance determinants are often located 

on mobile genetic elements, facilitating their spread. Therefore, detailed 

knowledge of the silver toxicity and resistance mechanisms can improve its 

applications and lead to a better understanding of the impact on human 

health and ecosystems. 

 

This chapter is based on the following publication: 

Mijnendonckx K., Leys N., Mahillon J., Silver S., Van Houdt R. (2013) 

Antimicrobial silver: uses, toxicity and potential for resistance Biometals 26 

(3)  
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2.1 Introduction  

The transition metal silver, both a precious and an industrial metal, is mined 

with an estimated production of 24,000 tons in 2012 and has a wide range of 

applications. Silver is used for coin and metal fabrication, in electrical and 

electronic compounds and for jewelry. In addition, the broad-spectrum 

antimicrobial effects of silver are well documented. Already the ancient 

Greeks used silver preparations for the treatment of ulcers, to stimulate 

wound healing and as preservative for food and water [58]. In fact, silver 

was perhaps the most important antimicrobial compound before the 

introduction of antibiotics in the 1940s and is still used today in a wide range 

of medical applications because of its antibacterial effects and low toxicity to 

human cells. Examples are the use of silver preparations as topical cream in 

the treatment of burn wounds [59], in dental amalgams, in preventative eye 

care and the use of silver-impregnated polymers to prevent bacterial 

(biofilm) growth on medical devices such as catheters and heart valves. 

Silver is also widely used as a (co-)disinfectant of water systems such as 

swimming pool water, hospital hot water systems and potable water systems. 

For these purposes, silver has the advantages that it has no unfavourable 

effect on the colour, taste and odour of water [60]. Silver is even used as an 

alternative to detergents for laundry [61]. The increase in occurrence and 

number of antibiotic-resistant strains revived the interest in the antimicrobial 

effects of silver and its compounds. However, concerns are being stated 

about whether excessive clinical use of silver compounds possibly results in 

silver-resistant bacteria [62], as reported several times [63, 64]. Silver-

resistant bacteria also have been isolated from non-clinical environments 

where silver is present. Silver is naturally found in association with other 

metals to form minerals, as trace elements in gold, lead, zinc and copper 

ores, or can be introduced in the environment through industrial wastewater 

[65, 66]. So far, the mechanisms of silver resistance have not been fully 
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elucidated yet and different preventive strategies have been suggested. Here, 

an overview of understanding silver toxicity to human cells and the 

antimicrobial activity of silver ions and silver nanoparticles will be 

presented. In addition, resistance mechanisms against silver in bacteria are 

discussed. 

2.2 Human toxicity of silver 

Recently, the use of silver in antibacterial and antifungal agents in wound 

care products, medical devices, textiles, cosmetics and domestic appliances 

had a tremendous boost [62, 64]. This raised issues about the safety aspects 

and potential risks associated with the absorption of Ag
+
 into the human 

body [67, 68]. Human toxicology of silver is not well documented. Relevant 

experimental studies in animal models that are reported openly and 

epidemiological studies evaluating people that come into contact with silver 

are rather limited [67, 68]. It seems that health risks associated with systemic 

absorption of silver ions are rather low [67, 68]. The most common 

observable changes associated with prolonged exposure to silver compounds 

are argyria and argyrosis, characterized by an irreversible deposition of 

silver selenide and silver sulfide precipitates in the skin and the eyes, 

respectively. The affected area becomes bluish-gray and it becomes worse in 

the presence of sunlight. However, argyria and argyriosis are not life 

threatening and are not associated with irreversible tissue damage [67-69]. 

Like most other xenobiotic metals, silver can elicit delayed contact 

hypersensitivity reactions and allergy in rare predisposed persons. However, 

the extent of the risk is until now not known [68].  

There are several recommended exposure limits and guidelines for silver, but 

the values vary according to the reference agency that promulgates 

recommendations. The World Health Organization decided that a lifetime 

intake of about 10 g of silver can be considered the human no observable 
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adverse effect level [70]. The National Institute for Occupational Safety and 

Health (USA) set current exposure limits for silver compounds in air at 

0.093 µM and in drinking water at 0.93 µM. The American Conference on 

Governmental Industrial Hygienists set exposure limits in environmental 

exposures and drinking water regulations at 0.93 µM. The European 

Commission recommended an 8 hour time-weighted average of 0.93 µM 

total silver dust as occupational exposure limit [67, 70]. This suggests that 

humans are unlikely to be exposed to sufficient amounts of silver in their 

lifetime to provoke symptoms of argyria [70]. However, care should be 

taken when using commercially available silver products containing 

unspecified levels of ionizable silver, e.g. 'Jintan Silver Pills', an inventive 

Japanese remedy for heartburn, nausea, vomiting, motion sickness, 

hangover, dizziness, bad breath, choking, indisposition and sunstroke 

(according to the label) [64, 68]. People living in highly polluted areas with 

silver residues from factory wastes (e.g. the San Francisco Bay) have also an 

increased risk to develop argyria as silver enters the food chain [71].  

2.3 Antimicrobial activity of silver ions 

The antimicrobial activity of silver compounds has been studied for many 

decades [72-74]. Reports were not always conclusive about the mechanism 

of action. An overview of the successive steps how silver exerts its 

antibacterial effect is shown in Figure 2.1.  

Silver rapidly interacts with sulfhydryl groups on the surface of 

microorganisms by replacing the hydrogen atoms, which results in the 

formation of an S-Ag bond. This completely blocks respiration and electron 

transfer, hampering the induction of successful rescue mechanisms [74, 75]. 

In addition, blocking respiration and electron transfer causes a collapse of 

the proton motive force, resulting in de-energizing the membrane and 

ultimately leading to cell death [76]. In Escherichia coli, a collapse of the 
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proton motive force and subsequent cell death was observed after addition of 

AgNO3 [77]. Similarly, in Vibrio cholerae, low concentrations of Ag
+
 led to 

massive proton leakage through the membrane [76]. In V. cholerae this 

effect was independent of the presence of the Na
+
-translocating NADH-

ubiquinone oxidoreductase [76], previously thought to be one of the primary 

targets of Ag
+
 ions [78-80], suggesting that other membrane proteins 

modified by Ag
+
 can cause proton leakage.  

 

Figure 2.1: Antimicrobial effects of Ag
+
. Interaction with membrane 

proteins and blocking respiration and electron transfer; inside the cell, 

Ag
+
 ions interact with DNA, proteins and induce ROS production. 

Disruption of the cell membrane results in the entrance of Ag
+
 in the 

cytoplasm where it can exert additional damage at many stages. Ag
+
 ions are 

able to form complexes with nucleic acids and preferentially interact with 

the nucleosides rather than with the phosphate groups of nucleic acids. 

Binding to the guanine base (N
7
 atom), which is affected by methylation, 

enhances pyrimidine dimerization and interferes with DNA replication [74]. 

Nevertheless, it is hypothesized that the most profound effect of silver ions is 
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their interaction with thiol groups [74, 75, 77]. Since the thiol group of 

cysteine residues is necessary for the activity of many enzymes, interaction 

leads to conformational changes and to inactivation of enzymatic functions. 

Liau, et al. [81] showed that the activity of silver nitrate against 

Pseudomonas aeruginosa PAO1 was neutralized by cysteine and other thiol 

compounds (e.g. sodium thioglycolate) contrary to amino acids containing 

disulfide bonds, non-sulfur containing amino acids and other sulfur-

containing compounds such as cystathionine, cysteic acid, methyl cysteine, 

methionine, taurine, sodium bisulfite and sodium thiosulfate. 

All aerobic organisms produce Reactive Oxygen Species (ROS) as a by-

product of aerobic respiration. ROS are short-lived reactive oxidants that are 

highly toxic as they cause damage to proteins, DNA, RNA and lipids [82]. 

Recent work showed that Ag
+
 treatment promotes ROS production and, in 

that way, the antibacterial effect can be enhanced [75, 83]. SoxR-mediated 

transcription of soxS was induced after silver treatment in a similar way to 

that after treatment with paraquat, a known superoxide-radical generator 

[83]. Superoxide anions can cause liberation of iron from iron-sulfur clusters 

of the respiratory chain enzymes, which in turn can induce the production of 

hydroxyl radicals through the Fenton reaction [75]. The activity of anti-

oxidative enzymes depends on thiol groups, which are blocked by Ag
+
. 

Therefore, these enzymes are probably not able to detoxify the generated 

ROS. In addition, anaerobically grown bacteria are often less susceptible to 

Ag
+
 ions putatively reflecting the influence of ROS production on the 

antibacterial activity of Ag
+
 [83, 84]. However, a significant difference in 

silver toxicity is not always observed under aerobic and anaerobic conditions 

indicating that other factors are at play. For instance, a rapid decrease in 

viable cells of E. coli was observed with silver zeolite in aerobic conditions 

while it was not seen in anaerobic conditions, while treatment with AgNO3 

resulted in a rapid decrease of viable cells in both conditions [84]. Xiu and 
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colleagues [85] also observed that oxygen did not affect the toxicity of 

AgNO3 to E. coli K12. 

Kim and colleagues [86] showed that the toxic effect of silver ions on E. coli 

and on MS2 phages significantly increased in the presence of UV-A and 

visible light irradiation. Possibly, photochemical destruction of the silver-

cysteine complex and subsequent formation of monosulfide radicals are at 

the basis of this observation [86]. Similar to ROS, these radicals may 

directly interact with polyunsaturated fatty acids in membranes and initiate 

lipid peroxidation. Consequently, a decrease in membrane fluidity occurs, 

which alters membrane properties and can disrupt membrane bound proteins 

[82].  

The toxicity of silver compounds depends on the bioavailability of Ag
+
 ions 

and (among other) on the amount of halides in the growth medium [87]. A 

large fraction of Ag
+
 rapidly binds to proteins, hence it use as general protein 

stain, and forms complexes with free chloride, phosphate and sulfate ions. 

Therefore, to sustain antimicrobial activity, Ag
+
 should be released slowly 

and continuously [88]. Several studies showed that the difference in silver 

resistance and sensitivity was more explicit in the presence of Cl
-
 [87, 89]. 

Moderate levels of Cl
-
 interact with Ag

+
 and precipitate as AgCl thereby 

decreasing available Ag
+
. However, higher levels of Cl

-
 bring back the Ag

+
 

in solution as AgCl2
-
 making it available again. Br

-
 has a similar effect but as 

AgBr is less soluble than AgCl, it functions at lower concentrations. I
-
 

removes Ag
+
 into a non-bioavailable 1:1 AgI precipitate [64, 87]. Besides 

implications for laboratory studies, this affects also environmental studies, as 

soil and aqueous environments contain several ligands able to complex Ag
+
. 
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2.4 Silver nanoparticles 

Silver nanoparticles (AgNPs) are particles of Ag
(0)

 with a size ranging from 

1 to 100 nm. This small size gives them specific physiochemical 

characteristics different from those of bulk materials of the same 

composition, mainly due to the high surface-area-to-volume ratio [90]. As of 

March 2011, AgNP-containing products constitute the largest group of all 

the nano-based commercial products available on the market. It is mentioned 

in 313 products while the second best, carbon-based nanoparticles, is only 

mentioned in 91 product descriptions. The specific characteristics of AgNPs, 

makes them interesting to use in inks [91], microelectronics [92] and 

medical imaging [93]. However, the broad-spectrum antibacterial activities 

of AgNPs made them very popular in several medical applications, in milk 

bottles and toys for children, clothing, sheets and pillows, cosmetics, 

refrigerators, vacuum cleaners, washing machines, plenty of personal care 

applications and many others. This extensive use leads to an increased 

release of AgNPs (and Ag
+
 ions) in the environment, which consequently 

might have harmful ecological effects [94, 95]. Therefore, detailed 

knowledge about the toxicity mechanism and behaviour of AgNPs is 

necessary. Moreover, this will help to improve the antimicrobial applications 

of AgNPs.  

The toxic effect of AgNPs against a broad spectrum of Gram-negative and 

Gram-positive bacteria [reviewed in 90] and viruses [96-98] has been 

reported. However, the mechanism how AgNPs exert their toxicity is not yet 

completely known. The shape of AgNPs and more specific their effective 

surface area in terms of active facets is important for their toxicity as 

triangular particles seem to be more effective than spherical particles, which 

are again more effective than rod shaped particles [99]. Another study 

showed that the surface charge is the most important factor in toxicity [100]. 

Bacillus spp. were less susceptible to more negatively-charged AgNPs than 
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to more positively-charged AgNPs, due to the high degree of repulsion 

between the negatively-charged membrane and the negatively-charged 

AgNPs. Positively-charged AgNPs are attracted by the cell membrane 

allowing a higher degree of interaction, resulting in higher toxicity [100]. 

As indicated above, several studies suggest that the toxicity of AgNPs is 

affected by their size, which is responsible for their specific physiochemical 

characteristics. The smaller the nanoparticles are, the larger the surface 

available for interaction is, resulting in a higher specific activity [101-103]. 

In addition, compared to larger AgNPs, small AgNPs release more Ag
+
 ions 

[102, 104] and consequently exhibit stronger antimicrobial activities. When 

larger AgNPs are used, microbial growth is inhibited due to the particle itself 

rather than to the Ag
+
 ions [102]. Moreover, it is shown that the type of 

capping agent used to prevent aggregation of the nanoparticles, and 

environmental conditions such as pH, ionic strength and electrolyte type 

influence the aggregation potential and toxicity of AgNPs [85, 105]. 

However, Xiu et al. [104] recently showed that particle properties affect the 

toxicity of AgNPs only in an indirect manner through mechanisms that 

influence the rate, extent, location and/or timing of Ag
+
 release, which is the 

only factor responsible for the antimicrobial activity of AgNPs. Their 

hypothesis was confirmed by testing the antimicrobial activity of self-made 

glycol-thiol coated AgNPs (PEG-AgNPs) and commercially available 

polyvinylpyrrolidone-coated AgNPs (PVP-AgNPs) of different sizes and 

with different surface charges. No significant difference between the dose-

response patterns of the tested AgNPs expressed as a function of the released 

Ag
+
 concentration and the dose-response pattern of cells exposed to ionic 

Ag
+
 was observed. In addition, when PEG-AgNPs of 5 or 11 nm were 

prepared anaerobically and thus no Ag
+
 ions were released, no measurable 

toxic effect on E. coli K-12 was observed (the highest concentration reached 

in the chamber was 158 mg/l for 5 nm and 195 mg/l for 11 nm particles) 
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[104]. In a previous experiment with commercially available AgNPs coated 

with amorphous carbon (AC-AgNPs), toxicity also increased after exposure 

to air  [85]. However, in this study, a 98 % mortality was observed after 

treatment of E. coli K-12 with anaerobically prepared AC-AgNPs [85] 

contrary to PEG-AgNPs [104]. Therefore, next to the release of Ag
+
 from 

AgNPs, the influence of the capping agent cannot be ignored (Figure 2.2). 

Notably, hormesis has been observed when E. coli K-12 and Cupriavidus 

necator H16 were exposed to sublethal concentrations of AgNPs [104, 106]. 

This stimulatory effect could be elicited by the residual Ag
+
 in the AgNPs 

stock suspension [104] and is of significant importance to consider in 

antimicrobial applications of AgNPs. 

 

Figure 2.2: The antimicrobial effects of AgNPs depend on 1) their size 

and environmental conditions, which influence release of Ag+ release, 

and 2) the capping agent. 

 

Many chemical and physical methods exist to produce AgNPs. The most 

common method is chemical reduction from Ag
+
 to Ag

0
 with a chemical 

reducing agent (e.g. NaBH4,) together with a stabilizer (e.g. PVP) to prevent 

aggregation. However, with this method, it is difficult to control the size of 

the AgNPs, the process is expensive, and the reducing agents can be toxic 

for the environment [101]. Therefore, "green synthesis" of AgNPs is of 

increased interest. It has been shown that the use of bacteria has potential in 
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the eco-friendly production of AgNPs. Extracellular AgNPs were produced 

using the culture supernatant of Staphylococcus aureus [107], Bacillus 

megaterium [108], P. aeruginosa [109], Klebsiella pneumoniae [110] and 

many other bacteria. Formation of intracellular Ag-based crystals was 

observed in Pseudomonas stutzeri AG259 [111]. In addition, a silver-binding 

peptide selected from a combinatorial phage display and fixed on the E. coli 

maltose-binding protein, promotes silver tolerance and the formation of 

periplasmic AgNPs [112]. These observations indicate that bacteria can be of 

interest for the biological synthesis of silver nanomaterials and also for 

bioremediation of toxic silver waste. 

Although there is a large amount of data available about the usefulness and 

toxicity of AgNPs, there is no standardization of the preparation method of 

AgNPs, nor for toxicity studies [94]. Moreover, the mechanism of killing 

can differ depending on the studied organism. In multicellular organisms, 

there can be an organism-specific immune response to different nanoparticle 

morphologies leading to different observations, making it difficult to 

extrapolate results to different biological systems [104]. 

2.5 Silver resistance mechanisms 

The first silver-resistant bacteria were identified and isolated in the 1960s 

from a burn wound that was treated with silver nitrate [113]. Since then, 

silver-resistant bacteria were repeatedly isolated from clinical environments, 

burn wounds and even teeth [63, 114, 115]. Silver resistant microorganisms 

were recovered also from environments with naturally occurring silver. For 

example, a P. stutzeri strain was isolated from the soil of a silver mine in 

Utah [65] and the yeast Candida argentea was obtained from the sediments 

of a disused metal mine in the UK [116].  
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The first described, and to date best-characterized silver resistance 

mechanism, is encoded on plasmid pMG101 of Salmonella enterica serovar 

Typhimurium. This strain led to closure of the Massachusetts General 

Hospital burn ward as it killed several patients [63]. The 180 kb pMG101 

plasmid belongs to the IncHI incompatibility group and confers resistance to 

silver, mercury, tellurite as well as to several antibiotics [117]. The region 

that is responsible for silver resistance, silCFBA(ORF105aa)PRSE, 

comprises 9 genes of which 8 are characterized primarily based on 

homologies with other known metal resistance determinants [64, 118] 

(Figure 2.3). SilP, a P-type ATPase efflux pump, transports silver ions from 

the cell cytoplasm to the periplasm. SilF, a periplasmic protein that probably 

functions as chaperone, transports Ag
+ 

from SilP to the SilCBA complex. 

This complex forms a three-polypeptide membrane-potential dependent 

cation/proton antiporter system that spans the entire cell membrane and 

belongs to the Heavy Metal Efflux - Resistance Nodulation cell Division 

(HME-RND) family of efflux pumps. The complex consisting of a 

transmembrane efflux pump (SilA), an outermembrane factor (SilC), and a 

membrane fustion protein (SilB), pumps Ag
+
from the periplasm and the 

cytoplasm to the exterior of the cell (Figure 2.3) [64, 119]. The gene orf105 

is located between silA and silP and putatively codes for an uncharacterized 

protein of 105 amino acids [117]. The silCFBA(ORF105aa)P genes are 

transcriptionally controlled by silRS, encoding a two-component regulatory 

system consisting of a transmembrane histidine kinase SilS and a response 

regulator SilR. The proteins are homologous to other two-component 

regulatory system involved in regulation of metal resistance determinants. 

The silE gene, encoding a periplasmic protein, is located downstream of 

silRS. The gene is under control of its own promoter and is strongly induced 

during growth in the presence of Ag
+
. Although the precise role of SilE in 

silver resistance is not yet experimentally validated, one SilE molecule can 

bind up to 38 Ag
+
 ions depending on the experimental conditions [66]. 
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Therefore, SilE could provide the first line of defense by binding Ag
+
 in the 

periplasm before Ag
+
 enters the cytoplasm. A homologous protein, PcoE, 

has 48 % identity with SilE. PcoE is part of the large plasmid-borne 

pcoABCDRSE cluster that confers periplasmic copper resistance and acts as 

a 'metal sponge' by its ability to bind multiple Cu
+
 and Ag

+
 ions. Analysis of 

clinical isolates showed that silCFBA(orf105) and silRS genes are more 

conserved than silP and silE [64].  

 

Figure 2.3: Model of silver resistance conferred by the sil gene cluster 

from plasmid pMG101 (based on [64, 119]).   

Chromosomally-located sequences that are homologues to the sil 

determinants have been found in all E. coli strains. Although the 

cusCFBARS gene cluster is mainly involved in copper resistance [120], it 

was shown to also confer a certain degree of silver resistance, since deletion 

of cusA resulted in silver sensitivity [121]. CusCFBARS comprises of a tri-

component HME-RND efflux system (CusCBA), a small periplasmic Cu
+
 

and Ag
+
 binding protein (CusF), and a two-component regulatory system 

CusRS [122]. It seems that CusA can efflux metal ions from both the 

periplasm and the cytoplasm and uses methionine amino acid pairs or 
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clusters to export Cu
+
 and Ag

+
 [123]. The promoter region of cusC contains 

a highly conserved palindrome sequence that is present upstream of several 

copper- and silver responsive promoters [122]. This copper box is probably 

the binding site for CusR and is also found in the promoter region of pcoE, 

which is regulated by CusR [122]. Although overexpression of PcoE alone 

has little effect on overall copper resistance, it is expressed rapidly in 

response to the cusRS system and therefore can act as a first line of defense 

while expression of the other resistance proteins proceeds [124].  

Lok et al. [125] demonstrated that CusB and CusF were constitutively 

expressed in a silver resistant E coli strain, isolated by stepwise selection of 

increasing concentrations of silver, while both were undetectable in the 

silver sensitive parent strain. Deletion of cusF in the silver resistant mutant 

abolished the silver resistance: the minimal inhibitory concentration dropped 

from more than 1 mM AgNO3 in M9 mineral medium to 12 µM, compared 

to 3 µM for the parent strain. However, the role of CusB remains unclear. 

No differential expression was observed for CusC and CusA, presumably 

because these hydrophobic membrane-associated components may not be 

readily resolved by standard two-dimensional gel electrophoresis procedures 

used in their study [125]. Sequencing of the regulatory system cusRS showed 

that there was a single point mutation in cusS, which resulted in a change of 

threonine-17 to proline in the N-terminal protein region. This mutation 

probably locks CusS in an autophosphorylation state, resulting in 

constitutive and Ag
+
-independent activation of cusCFBA [126]. Previous 

studies on the same silver resistant mutant already showed that Ag
+
 is 

actively pumped out the cell. Yet, the exact molecular mechanism was has 

not been elucidated [89]. In addition, this mutant strain was deficient in the 

outer membrane porin OmpF and consequently showed a decrease in outer 

membrane permeability. Although this alone did not cause the silver 

resistance, it probably acts synergistically to raise the level of resistance. In 
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addition, it may contribute to the observed low-level cross-resistance 

between Ag
+
 and cephalosporins (β-lactam antibiotics) [89].  

Cross-resistance to silver caused by alteration of the membrane permeability 

was also observed after induction with low levels of the β-lactam amoxicillin 

[127]. Another mechanism shown to confer cross-resistance to silver and 

antibiotics is co-regulation. Overexpression of soxS, a transcription factor 

involved in the response to oxidative stress, or robA, also encoding a DNA-

binding protein, resulted in an increased resistance to Ag
+
 but also to Hg

2+
 

and Cd
2+

 and to the antibiotics tetracycline, kanamycin, chloramphenicol and 

novobiocin [128]. Another widely observed phenomenon, of which 

examples are presented throughout this chapter, is the physical linkage of 

genes involved in silver and antibiotic resistance. The study of cross-

regulation is of paramount importance as silver is ubiquitously present in the 

environment as a consequence of the numerous applications of Ag
+
 and 

AgNPs in clinical and non-clinical environments. In general, the structural 

and functional characteristics of metal resistance share common themes with 

those conferring antibiotic resistance [reviewed in 129]. Therefore, metal 

contaminated soils can be a putative reservoir of harmful, antibiotic resistant 

strains. The long term effects on the environment and human health of this 

possible cross-resistance are not yet known but are an important aspect to 

take into consideration in future studies. 

2.6 Mobile genetic elements and horizontal transfer 

 of silver resistance 

The sil gene cluster is highly conserved in several other plasmids of the 

incHI-2 incompatibility group such as plasmids MIP233, MIP235 and WR23 

of various Salmonella serovars and plasmids pR47b and pR478 of Serratia 

marcescens [130]. In Enterobacter cloacae, the major difference between 

virulent and avirulent genotypes appears to be the presence of a large 
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plasmid that also belongs to the IncHI-2 incompatibility group, which 

contains, besides several antibiotic resistant determinants, a functional sil 

gene cluster [114]. The 83-kb plasmid pJT1 of E. coli R1, isolated from 

patients with burn wounds, conferred resistance up to 1 mM AgNO3 [131]. 

Plasmid mediated silver resistance is also reported in environmental 

organisms. The environmental isolate Acinetobacter baumannii BL88 

harbours plasmid pUPI199 that can tolerate up to 0.75 mM AgNO3 and 

contains, in addition, resistance determinants for 13 different metals and 10 

antibiotics [132]. In P. stutzeri AG259, isolated from the soil of a silver 

mine, silver resistance was also mediated by one of its plasmids [65]. This 

strain was able to grow on rich medium with 50 mM AgNO3 by 

accumulation of Ag and Ag2S crystals in its periplasm [111]. 

In Delftia acidovorans and Bordetella petrii, silCBA is located on an 

Integrative and Conjugative Element (ICE) belonging to the Tn4371 family. 

This family refers to a group of mobile genetic elements that carry functional 

modules involved in conjugative transfer, integration, maintenance/stability 

and accessory genes conferring a special phenotype to the host bacteria 

[133]. All together, in many strains, the silver-resistant determinants are 

located on mobile genetic elements, facilitating the spread of these traits to 

other members of the population.  

In natural environments, microorganisms are frequently exposed to elevated 

concentrations of silver. Estuarine and coastal waters exposed to 

anthropogenic inputs, including those from wastewater effluents (e.g. 

industry, hospitals, dental offices, etc.) and water flow from metal mines, are 

an important source of silver, while in pristine freshwaters, the 

concentrations of dissolved silver are generally low [134]. Wastewater 

discharges from hospitals, photographic and electronic industries are shown 

to be at the basis for the enhanced silver concentrations found in the San 

Francisco Bay. Active efforts to reduce discharges and more stringent 
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discharge regulations have resulted in a decrease in silver concentrations 

over the last two to three decades. However, silver contamination is still a 

matter of concern [71]. In estuarine waters contaminated with metal-mine 

wastes in southwest England, silver concentrations 400 times higher than 

background levels were reported in sediments and in residing organisms 

[135]. Elevated silver concentrations were also observed in Atlantic coastal 

waters receiving untreated municipal wastewater, while the lowest 

concentrations where found in the Gullmard Fjord, without major sources of 

water pollution [134]. Although the emergence of digital photography and 

improvements to wastewater treatments resulted in reduced silver inputs 

over the last decades, extended use of silver and AgNPs in commercial 

products will lead again to an increase of silver in the environment. 

Moreover, sediments will likely remain as a secondary source of silver to 

marine waters for some time [134]. The use of sewage sludge as fertilizer or 

as organic soil improver can also lead to the spread of silver in the 

environment [136]. Silver resistant determinants are present in many 

environmental bacteria and frequently located on mobile genetic elements, 

which can be horizontally transferred at higher frequencies in particular 

conditions within natural ecosystems (e.g. in nutritional hot spots such as 

manure-applied soils) [Reviewed in 137]. Furthermore, this could diversify 

mobile genetic elements and disseminate novel phenotypes among bacterial 

populations [138]. These observations highlight the necessity to control the 

release of silver in the environment as this can putatively facilitate the 

dissemination of silver resistance determinants among environmental 

microorganisms and to clinically important organisms. 
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2.7 Silver resistance determinants in C. metallidurans 

Cupriavidus metallidurans is specialized in metal resistance and is often 

associated with industrial sites linked to mining, metallurgical and chemical 

industries [139] but is also isolated from different spacecraft-related 

environments [140, 141], from patients with cystic fibrosis [142] or as the 

causative agent of an invasive human infection [143]. Type strain C. 

metallidurans CH34 harbours resistance determinants for at least 20 

different metal ions [56], mainly located on its two megaplasmids [57], 

although chromosomally-encoded metal responsive clusters have also been 

identified [144]. C. metallidurans CH34 carries a number of systems 

putatively involved in silver detoxification, based on homologies with 

described silver resistance systems. The silDCBA and cusDCBAF operons, 

which encode proteins that belong to the HME-RND transporter family, are 

located on a genomic island present on pMOL30 and the chromid [56, 145], 

respectively. The cupRAC operon that codes for a P-type ATPase is located 

on chromosome 1 [56]. Moreover, expression of all three operons (except 

silA) was induced after 30 min exposure to 0.25 µM Ag
+
 [144]. The SilB, 

SilC, CusB and CusC proteins were also induced after growth in the 

presence of 1 µM AgNO3 [146, 147]. In addition, overexpression of SilCBA 

could increase silver resistance of E. coli GR17 (4 µM compared to 1.7 µM). 

Moreover, it was shown that the C-terminal domain of SilB is able to bind 

Ag
+
 [148]. 

In addition to Sil and Cus, proteomic data revealed the induction of AgrR 

after growth of CH34 in the presence of 1 µM AgNO3 [147]. AgrR is part of 

a two-component system AgrR-AgrS, which comprises a histidine kinase 

AgrS that act as sensor and transmits the signal through a phosphorylation 

cascade to the cytoplasmic transcriptional response regulator AgrR. This 

two-component system is associated with an RND-efflux system encoded by 

agrCBA of which the function is still unknown (Figure 2.4). It shows 



Chapter 2 

35 

 

characteristics of heavy metal efflux systems as well as 

hydrophilic/amphiphilic compounds efflux systems. Induction of AgrR by 

silver may indicate that this efflux pump could be involved in silver 

resistance.  

 

Figure 2.4: Orientation of the agr gene cluster in C. metallidurans 

CH34. The genes encoding for the efflux pump are presented in green, 

while the genes comprising the two-component regulatory system are 

shown in orange.  

Comparative whole genome hybridization (CGH) between 16 different C. 

metallidurans strains isolated from diverse biotopes and C. metallidurans 

CH34 showed that the metal resistance determinants, including the silver 

resistant gene clusters, are highly conserved [149]. Recent analysis of C. 

metallidurans isolates from different potable water management systems of 

the International Space Station and from the air of the Kennedy Space 

Center Payload Hazardous Servicing Facility during assembly of the Mars 

Exploration Rover indicated that each isolate harbours at least one 

megaplasmid. Moreover, PCR analysis of the plasmid extracts showed that 

the silCBA operon is located on one of the megaplasmids [150]. Among 

others, the presence of the sil gene cluster in the potable water isolates gives 

them the ability to withstand the sanitation procedure in which silver is used 

[150]. 

2.8 Conclusions 

We reviewed the current insights into toxicity of and bacterial resistance to 

silver ions and nanoparticles, which are widely used in many biological 

applications. Although the antimicrobial activity of silver ions has not yet 

been fully elucidated, they probably interact with the cytoplasmic membrane 
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where they compromise electron transfer and the proton motive force, 

ultimately resulting in cell death. In addition, ionic silver interacts with 

enzymes and ionic silver exposure is able to promote the production of 

reactive oxygen species. Silver nanoparticles basically ferry silver ions to 

bacteria, which are released and exert their action, although other factors 

cannot be excluded at this point.  

Silver resistance determinants are widely spread among environmental and 

clinically relevant bacteria. Next to chemical detoxification, for instance by 

precipitation in the periplasm via reduction to elemental silver or the 

formation of Ag2S crystals, bacterial silver resistance mechanisms result 

from active efflux systems. Efflux pumps are either P-type ATPases, which 

pump Ag
+
 from the cell cytoplasm to the periplasmm, or three-polypeptide 

membrane-potential dependent cation/proton antiporters (HME-RND 

family), which pump Ag
+
 from the periplasm to the exterior of the cell. 

These resistance mechanisms are often located on mobile genetic elements, 

facilitating their spread. This is of concern because the extensive use of 

silver-based products will increase the release of silver in the environment, 

putatively inducing the dissemination of silver resistance (and thereby cross-

resistance to antibiotics). Future studies need to tackle the precise 

mechanism of Ag
+
 and AgNPs toxicity and resistance. Detailed knowledge 

of all these factors can lead to an improvement of the many applications of 

silver (e.g. antimicrobial, bioremediation, nanomaterials) and, to a better 

estimation of the risks associated with human health and ecosystems.
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Chapter 3 

Objectives 

Strains from the closely related β-proteobacterial genera Cupriavidus and 

Ralstonia have been identified and isolated during numerous monitoring 

campaigns from different space-related environments. Although these 

microorganisms do not pose a treath for healthy people, the decreased 

immune system of the astronauts makes it necessary to limit possible 

microbial contaminations. Moreover, microorganisms can cause damage to 

the infrastructure of the space station. Therefore, we aimed to gather more 

insights in the ability of these genera to thrive in these environments. 

The first objective is to characterize the Cupriavidus metallidurans and 

Ralstonia pickettii isolates from different space-related environments in 

detail to have more knowledge about their general tolerance mechanisms 

towards several stressors. All isolates will be screened for their tolerance to 

several metals, antibiotics and UV-C irradiation. Moreover, their potential to 

form biofilms on polysterene will be investigated and their plasmid profile 

will be determined. All results will be compared with their type strains to 

elucidate the factors contributing to their survival in harsh and strictly 

controlled space-related environments. 

As silver is used to sanitize potable water sources in the ISS, the silver 

resistance mechanisms of the isolates are studied more in detail. All isolates 

will be screened for the presence of genetic determinants related to silver 

resistance in type strain C. metallidurans CH34. Moreover, the genomic 

location of these gene clusters will be determined to evaluate their mobility 

throughout the population. Furthermore, the survival capability of all isolates 

in water with and without the disinfectant silver will be examined. In 
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addition, the adaptive response to toxic silver concentrations will be 

evaluated. In case mutants with increased resistance to silver are obtained, 

the underlying mechanisms and regulatory circuit will be elucidated. 

It is known that next to mutations, horizontal gene transfer mediated by 

mobile genetic elements, plays an important role in the evolution and 

adaptation of microorganisms. Therefore, a detailed study of the insertion 

sequence (IS) elements present in type strain C. metallidurans CH34 will be 

performed. All the IS elements are characterized and classified. All fully 

sequenced bacterial genomes were scrutinized for the occurrence of these IS 

elements. In addition, transposition and induction of these IS elements in 

different conditions were scrutinized as well as genetic rearrangements and 

gene activation. In this way, the role of IS elements in the metabolism of 

CH34 will be investigated. In the last chapter, the plasmid mobility of the 

plasmids present in the C. metallidurans isolates will be investigated and 

their ability to transfer metal resistance will be studied. 
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Chapter 4 

Characterization of the survival ability 

of Cupriavidus metallidurans and 

Ralstonia pickettii from space-related 

environments 

In this part, several C. metallidurans and R. pickettii isolates from space-

related environments were characterized in detail. All isolates were screened 

for their plasmid content, their tolerance to different antiobiotics, metals and 

UV-C irradiation and their potential to form biofilms was investigated. The 

results are compared with their type strains to gain more insights in the 

factors contributing to their survival in these harsh and strictly controlled 

environments. 

 

 

 

 

This chapter is based on the following publication: 

Mijnendonckx K., Provoost A., Ott C., Venkateswaran K., Mahillon J., Leys 

N., Van Houdt R. (2013) Characterization of the Survival Ability of 

Cupriavidus metallidurans and Ralstonia pickettii from Space-Related 

Environments Microbial Ecology 65(2): 347-360.  
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4.1 Introduction 

Human space exploration can only be successful if protection of the 

explorers is secured. To ensure this, rational habitat design together with 

efficient life support systems guaranteeing the quantity, quality and 

recycling of air, water, food and waste are essential. Continuous monitoring 

of vital parameters and contaminants is consequently a requirement. One 

important aspect herein is monitoring microbial contaminants [151]. Earth-

borne microorganisms are ubiquitous and thus also present in spacecraft and 

space station environments [42, 43, 151, 152]. In these confined space 

habitats the prevailing microbial population in the air and on surfaces 

originates mainly from human activity [42, 45], while contamination of 

potable water sources originates mostly from the environmental flora of the 

water source or the system itself [50]. It is shown that in such confined 

environments, microorganisms can harm the integrity of the spacecraft 

hardware by causing biodegradation of structural spacecraft components 

[152]. In addition, microbial contaminations can cause problems for the 

health of the astronauts, as the human immune system is depressed in 

confined habitats [153].  

Strains from the closely related β-proteobacterial genera Ralstonia and 

Cupriavidus have been identified and isolated during numerous monitoring 

campaigns from different space-related environments. They have been found 

in the air of the Kennedy Space Center Payload Hazardous Servicing Facility 

(PHSF) during assembly of the Mars Exploration Rover [154] and on the 

surface of the Mars Odyssey Orbiter prior to flight in the Kennedy Space 

Center Spacecraft Assembly and Encapsulation Facility II [140, 155]. They 

have been found in cooling and drinking water from the Mir space station 

[141, 156], the Shuttle [152], and the ISS [141, 156]. How these strains are 

able to persist in these strictly controlled and oligothrophic environments, 

remains unclear. Cupriavidus and Ralstonia strains were already isolated 
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from harsh man-made environments such as non-ferrous industry, mine 

areas and metal factories [139], from highly controlled clean environments 

such as hospitals [157], and from ultrapure industrial water systems [158]. In 

water systems, R. pickettii strains often form biofilms, making them more 

resistant to biocides and consequently more difficult to eradicate [30, 159]. 

Moreover, these strains often contain mobile genetic elements (plasmids, 

transposons, genomic islands) that carry determinants allowing the strains to 

specifically adapt to their environment [160, 161]. For example, C. 

metallidurans CH34 carries many determinants for metal resistance on its 

megaplasmids pMOL28 and pMOL30 [57, 160], C. eutrophus H16 contains 

plasmid pHG1, with genes involved in chemolitotrophy and anaerobic 

growth on nitrates [162], and the catabolic plasmid pJP4 of C. 

pinatubonensis JMP134 carries genes involved in the degradation of 

aromatic pollutants [163].  

In this chapter, 4 different C. metallidurans and 8 R. pickettii isolates from 

different space-related environments (space industry or ISS) were compared 

to the respective type strains, C. metallidurans CH34 (from metal polluted 

soil origin) [164] and R. pickettii ATCC27511 (from human tissue clinical 

origin) [165]. All isolates were screened for their potential to form biofilms, 

for their tolerance to UV-C irradiation, different antibiotics and metal ions 

and for the presence of plasmids. Their survival capacities in potable water, 

with and without the disinfectant silver, were investigated.  

4.2 Materials and Methods 

4.2.1 Bacterial isolates, strains and growth conditions 

Bacterial isolates and type strains used in this study are listed in Table 4.1. 

Isolates and strains were grown in liquid Lysogeny-Broth (LB) medium or 
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Table 4.1: Overview of all bacterial strains used in this study. 

Strain Name Origin Reference 

Escherichia coli MG1655 Laboratory strain [166] 

Cupriavidus 

metallidurans 

CH34
T
 Decantation tank of Belgian Zinc factory [164] 

NA1 Water sample, ISS SVO-ZV returned on Space Shuttle mission STS-104 (2001) (original 

code: 0103380-2) 

[167] 

NA2 Water sample, ISS Contingency water container S/N 5076 (2002)  

(original code: 0200393-2) 

[167] 

NA4 Water sample, ISS SRV-K filter reactor effluent returned on Soyuz 10S (2004) (original 

code: 0502478-1) 

[167] 

NE12 Air filter sample, Northeast corner KSC-PHSF, FL (original code: NE12) [154] 

Ralstonia pickettii ATCC27511
T
 Cystic fibrosis patient who had undergone tracheotomy [165] 

SSH1 Surface sample, Mars Odyssey orbiter, JPL-SAE-II, CA (original code: 31V3) [140] 

SSH2 Surface sample, Mars Odyssey orbiter, JPL-SAE-II, CA (original code: 46V1) [140] 

SSH3 Surface sample, Mars Odyssey orbiter, JPL-SAE-II, CA (original code: 48V1) [140] 

SSH4 Surface sample, Mars Odyssey orbiter, JPL-SAE-II, CA (original code: 49V2) [140] 

CW1 Water sample, American segment of the ISS cooling system (original code: R21D) [168] 

CW2 Water sample, American segment of the ISS cooling system (original code: R21F) [168] 

CW3 Water sample, American segment of the ISS cooling system (original code: R21I1) [168] 

CW4 Water sample, American segment of the ISS cooling system (original code: R42JB) [168] 

T: type strain; SVO-ZV: System for water storage and dispensing; SRV-K: System for regeneration of condensate water; KSC-PHSF: Kennedy 

Space Center Payload Hazardous Servicing Facility; JPL-SAE-II: Jet Propulsion Laboratory Spacecraft assembly and encapsulation facility II; 

SSH: surface space hardware; CW: cooling water. 
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mineral salts 284 medium (MM284) supplemented with 0.2% (wt/vol) 

gluconate as sole carbon source [169]. Cultures were grown in the dark at 

30°C on a rotary shaker at 150 rpm. For autotrophic growth, the carbon 

source was excluded from solid MM284 agar medium and plates were 

incubated in a jar with a gas atmosphere containing a mixture of H2, CO2 and 

O2 (72%, 18%, 10%). For anaerobic growth, 20 mM KNO3 was added to 

solid MM284 agar medium and plates were incubated in an anoxic 

atmosphere using the Anaerocult
®
 A system (Merck, Germany). To 

determine the survival frequency of a C. metallidurans isolate at 37°C, the 

ratio of the viable counts at 37°C and 30°C was determined. To this end, 100 

µl of serial dilutions of an overnight LB culture (30°C, 10
9
 CFU/ml) was 

spread on LB agar plates and colonies were counted after incubation for 3 

days at 37°C and 30°C, respectively. For each replicate of each isolate, 95 

colonies were selected, dissolved in 150 µl 10 mM MgSO4 and replica plated 

on the following media: MM284 agar, LB agar, MM284 + 1 mM NiCl2 and 

MM284 + 0.8 mM CuSO4. Growth was scored after 3 days incubation at 

30°C. 

4.2.2 DNA extraction 

Genomic DNA was isolated using the QIAamp DNA mini kit (Qiagen, The 

Netherlands). 

4.2.3 Phylogenetic analysis 

PCR amplification of the 16S rRNA gene was performed with the 8-forward 

and 926-reverse primer pair (Table 4.2). The conditions for the PCR reaction 

were the following: 5 min at 95°C followed by 25 cycles of 45 s at 95°C, 30 

s at 55°C and 1 min at 72°C each and a final extension at 72°C for 10 min. 

The length of the generated fragments was 893 bp. The PCR products were 

purified with the Wizard® SV Gel and PCR Clean-Up System (Promega, 

USA) and were sequenced with the 8-forward primer. Sequence alignments 



Characterization of the survival ability of Cupriavidus metallidurans and Ralstonia 

pickettii from space-related environments 

46 

 

and phylogenetic analysis of the 16S rRNA gene sequence similarities was 

performed on a 692 bp fragment with the Molecular Evolutionary Genetics 

Analysis (MEGA) 5.01 software (www.megasoftware.net). Analysis was 

based on the Maximum Likelihood method with 1000 bootstrap repetitions. 

The 16S rRNA gene sequences obtained in this study, were submitted to the 

Genbank database under accession numbers JN637298 to JN637308 (Figure 

4.1). The accession numbers used from Genbank were: C. metallidurans 

CH34
T
 (Y10824), Cupriavidus necator LMG8453

T
, Cupriavidus 

pinatubonensis 1245
T
 (AB121221), Cupriavidus laharis 1263a

T
 

(AB054961), Cupriavidus taiwanensis LMG19424
T
 (AF30032), 

Cupriavidus pauculus LMG3413
T
 (AF139173), Cupriavidus respiraculi 

AU3313
T
 (AF500583), Cupriavidus campinensis WS2

T
 (AF312020), 

Cupriavidus gilardii LMG5886
T
 (AF076645), Cupriavidus oxalatica Ox1

T
 

(AF155567), Cupriavidus basilensis LMG189901
T
 (AF312022), Ralstonia 

mannitolilytica LMG6866
T
 (AJ270258), Ralstonia insidiosa AU2944

T
 

(AF488779), Ralstonia solanacearum GMI1000
T
 (X67036), Ralstonia 

syzygii ATCC49543
T
 (AB021403), (AF191737), R. pickettii ATCC27511

T
 

(X67042), R.pickettii SSH1 (AF526914), R. pickettii 12J (CP001068), R. 

pickettii 12D (CP001644), Escherichia coli ATCC11775
T
 (X80725). For all 

12 isolates, Enterobacterial repetitive intergenic consensus (ERIC) 

sequences were investigated by PCR (Table 4.2) [170]. PCR conditions were 

the following: 7 min at 95°C followed by 30 cycles of 1 min at 94°C, 1 min 

at 52°C and 8 min at 65°C and a final extension of 16 min at 65°C. DNA 

was analysed by horizontal gel electrophoresis for 20 hours at 80 V in a 

precooled electrophoresis chamber at 4°C. After electrophoresis, DNA was 

stained with ethidium bromide (0.3 µg/ml TBE) for 30 min and destained 

overnight at 4°C in ultrapure water.  
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Table 4.2: Primers used in this study 

Name Oligonucleotide sequence 5' – 3' Length 

silA_Forward GGATCTTGCCACGAATCATATAGC 
3562 bp 

silC_Reverse ACGTCAGCGTGGAGTTGATGTA 

agrA_Reverse CCCAGGAGTGAGCTTCTCATTT 
3277 bp 

agrC_Forward GCCGAAACACGACGTTCTACT 

cusC_Forward GATCTCTAGACGGAGGCTTTATGTCATTCC 
6413 bp 

cusA_Reverse GATCCTGCAGCAAACCATCCCGGTCGTC 

8 Forward AGAGTTTGATCCTGGCTCAG 
893 bp 

926 Reverse CCGTCAATTCCTTTGAGTTT 

czcN_Forward TCGGATGAAGACCGCTTTC 
10573 bp 

czcE_Reverse AGCCAAGGTCCACACTCGTATC 

ERIC_FW AGTAAGTGACTGGGGTGAGCG 
 

ERIC_RV ATGTAAGCTCCTGGGGATTCAC 

4.2.4 Plasmid profiling 

The extraction of large plasmids was based on the method of Andrup et al. 

[171]. DNA was analysed by horizontal gel electrophoresis in 0.5% Certified 

Megabase agarose gel (Bio-Rad, USA) with 1 x TBE buffer for 20 hours at 

100 V in a precooled electrophoresis chamber at 4°C. After electrophoresis, 

DNA was stained with ethidium bromide (0.3 µg/ml TBE) for 30 min and 

destained overnight at 4 °C in ultrapure water. Plasmid DNA was further 

processed when used for PCR. Briefly, 150 µl of the plasmid extract was put 

on a 100 kDa Amicon filter (Millipore, USA) and centrifuged for 2 min at 

11,300 g. The samples were washed twice with 150 µl ultrapure water and 

centrifuged each time for 2 min at 11,300 g. The concentrated plasmid DNA 

was recovered by inverting the filter in a new eppendorf tube and 

centrifuged 2 min at 100 g followed by a drop dialysis. To remove the 

remaining chromosomal DNA in the plasmid extract, the sample was treated 

with Plasmid-Safe™ ATP-Dependent DNase (Epicentre Biotechnologies, 

USA). A reaction mixture of 42 µl plasmid extract, 2 µl ATP (25 mM), 5 µl 

Reaction buffer (10 x concentrated) and 1 µl Plasmid-Safe DNase was 
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incubated 4 h at 37°C followed by 30 min at 70°C. This sample was again 

purified and concentrated with a 100 kDa Amicon filter. Chromosomally 

located genes could not be amplified with this plasmid DNA as starting 

material (data not shown). 

4.2.5 Biofilm formation 

For each strain, the capacity to form a biofilm on polystyrene was 

investigated [172, 173]. To this end, 10
7
 CFU/ml were washed with 10 mM 

MgSO4, resuspended in LB medium and transferred to a 96-well plate. After 

7 days incubation at 30°C on a rotary shaker, the amount of biofilm 

formation was measured. For this, the culture was removed and the plate was 

washed 3 times with 10 mM MgSO4. Then, the biofilm was stained with a 

0.03% crystal violet solution for 5 min. After that, the wells were washed 

with 10 mM MgSO4 until the wash solution was clear. Ethanol was added to 

dissolve the crystal violet and after 5 min, the absorbance at 530 nm was 

measured. Biofilm-forming capacity for each isolate was expressed relative 

to the average value for uninoculated growth medium. A student T-test was 

performed on the data (n = 9) to check if there was significant biofilm 

formation compared to uninoculated growth medium. 

4.2.6 UV-C treatment 

For measuring UV-C resistance, serial dilutions of the isolates and E. coli 

MG1655 were plated on LB agar and irradiated in the UV-C oven after 30 

minutes [174]. The UV oven (HL-2000 Hybrilinker, UVP) used for these 

tests was equipped with 5 lamps of 8 Watt each, emitting light with a peak at 

254 nm. The distance between the lamps and the surface of the plates (on 

which the bacterial cells were spread) was approximately 7 cm. The UV 

doses that were programmed were 0 (not exposed to UV-C), 25, 50, 75, 100, 

150 and 200 J/m² and the dose rate was 30 J/m² s. After irradiation, the 

plates were further incubated for 48 hours at 30°C in the dark. After 48 
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hours, the colonies were counted and D10-values (the dose that kills 90% of 

the population) were calculated according the method of Coohill and 

Sagripanti (2008) [175]. A student T-test was performed to calculate 

significant differences (p < 0.05) between the D10-values (n = 3) of the 

isolates and their type strain.  

4.2.7 Antibiotic resistance  

The resistance of the isolates against several antibiotics was investigated, 

including the (1) aminoglycoside-type kanamycin 50 µg/ml (Km50) and 

kasugamycin 50 µg/ml (Ksg50), (2) polyketide tetracycline 20 µg/ml (Tc20), 

and (3) chloramphenicol 30 µg/ml (Cm30), 100 µg/ml (Cm100) and 150 

µg/ml (Cm150), all binding the bacterial ribosome subunit leaving the 

bacterium unable to synthesize proteins, and (4) the penicillin-type 

ampicillin 100 µg/ml (Amp100) and carbenicillin 100 µg/ml (Cb100), that 

interfere with the synthesis of the peptidoglycan layer of bacterial cell walls, 

and (5) trimethoprim 100 µg/ml (Tm100) that inhibits folate synthesis, 

necessary for nucleic acids synthesis. To this end, of each isolate, one single 

colony was selected, dissolved in saline (0.85% NaCl) and streaked onto LB 

agar media containing the different antibiotics. The isolates were scored as 

antibiotic resistant positive (+) if visible colonies appeared after 3 days 

incubation at 30°C, or negative (-) if not.  

4.2.8 Metal ion resistance 

A stationary phase culture (OD600 of ca. 1, representing 10
9 

CFU/ml) of each 

isolate in MM284 was diluted 50 times in double concentrated MM284 

medium. Of this, 100 µl was added in a 96-well plate to 100 µl of an 

aqueous solution containing twice the metal concentration of interest, 

resulting in a start concentration of ca. 10
7 

CFU/ml. The plates were 

incubated at 30°C for 48 hours in the dark on a rotary shaker. At different 

time points, bacterial growth was measured by determination of the optical 
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density at 595 nm. The MIC values were determined for the following metal 

solutions: CdCl2, CoCl2, CuSO4, ZnSO4, NiCl2, HgCl2 and AgNO3.  

4.2.9 PCR amplification of genes involved in heavy metal 

 tolerance 

PCR amplification of the czcNICBADRSE gene cluster involved in Cd
2+

, 

Zn
2+

, Co
2+

 resistance in C. metallidurans CH34 was performed on the R. 

pickettii isolates with primers based on the sequence of CH34 (Table 4.2). 

The conditions for the PCR reaction were the following: 10 min at 94°C 

followed by 10 cycles of 20 s at 94°C, 30 s at 56°C and 10 min at 68°C each, 

then 15 cycles of 20 s at 94°C, 30 s at 56°C and 10 min plus 5 s extra per 

cycle at 68°C and a final extension of 10 min at 68°C. The length of the 

obtained fragment in CH34 is 10573 bp. PCR amplification of the genes 

known to be involved in silver resistance in C. metallidurans CH34, i.e. 

silCBA, agrCBA and cusCBA, was performed on genomic DNA and plasmid 

DNA extracted from all isolates with primers based on the sequence of 

CH34 (Table 4.2). The conditions for the PCR reactions with silCBA and 

agrCBA primers were the following: 5 min at 95°C followed by 25 cycles of 

45 s at 95°C, 30 s at 55°C and 3 min at 72°C each and a final extension at 

72°C for 10 min. The length of the generated fragments generated was 3562 

bp for silCBA and 3277 bp for agrCBA. For PCR amplification of cusCBA, 

the settings were as follows: 2 min at 94°C followed by 10 cycles of 45 s at 

94°C, 30 s at 55°C and 7 min at 68°C each, then 15 cycles of 45 s at 94°C, 

30 s at 55°C and 7 min plus 10 s extra per cycle at 68°C and a final 

extension of 10 min at 68°C. The length of this fragment is 6413 bp. The 

presence of these fragments was analysed by horizontal gel electrophoresis 

in a 0.8% agarose gel, running at 100 V during 1 hour. The positive PCR 

products were purified with the Wizard® SV Gel and PCR Clean-Up System 

(Promega, USA). The samples were sequenced with the agrA reverse and 

silA forward primer and fragments of 1022 bp and 1059 bp respectively, 
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were used for sequence alignments and phylogenetic analysis was performed 

with the MEGA 5.01 software. Analysis was based on the neighbour-joining 

method with 1000 bootstrap repetitions. The obtained sequences were 

submitted to Genbank under the following accession numbers: agrA from 

JQ294044 to JQ294052 and silA from JQ294034 to JQ294043 (also 

specified in Figure 4.7). 

4.2.10 Survival in potable water, with silver 

For each isolate, a culture in MM284 was prepared. Cells were harvested, 

washed 2 times in saline solution, and resuspended to a final cell density of 

10
9
 CFU/ml in 2 ml sterilized potable water (Chaudfontaine) with and 

without 2 µM AgNO3. The samples were incubated stationary at 20°C in the 

dark. At different time points, the number of viable cells was determined by 

plate count on MM284 after 48 h of growth at 30°C. 

4.3 Results and Discussion 

4.3.1 Phylogeny 

Initially, the different samples were analysed by heterotrophic plate counts. 

After 7 days, the colonies were counted and purified. Tentative identification 

was based on analysis of the 16S rRNA gene sequence [50, 140, 154, 168]. 

Here, we describe the 16S rRNA gene sequences of 12 different isolates, 

which were subsequently subjected to a phylogenetic analysis (Figure 4.1). 

Four isolates harbour a 16S rRNA gene sequence that is more than 98% 

identical to type strain C. metallidurans CH34. The 16S rRNA gene 

sequence of eight isolates is more than 98% identical to type strain R. 

pickettii ATCC27511 (Figure 4.1).  
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Figure 4.1: Maximum likelihood phylogenetic tree based upon 16S 

rRNA gene sequence similarities, showing the place of the space 

isolates within the Cupriavidus and Ralstonia genera. Escherichia coli 

ATCC11775 was included as outgroup. Numbers at the branches 

represent percentages of 1000 bootstrap repetitions (only values above 

50% are shown).  Symbols for each strain: type strains ○; Ralstonia 

pickettii 12D and 12J ●; isolates from the ISS potable water ▲; ISS 

cooling water Δ; an air filter of the PHSF assembly facility ◊ and the 

surface of the Mars orbiter □. GenBank accession numbers are shown 

in parentheses. 
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Their clonal relationship was investigated by ERIC-PCR (Figure 4.2). The 

C. metallidurans isolates are clearly clonally distinct. The R. pickettii water 

isolates also showed distinct ERIC-PCR fingerprints, except isolates CW1 

and CW4. The ERIC-PCR fingerprints of the R. pickettii surface isolates are 

the same for SSH2, SSH3 and SSH4. However, differences in plasmid 

profiles and phenotypes (see below) indicated that neither CW1 and CW4, 

nor SSH2, SSH3 and SSH4 are clonal. Finally, the close relationship 

between Ralstonia pickettii and Cupriavidus metallidurans (previously 

Ralstonia metallidurans [139]) is evidenced by similar ERIC-PCR 

fingerprints. We focussed in particular on these closely related β-

proteobacterial genera Ralstonia and Cupriavidus, which thrive in many 

different natural environments, as they appeared in the intersection of all 

samples. This indicated that they are also ubiquitously present in space-

related environments (space industry and ISS). The ISS potable water 

systems were mostly contaminated with Methylobacterium, Ralstonia and 

Sphingomonas, which are typical water-borne microorganisms [50]. The 

predominant genera in the air of spacecraft assembly facilities before human 

activity were Burkholderia, Afipia and Cupriavidus [154, 176]. Ralstonia, 

Microbacterium and Bacillus were, together with the fungus Aureobasidium, 

the main fraction of cultivable species isolated from the surface of the Mars 

Odyssey Orbiter [140]. The route of contamination by Ralstonia and 

Cupriavidus spp. is most likely through water and air exchange and not via 

human activity, which is a source of contamination by human commensals 

and/or (opportunistic) pathogens such as Staphylococcaceae and 

Streptococcaceae [176]. The ability to withstand the prevailing conditions 

and implemented cleaning and sanitation plan will facilitate their persistence 

and will allow transmission of contamination to the operational spacecraft in 

space. However, as non-spore-forming bacteria, they are not considered the 

most likely candidates to survive in extra-terrestrial environments [177, 

178]. 
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Figure 4.2: ERIC-PCR for the different C. metallidurans (2-6) and R. 

pickettii (7-15) isolates showing their clonal relationship. (1) 

GeneRuler™ 1 kb plus DNA Ladder; (2) C. metallidurans CH34; (3) 

NA1; (4) NA2; (5) NA4; (6) NE12; (7) R. pickettii ATCC27511; (8) 

SSH1; (9) SSH2; (10) SSH3; (11) SSH4; (12) CW1; (13) CW2; (14) 

CW3; (15) CW4. 

4.3.2 Growth requirements and limits 

An interesting feature of many C. metallidurans strains is that they display a 

'mutator phenotype' at 37°C, also termed temperature-induced mortality and 

mutagenesis or TIMM [56, 179-181], which has been used as a diagnostic 

for C. metallidurans [179]. Survival of many C. metallidurans strains is very 

low at 37°C, with a frequency of survivors around 10
-6

 to 10
-3

 compared to 

the viable count at 30°C [182-184]. As for type strain CH34, isolates NA4 

and NE12 showed hampered growth in rich LB medium at 37°C with a 

frequency of survivors ranging from 10
-2

 to 10
-4

, while strains NA1 and NA2 
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grew equally well at 37°C and 30°C (Table 4.3). For NA4, NE12 and CH34, 

a large fraction of survivors, ranging from 2 to 42%, showed mutations such 

as auxotrophy and loss of heavy metal resistance (Ni
2+

 and Cu
2+

) (Table 4.3). 

Overall, the mutation frequency of NA4 was lower than of NE12 and CH34 

(Table 4.3). Until now, the precise mechanism of this TIMM is not yet 

known and is beyond the scope of this study. However, it would be 

interesting for further studies as it reflects the ability of these strains to cope 

with changing temperature conditions.  

Table 4.3: Survival and mutation frequency of C. metallidurans 

isolates at 37 °C. 

Isolate Survival 

frequency
a
 

Auxotrophy
b
 Loss of Ni

2+
 

resistance
b
 

Loss of Cu
2+

 

resistance
b
 

CH34
T
 2.03 x 10

-4 
± 

6.18 x 10
-5

 

15.43 ± 7.43 26.63 ± 15.25 19 ± 5.87 

NA1 9.13 x 10
-1 

± 

9.11 x 10
-2

 

0 0 0 

NA2 1.14 ± 3.70 x 

10
-2

 

0 0 0 

NA4 1.75 x 10
-2 

± 

2.45 x 10
-2

 

4.21 ± 6.4 2.46 ± 0.61 16.8 ± 5.86 

NE12 3.31 x 10
-4 

± 

3.07 x 10
-4

 

14.09 ± 3.47 20 ± 10.04 42.5 ± 15.77 

a
Survival frequency is calculated as viable count on LB agar at 37°C divided by 

viable count at 30°C (n = 3). 
b
Mutation frequency is given in percentage of analysed 

colonies (n = 285) transferred from LB agar incubated at 37°C on 284 MM, 284 

MM + 1 mM Ni
2+

 and 284 MM + 0.8 mM Cu
2+

, respectively. 

 

At this moment, it is not yet clear whether C. metallidurans is able to cause a 

human infection. As many strains are not able to grow at 37°C, it is unlikely 

that they will cause a human disease. In addition, although C. metallidurans 

strains have been isolated from patients with cystic fibrosis, it remains 

unclear if these strains were causing an active infection or intervened only as 

secondary opportunistic pathogens [142]. Nevertheless, recently, a first case 

of invasive human infection caused by C. metallidurans was reported [185].  
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All R. pickettii isolates were able to grow at 37°C. R. pickettii strains have 

been reported to be opportunistic human pathogens [157, 186], and such 

contamination in drinking water could pose a potential threat for astronauts 

as the human immune system is depressed in space conditions [153]. 

Therefore, it is important to find proper methods for prevention of 

contamination but maybe even more important to develop adequate and fast 

identification tools. Although most contaminants including Cupriavidus and 

Ralstonia isolates pose no immediate threat to the astronauts, contaminated 

water in the ISS is often rejected for consumption, as currently no 

identification method is available during flight. This type of contamination 

wastes tremendous amounts of crew time and Earth-based resources. In 

addition, these water contamination events require materials to be transferred 

both to and from the ISS, with transport costs to deliver items to the ISS 

running up to 10,000 Euros per kilogram [36]. 

All R. pickettii isolates and C. metallidurans NE12 were able to grow 

anaerobically in the presence of nitrate. To carry out this function, strain 

CH34 harbours the nar, nas and nap genes encoding different nitrate 

reductases [56]. Several genes coding for nitrate reductases, which are 

highly similar to the nar, nas and nap genes of C. metallidurans CH34, are 

also present on the genome of R. pickettii strain 12J. This function is 

presumably not essential to survive in these space-related environments, as 

C. metallidurans NA1, NA2 and NA4 were not able to grow anaerobically.   

None of the tested R. pickettii and C. metallidurans isolates were able to 

grow autotrophically on H2 and CO2. In C. metallidurans CH34, this trait is 

located on genomic islands that belong to the family of Tn4371-like 

Integrative and Conjugative Elements (ICE) [133, 161]. Analysis of multiple 

C. metallidurans isolates by comparative whole genome hybridisation 

showed that these elements are absent in the C. metallidurans space isolates 

[187].  
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All isolates, except C. metallidurans NA1, R. picketti SSH2 and type strain 

ATCC27511, were able to form biofilms on polystyrene (Table 4.4).  

Table 4.4: Ability of the isolates to form biofilms on polystyrene 

 Isolate Mean OD530
a 

Ratio
b
 

C
. 

m
et

a
ll

id
u

ra
n

s CH34 0.079 1.403
*
 

NA1 0.066 1.185 

NA2 0.071 1.274
*
 

NA4 0.200 3.573
*
 

NE12 0.225 4.020
*
 

R
. 

p
ic

ke
tt

ii
 

ATCC27511 0.137 2.440 

SSH1 0.525 9.383
*
 

SSH2 0.122 2.177 

SSH3 0.286 5.105
*
 

SSH4 0.307 5.474
*
 

CW1 0.320 5.714
*
 

CW2 0.182 3.252
*
 

CW3 0.162 2.895
*
 

CW4 0.742 13.244
*
 

E
.c

 c
o

li
 

MG1655 0.270 4.829* 

a
Data represent the mean (n = 3) amount of crystal violet retained by the biofilm as 

measured by absorbance at 530 nm. 
b
Biofilm-forming capacity for each isolate was 

expressed relative to the average value for uninoculated growth medium. 

*Significant biofilm formation compared to uninoculated LB (p < 0.05). 

The biofilm-forming capacity of the R. picketti isolates was in general higher 

than that of the C. metallidurans isolates. The biofilm-forming capacity of 

Escherichia coli MG1655, which was included for comparison, situated 

between the R. pickettii and C. metallidurans isolates (Table 4.4). Biofilm 

formation of R. pickettii was already shown in plastic water piping (PVC) 

commonly used to distribute water in pharmaceutical, industrial and hospital 

water systems [188]. It is hypothesized that R. pickettii may be able to 

scavenge from the polymers in the plastic piping [189]. Biofilm-forming 

capacity can affect the persistence of microbial contaminants as cells within 
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a biofilm are more resistant to antibiotics, cleaning reagents and other 

biocides than their planktonic counterparts [reviewed in159].  

4.3.3 Plasmid profiles 

Strains from the Cupriavidus and Ralstonia genera typically carry two 

chromosomes and often one or more megaplasmids. These megaplasmids 

carry specific traits that allow adaptation to or survival in different 

ecological niches. For instance, plasmid pRALTA of C. taiwanensis 

LMG19424 carries genes involved in legume symbiosis and nitrogen 

fixation [190], while the catabolic plasmid pJP4 of C. pinatubonensis 

JMP134 carries genes involved in degradation of aromatic pollutants [163]. 

C. metallidurans CH34 contains two megaplasmids that are especially 

involved in metal resistance: pMOL28 (171 kb) and pMOL30 (234 kb). 

Plasmid pMOL28 carries determinants for resistance to mercury, chromate, 

nickel and cobalt, while plasmid pMOL30 enables resistance to copper, 

cadmium, zinc, cobalt, lead, mercury, and silver [56, 57, 160]. Large plasmid 

extractions showed that each isolate carried at least one megaplasmid 

(Figure 4.3). With the method used here, only covalently closed circular 

plasmid DNA will be isolated [171]. The size of the fragments was 

compared relative to a BAC-Tracker™ Supercoiled DNA Ladder (Epicentre 

Biotechnologies, USA).  

C. metallidurans NA1 and NA4 carry 2 plasmids similar in size to pMOL28 

and pMOL30 of C. metallidurans CH34. NA4 carries in addition a smaller 

plasmid with a size around 95 kb. C. metallidurans NA2 and NE12 carry a 

single megaplasmid: that of NA2 is comparable in size to pMOL28, while 

the one of NE12 is comparable in size to pMOL30. R. pickettii isolates 

SSH2, SSH3, SSH4, CW1 and CW2 carry one plasmid, which is larger than 

the plasmid observed in type strain ATCC27511 and than pMOL30 of C. 

metallidurans CH34. R. pickettii isolates SSH1 and CW4 also harbour one 
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plasmid, similar in size to pMOL30 but larger than the plasmid observed in 

type strain R. pickettii ATCC27511. Both strain SSH2 and SSH4 carry two 

additional smaller plasmids, one with a size around 95 kb and the other 

around 65 kb. R. pickettii CW3 carries only one smaller plasmid of 

approximately 45 kb. These differences in plasmid profiles could be partially 

responsible for the further discussed differences in the resistance 

characteristics.  

 

Figure 4.3: Megaplasmids in the different C. metallidurans (2-6) and 

R. pickettii (7-15) isolates. (1) BAC-Tracker™ Supercoiled DNA 

Ladder; (2) C. metallidurans CH34; (3) NA1; (4) NA2; (5) NA4; (6) 

NE12; (7) R. pickettii ATCC27511; (8) SSH1; (9) SSH2; (10) SSH3; 

(11) SSH4; (12) CW1; (13) CW2; (14) CW3; (15) CW4. 

4.3.4 UV-C resistance 

Several chemical antimicrobial agents as well as physical cleaning methods 

are used to control microbial contamination on spacecraft hardware surfaces 

during (and after) assembly [26, 151]. In addition, assembly facilities such as 

the JPL spacecraft assembly facility and the PHSF facility of the Kennedy 

Space Center are classified as 100000 (US standard, equal to ISO 8). This 

means that a maximum of 100,000 particles with a size greater than 0.5 µm 
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per ft³ of air or 3,520,000 particles per m
3
 of air is accepted in these clean 

rooms. Air entering through HEPA filters installed in the ceilings of the 

clean rooms are tested and guaranteed as class air 5000. Furthermore, 

temperature and humidity are highly controlled and cleanrooms and surfaces 

are subjected to extensive cleaning [176]. One sterilization/ cleaning method 

used is UV-C irradiation. Each isolate was screened for its resistance against 

different doses (from 25 until 200 J/m²) of UV-C 254 nm radiation. The dose 

needed to kill 90% of the population (D10-values) was determined (Table 

4.5).  

Table 4.5: UV-C 254 nm resistance of C. metallidurans and R. 

pickettii isolates and species type strains(T). 

Source Species Strain D10 value
a
 

Intestine E. coli MG1655 36.7 ± 4.1 

Metal polluted soil C. metallidurans CH34T 22.1 ± 4.7 

Human tissue 

clinical origin 
R. pickettii ATCC27511T 11.1 ± 1.0 

Surface R. pickettii SSH1 27.3 ± 6.2* 

 R. pickettii SSH2 9.1 ± 1.6 

 R. pickettii SSH3 29.7 ± 9.9* 

 R. pickettii SSH4 26.2 ± 4.4* 

Air filter C. metallidurans NE12 24.0 ± 5.0 

Potable water C. metallidurans NA1 27.5 ± 2.6 

 C. metallidurans NA2 36.1 ± 2.7* 

 C. metallidurans NA4 22.9 ± 2.7 

Cooling water R. pickettii CW1 10.5 ± 5.0 

 R. pickettii CW2 10.3 ± 1.4 

 R. pickettii CW3 27.8 ± 1.7* 

 R. pickettii CW4 13.9 ± 1.6 

a
D10 values are mean values (n = 3) with standard deviation. *Significant difference 

(p < 0.05) between an isolate and its respective type strain. 

In general, the R. pickettii and C. metallidurans isolates and type strains are 

relatively sensitive to UV-C (compared to E. coli MG1655). The D10-values 

of the R. pickettii surface isolates (except for SSH2) were 2.5 times higher 
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compared to R. pickettii ATCC27511 and to the R. pickettii isolates from the 

cooling water (except CW3). Also C. metallidurans NA2 was significantly 

more resistant to UV-C radiation than C. metallidurans CH34. The cooling 

water isolates were equally resistant as the type strain, except for R. pickettii 

CW3, which displayed a D10-value 2.5 times higher. As expected, the D10-

values of the isolates are much lower than those of endospores from Bacillus 

spp. isolated from cleanroom environments [191, 192], indicating that 

extreme resistance is not necessary to escape from the cleaning and 

sanitation plan used in such facilities. A disadvantage of sterilization by UV 

radiation is that subtle variations in the surface can create small areas that 

shelter microorganisms [178].  

4.3.5 Antibiotic resistance 

Each isolate was screened for its resistance against several antibiotics (Table 

4.6). R. pickettii ATCC27511 was resistant to 5 of the 7 antibiotics tested. 

This feature is likely reminiscent of the clinical origin of the strain. All 

isolates, except R. pickettii CW3, grew in the presence of kanamycin (50 

µg/ml). Although the R. pickettii isolates formed smaller colonies compared 

to the C. metallidurans isolates. All C. metallidurans isolates, except NA4, 

were also resistant to kasugamycin (50 µg/ml), while none of the R. pickettii 

isolates was able to resist this concentration. The C. metallidurans isolates 

were also more resistant to chloramphenicol than the R. pickettii isolates. C. 

metallidurans isolates were able to grow at concentrations up to 150 µg/ml, 

while the R. pickettii isolates were only able to grow at a concentration of 30 

µg/ml. R. pickettii ATCC27511 and all surface isolates (R. pickettii SSH1, 

SSH2, SSH3 and SSH4) were able to grow on carbenicillin (100 µg/ml). 

Only C. metallidurans CH34 and NA4 were sensitive to ampicillin (100 

µg/ml). None of the isolates grew in the presence of trimethoprim (100 

µg/ml) or tetracycline (20 µg/ml).  
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4.3.6 Metal resistance 

To flourish successfully in highly polluted metal-rich environments, many R. 

pickettii and C. metallidurans strains have acquired several metal 

detoxification mechanisms [56, 57, 146]. The most frequent mechanism is 

pumping out ions via efflux pumps [193] and interplay between different 

types of efflux pumps can result in higher resistance and better detoxification 

[56]. Other detoxification mechanisms are reduction to a less toxic state or 

sequestration of the metal intracellular or at the cell surface [193]. In this 

study, each isolate was screened for its resistance against Ag
+
, Hg

2+
, Cd

2+
, 

Co
2+

, Zn
2+

, Cu
2+

 and Ni
2+

 ions in a Tris-buffered mineral medium with 

gluconate as carbon source. The minimal inhibitory concentration (MIC) – 

the lowest concentration that inhibits visible growth – was determined after 

48 hours (Table 4.7). Silver and mercury were the most toxic. Together with 

cadmium, these two metals have no beneficial biological role what makes 

resistance systems necessary. The other metals are micronutrients, thus it is 

essential that bacteria can react to limiting amounts but also to an excess of 

these metals [194]. Generally, C. metallidurans isolates were more resistant 

to Hg
2+

, Zn
2+

, and Cu
2+

 but more sensitive to Ni
2+

 than the R. pickettii 

isolates. Among the C. metallidurans isolates, only subtle differences in 

metal susceptibility were observed. 
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Table 4.6: Antibiotic resistance of C. metallidurans and R. pickettii isolates and species type strains(T). 

(Km) kanamycin, (Ksg) kasugamycin, (Cm) chloramphenicol, (Amp) ampicillin, (Cb) carbenicillin, (Tc) tetracycline, (Tm) 

trimethoprim. The number represents the concentration in µg/ml. Symbols: (+++) very good growth, (+) slight growth, (-) no 

growth.

 Isolate Km50 Ksg50 Cm30 Cm100 Cm150 Cb100 Amp100 Tc20 Tm100 

C
. 

m
et

a
ll

id
u

ra
n

s CH34
T 

+++ + +++ +++ +++ - - - - 

NA1 +++ + +++ +++ +++ - +++ - - 

NA2 +++ + +++ +++ +++ - +++ - - 

NA4 +++ - +++ +++ +++ - - - - 

NE12 +++ + +++ +++ +++ - +++ - - 

R
. 

p
ic

ke
tt

ii
 

ATCC27511
T 

+++ +++ +++ - - +++ +++ - - 

SSH1 +++ - +++ - - +++ +++ - - 

SSH2 +++ - +++ - - +++ +++ - - 

SSH3 +++ - +++ - - +++ +++ - - 

SSH4 +++ - +++ - - +++ +++ - - 

CW1 +++ - +++ - - - +++ - - 

CW2 + - +++ - - - +++ - - 

CW3 - - +++ - - - +++ - - 

CW4 +++ - +++ - - - +++ - - 
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One noticeable difference is the MIC of Ni
2+

 for C. metallidurans NA4: 40 

mM compared to 4 mM for the other C. metallidurans isolates. A possible 

explanation for this could be that C. metallidurans NA4 carries a functional 

nccCBA locus, which has been shown to be responsible for higher Ni
2+

 

resistance in other C. metallidurans strains [195]. In contrary, in type strain 

CH34 this locus is not functional due to a frame shift mutation in nccB [57].  

The R. pickettii isolates were also more or less equally resistant against the 

tested metals. The MIC values for Cd
2+

, Co
2+

 and Zn
2+

 of R. pickettii SSH1, 

CW3 and CW4 were in the same range of that of C. metallidurans CH34. In 

all the other R. pickettii isolates, the MIC values for those metals (especially 

for Zn
2+

) were lower. In C. metallidurans CH34, Cd
2+

, Co
2+

 and Zn
2+

 

resistance is conferred by the czcMNICBADRSEJ ompP czcP gene cluster 

located on plasmid pMOL30 and probably obtained by horizontal transfer 

[56, 57]. A similar czc gene cluster was also found in R. pickettii 12J [161] 

and PCR amplification (with primers based on the sequence of CH34) could 

confirm the presence of this cluster in R. pickettii SSH1 and CW4. However, 

no amplification could be observed for CW3 (Figure 4.4). It could be that 

resistance to these metals is conferred by other gene clusters or that the 

primers were not optimal for this strain. In the Zn-sensitive R. pickettii 

isolates, no amplification could be observed indicating the absence of this 

cluster as it is the case for R. pickettii 12D [161]. Further studies are 

necessary to determine if these metal resistant clusters are chromosomally 

located or on their megaplasmids. In addition, it cannot be excluded that the 

differences in MIC values between the isolates could be due to the fact that 

other metal resistant gene clusters are present. 
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Table 4.7: Metal ion MIC-values in mM for C. metallidurans and R. pickettii isolates and species type strains
(T)

 

 Isolate Ag
+
 Hg

2+
 Cd

2+
 Co

2+
 Zn

2+
 Cu

2+
 Ni

2+
 

C
. 

m
et

a
ll

id
u

ra
n

s CH34
T
 0.001 0.0027 1 12.5 12 6 4 

NA1 0.0005 0.0027 0.5 12.5 12 6 4 

NA2 0.0005 0.0013 0.5 6.25 12 6 4 

NA4 0.001 0.0027 0.5 12.5 12 6 40 

NE12 0.004 0.0054 1 12.5 12 1.5 4 

R
. 

p
ic

ke
tt

ii
 

ATCC27511
T
 0.001 0.0013 0.25 3.125 3 0.75 1 

SSH1 0.002 0.0054 1 12.5 24 1.5 4 

SSH2 0.001 0.00068 0.25 6.25 3 1.5 4 

SSH3 0.001 0.00068 0.5 6.25 3 1.5 4 

SSH4 0.001 0.00068 0.5 6.25 3 0.75 8 

CW1 0.002 0.0013 0.5 3.125 3 1.5 8 

CW2 0.002 0.0013 0.5 3.125 3 1.5 8 

CW3 0.002 0.0054 0.5 12.5 6 1.5 8 

CW4 0.002 0.0054 0.5 12.5 12 1.5 8 
a
MIC-values were scored in 284MM medium supplemented with 0.2% gluconate as carbon source at 30°C after 48 h 
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Figure 4.4: Presence of the czcNICBADRSE gene cluster in C. 

metallidurans CH34 (10573 bp) and the different R. pickettii (3-11) 

isolates. (1) GeneRuler™ 1 kb plus DNA Ladder; (2) C. metallidurans 

CH34; (3) R. pickettii ATCC27511; (4) SSH1; (5) SSH2; (6) SSH3; 

(7) SSH4; (8) CW1; (9) CW2; (10) CW3; (11) CW4. 

Stainless steels are used for many applications because of their stability, 

cleanability and high resistance to corrosion. However, care should be taken 

as many factors such as inorganic anions and inorganic acids/bases which 

are present in many disinfectants can cause pitting, a localized and intense 

form of galvanic corrosion [196]. These pits can facilitate bacterial adhesion 

and biofilm formation what, on its turn leads to a higher corrosion rate [196]. 

This phenomenon was also observed in the water system of the ISS, where 

the concentration of dissolved nickel ions increased in time probably as a 

result of galvanic corrosion of the surfaces in the presence of water 

containing silver ions [197]. Consequently, metal tolerance can be an 

advantage to survive in these space-related environments. In addition, the 

mechanisms necessary to resist metals are generally the same as those of 

antibiotic resistance [198] and co-selection between them has been 

frequently reported [for a comprehensive overview, see 129]. So, their 

tolerance to heavy metals can be an additional advantage as it can putatively 

influence antibiotic resistance and vice versa.  
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Finally, resistance to silver is of special interest as it is used as water 

disinfectant in the ISS (see next paragraph). 

4.3.7 Silver resistance  

Silver ions are widely used for their antibacterial effects [64, 74]. Next to 

clinical applications (e.g. burn wound treatment, silver-coated catheters or 

silver filling amalgams) [199], silver compounds are used as (co-

)disinfectant to control infectious agents in water management systems (e.g. 

swimming pools or hospitals) [60, 200]. In the ISS, all sources of water are 

sanitized with silver ions [50]. The ISS MORD identifies 4.6 µM as the 

maximum tolerated silver concentration in potable water. However, 

chemical analysis of samples returned from the ISS indicated that the 

dissolved silver concentration in SRV-K potable water was always below 

0.86 µM and in SVO-ZV potable water this concentration ranged from 0.21 

to 2.61 µM (both measured from Oct 2006 to Oct 2007) [201]. This decrease 

seems to be due to a rapid deposition of silver onto the metallic surfaces of 

the water distribution systems, which makes it unavailable for microbial 

control [197]. An additional problem is that phosphate is added to the water 

to prevent corrosion [197] and already small amounts of phosphate in water 

lead to an increase in microbial growth [202, 203]. Silver ions have a broad 

spectrum of activities: they have a high affinity to sulfhydryl groups in 

proteins leading to conformational changes and inactivation of enzymes, 

they block the respiratory chain and are able to bind with DNA resulting in 

inhibition of proliferation [74].  

For C. metallidurans CH34, the MIC for silver after 7 days was 4 µM in 

mineral medium (MM284) compared to 800 µM in complex rich medium 

(LB) (data not shown). Thus, the use of mineral medium for the MIC 

determination strongly decreases the MIC compared to a complex rich 

medium. However, it better reflects the potable water conditions and the 
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bioavailability of the metal. In liquid medium, addition of silver resulted in a 

delay of the exponential growth phase by prolonging the lag phase. 

Therefore, the time point of determination appeared to be an important 

factor. The minimal inhibitory AgNO3 concentrations ranged from 0.5 to 4 

µM after 2 days (Table 4.7) and from 1 µM to 8 µM after 7 days (data not 

shown). The MIC values of the R. pickettii isolates from the cooling water 

were higher compared to those of the surface isolates (except SSH1) and the 

type strain (Table 4.7). Putatively they have acquired different or more 

resistance markers, which can be an advantage to survive in (the ISS) water 

sources. After 7 days of exposure to a silver concentration equal to the MIC, 

half of the isolates (NA2, NA4, SSH2, SSH3, SSH4, CW4) were able to 

resuscitate after transfer to fresh MM284 medium. A fraction of cells was 

not killed by silver but putatively entered a 'dormant' (persistent) state that 

allows them to survive but not proliferate in the presence of silver. This 

phenomenon is known, and these persister cells are more resistant to 

stressors and are able to resuscitate and reproduce when more favourable 

conditions arrive [204]. The observed MIC concentrations for silver were 

thus often higher than the concentration used in ISS. Therefore, this will not 

inhibit growth when organic material is present nor eradicate the 

contamination. 

C. metallidurans CH34 carries a number of systems putatively involved in 

silver detoxification. The silDCBA, agrCBA, and cusDCBAF operons, which 

encode proteins that belong to the RND family of transporters, are located on 

pMOL30, chromosome 1 and 2, respectively. The cupRAC operon that codes 

for a P-type ATPase is located on chromosome 1 [56]. PCR amplification 

using CH34-based primers showed the presence of the agrCBA, silCBA, and 

cusCBA operons in almost all isolates except for the R. pickettii isolates 

SSH2, SSH3 and SSH4 (Figure 4.5), although their MIC (after 48 h) was the 

same as that of CH34 (Table 4.7).  
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Figure 4.5: Presence of the (a) agrCBA (3277 bp) (b) silCBA (3562 

bp) and (c) cusCBA (6413 bp) operon in the different C. metallidurans 

(2-6) and R. pickettii (7-15) isolates and species type strains. (1) 

GeneRuler™ 1 kb plus DNA Ladder; (2) C. metallidurans CH34; (3) 

NA1; (4) NA2; (5) NA4; (6) NE12; (7) R. pickettii ATCC27511; (8) 

SSH1; (9) SSH2; (10) SSH3; (11) SSH4; (12) CW1; (13) CW2; (14) 

CW3; (15) CW4. 

Putatively, these fragments were not present in these isolates and silver 

resistance was conferred by other resistance determinants, or it could be that 

annealing of the primers, which were based on the gene sequences of CH34, 

was not optimal for these R. pickettii isolates. PCR amplification on plasmid 

extracts showed that in all C. metallidurans isolates and almost all R. 

pickettii isolates, the silCBA cluster is located on one of their megaplasmids, 

while agrCBA is chromosomally located as it is the case for C. metallidurans 

CH34 (Figure 4.6).  
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Figure 4.6: Presence of the (a) agrCBA (3277 bp) and (b) silCBA 

(3562 bp) operon on plasmid DNA in the different C. metallidurans 

(2-6) and R. pickettii (7-12) isolates and species type strains. (1) 

GeneRuler™ 1 kb plus DNA Ladder; (2) C. metallidurans CH34; (3) 

NA1; (4) NA2; (5) NA4; (6) NE12; (7) R. pickettii ATCC27511; (8) 

SSH1; (9) CW1; (10) CW2; (11) CW3; (12) CW4.  

The sequence of silA (if present) is highly conserved (98% - 99% identical), 

while the agrA sequence showed more variation between the isolates (Figure 

4.7). For R. pickettii CW4, the amplified silA sequence was more similar to 

hmyA of CH34, which encodes a paralogous efflux pump [56]. 
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Figure 4.7: Neighbour-joining phylogenetic tree based upon a) agrA 

and b) silA gene sequence similarities. Numbers at the branches 

represent percentages of 1000 bootstrap repetitions (only values above 

50 % are shown).  Symbols for each strain: type strains ○; isolates 

from the ISS potable water ▲; ISS cooling water Δ; an air filter of the 

PHSF assembly facility ◊ and the surface of the Mars orbitor □. 

GenBank accession numbers are shown in parentheses.  
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4.3.8 Survival in potable water 

All isolates survived for at least 23 months in potable water with or without 

2 µM AgNO3, and could be resuscitated and proliferated afterward (Figure 

4.8 and Figure 4.9). During this period, the viable fraction decreased on 

average from 10
9 
CFU/ml to 10

6
 CFU/ml. 

 

Figure 4.8: Survival of C. metallidurans isolates and species type 

strain in potable water without (open squares) and with (full 

diamonds) 2 µM AgNO3 during a period of 23 months. a) C. 

metallidurans CH34; b) NA1; c) NA2; d) NA4; e) NE12. 
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Figure 4.9: Survival of R. pickettii isolates and species type strain in 

potable water without (open squares) and with (full diamonds) 2 µM 

AgNO3 during a period of 23 months. a) R. pickettii ATCC27511; b) 

SSH1; c) SSH2; d) SSH3; e) SSH4; f) CW1; g) CW2; h) CW4. 
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4.4 Conclusions 

The presence of Ralstonia pickettii and Cupriavidus metallidurans in space-

related environments such as spacecraft assembly facilities, robot surfaces 

and the ISS is not an isolated observation neither in location nor frequency. 

For instance concerning frequency, the ISS SVO-ZV water storage and 

dispensing system was monitored 27 times over a 4-year period (2001-2004) 

and bacterial levels above the acceptability limit of 100 CFU/100 ml were 

detected in 16 cases (60%), with high incidence of R. pickettii and C. 

metallidurans [50]. Although these recurrent contaminations elicited a series 

of remediation actions, contamination levels always increased above the 

acceptability limit soon afterward [50]. 

Our results provide insights in the factors causing this resilience of the 

contamination. First of all, it appears that most of the analysed phenotypes 

are common to R. pickettii and C. metallidurans as isolate phenotypes were 

similar to that of their respective type strains, isolated from different 

environments. Survival in oligotrophic environments such as on surfaces, in 

air and in water (even when supplemented with disinfectant) is certainly a 

beneficial trait. Correspondingly, Ralstonia spp. isolated from ultrapure 

water were previously shown to survive in such water for at least 6 months 

[53]. Ralstonia solanacearum was even able to survive over 4 years in river 

water [205]. Acquired resistance (UV-C radiation, antibiotics, and heavy 

metals) can also aid their survival and persistence. 

Resistance to silver is of special interest taking into account its use as water 

disinfectant aboard the ISS. Furthermore, since at least part of these silver 

resistance mechanisms are located on their megaplasmids, they could be 

disseminated to different members of the contaminating population [137, 

206]. It is therefore essential that the silver concentrations aboard the ISS are 

continuously monitored and maintained close to the maximum allowed 
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levels. In addition, alternative disinfectants could be studied to obtain 

improved control and prevention strategies. Finally, the persistence of 

contamination and its resistance to disinfectants can be promoted by biofilm 

formation [32, 159]. Preventing, through adequate design, and identifying 

critical points in the environment or system that are potentially prone to 

contamination build-up and biofilm formation are critical. Many isolates 

from space-related environments are extremely resistant such as Bacillus 

spores to UV-C and Acinetobacter radioresistens to dessication and H2O2 

[140]. However, our results indicate that extreme resistance is not essential 

for surviving these harsh and oligotrophic environments with dedicated 

cleaning and sanitation plans. 
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Chapter 5 

Genetic adaptation of Cupriavidus 

metallidurans in response to silver 

toxicity  

Silver is used to sanitize potable water systems aboard the ISS. In the 

previous chapter, it was shown that the C. metallidurans and R. pickettii 

isolates harbour several resistance mechanisms and that they were able to 

withstand silver concentrations higher than the concentrations measured in 

the potable water systems aboard the ISS. Moreover, they were able to 

survive during a long time-period in potable water supplemented with silver 

nitrate. Therefore, in this chapter, the silver resistance mechanisms are 

studied in more detail. Silver resistant mutants are generated and the 

underlying genetic circuit is investigated. 

 

 

 

 

 

This chapter is based on the following publication: 

Mijnendonckx K., Monsieurs P., Leys N., Mahillon J., Van Houdt R. 

Genetic adaptation of Cupriavidus metallidurans in response to silver 

toxicity reveals a novel silver resistance mechanism. In preparation  
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5.1 Introduction 

Silver is widely used as a (co-)disinfectant of water systems such as 

swimming pools, hospital hot water systems and potable water systems due 

to its broad-spectrum antimicrobial properties. In fact, silver is also used 

aboard the ISS in the three main water systems on the Russian side. Despite 

repeated disinfection and remediation actions, contamination of these water 

systems is not an exceptional event. A four-year monitoring campaign of the 

Russian storage and dispensing system (SVO-ZV) showed that bacterial 

contamination levels were above the acceptability limit of 100 CFU/100 ml 

in 16 of 27 sampling times [50]. The most dominant species were typical 

water-borne microorganisms such as Methylobacterium, Sphingomonas and 

Ralstonia, however, also C. metallidurans was recurrently detected [50].  

C. metallidurans strains are frequently isolated from metal-contaminated 

industrial sites linked to mining, metallurgic, and chemical industries [139], 

and are characterized by multiple metal-resistances [56]. However, C. 

metallidurans isolates are increasingly being recovered from other 

anthropogenic environments not typified by metal contamination such as 

different spacecraft-related environments (Chapter 4) and medically relevant 

sources such as patients with cystic fibrosis [142] and human cerebrospinal 

fluid (Appendix A). Recently, a first case of invasive infection by C. 

metallidurans was reported [143]. Results described in Chapter 4 showed 

that C. metallidurans strains isolated from different sources of the potable 

water management system of the ISS were able to tolerate silver 

concentrations higher than concentrations measured in the ISS potable water. 

Moreover, isolates were able to survive during a long time-period in water 

supplemented with silver nitrate. All isolates contain a number of systems 

that are putatively involved in silver detoxification, facilitating their survival 

in these water systems. 
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In this study, the silver resistance mechanisms of C. metallidurans were 

explored. To this end, independent spontaneous silver resistant mutants of 

type strain C. metallidurans CH34, its plasmidless derivative AE104 and C. 

metallidurans NA4, isolated from the Russian condensate recycle system 

SRV-K aboard the ISS, were obtained. The involved mechanisms and 

underying genetic circuit was studied in detail.  

5.2 Materials and Methods 

5.2.1 Bacterial strains, media, plasmids and culture conditions 

C. metallidurans CH34, its plasmidless derivative AE104 and C. 

metallidurans NA4, isolated from the Russian condensate recycle system 

SRV-K aboard the ISS, were cultured in Tris salt mineral medium (MM284) 

supplemented with 0.2% (wt/vol) gluconate as carbon source [169]. Liquid 

cultures were grown in the dark at 30°C on a rotary shaker at 150 rpm. E. 

coli strains were grown in LB medium at 37°C. When appropriate, media 

were supplemented with antibiotics at the following concentrations: 

kanamycin (50 µg/ml for E. coli or 1500 µg/ml for C. metallidurans), 

chloramphenicol (30 µg/ml), tetracycline (20 µg/ml) and ampicillin (100 

µg/ml). All strains and plasmids used in this study are presented in Table 

5.1. 
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Table 5.1: Bacterial strains and plasmids used in this study. 

Strain/Plasmid Relevant genotype or description  Reference 

Escherichia coli   

DG1 mcrA Δ(mrr-hsdRMS-mcrBC, modification-, restriction-) Φ80LacZΔM15 ΔLacX74 recA1 araD139 Δ
(ara-leu)7697 galU galK rpsL endA1 nupG 

Eurogentec, 

Belgium 

BL21 (DE3) F
–
, ompT, gal, dcm, lon, hsdSB(rB

-
mB

-
) λ(DE3 [lac, lacUV5-T7, gene 1, ind1, sam7, nin5]) Novagen, 

Germany 

C. metallidurans   

CH34
T 

Decantation tank of Belgian Zinc factory [164] 

AE104 Plasmidless derivative of C. metallidurans CH34 [169] 

NA4 Water sample, ISS SRV-K filter reactor effluent returned on Soyuz 10S (2004) (original code: 0502478-1) [167] 

CH34M1 C. metallidurans CH34 spontaneous silver resistant mutant, Ag
R
 This study 

CH34M2 C. metallidurans CH34 spontaneous silver resistant mutant, Ag
R
 This study 

AE104M C. metallidurans AE104 spontaneous silver resistant mutant, Ag
R
 This study 

NA4M C. metallidurans NA4 spontaneous silver resistant mutant, Ag
R
 This study 

NA4agrRS C. metallidurans NA4agrRS::tet, Tc
R
 This study 

NA4agrS C. metallidurans NA4agrS::tet, Tc
R
 This study 

NA4mmmQ C. metallidurans NA4mmmQ::tet, Tc
R
 This study 

NA4czcL C. metallidurans NA4czcL::tet, Tc
R
 This study 

NA4MagrRS C. metallidurans NA4MagrRS::tet, Tc
R
 This study 
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NA4MagrS C. metallidurans NA4MagrS::tet, Tc
R
 This study 

NA4MmmmQ C. metallidurans NA4MmmmQ::tet, Tc
R
 This study 

NA4MczcL C. metallidurans NA4MczcL::tet, Tc
R
 This study 

Plasmids   

pK18mob  pMB1 ori, mob
+
, lacZ, Km

R
 [207] 

pBBR1MCS-2 pBBR1 ori, mob
+
, lacZ, Km

R
 [208] 

pPROBE-TT pBBR1 ori, mob
+
, promoterless gfp, Tc

R
 [209] 

pPROBE-TT' pBBR1 ori, mob
+
, promoterless gfp, Tc

R
, reversed MCS of pPROBE-TT [209] 

pBAD33 p15A ori, ParaBAD, araC, Cm
R
 [210] 

pLATE31 pMB1 ori, lacI, rrnBT1-T2 transcription terminator, lacO, T7 RNA polymerase promoter, C-terminal 

polyhistidine tag, Ptet in opposite direction of T7 promoter, T7 terminator, Amp
R
  

Thermo 

Scientific, 

Belgium 

pSCK1 agrRS gene region of C. metallidurans NA4 in pK18mob, Km
R
 This study 

pSCK2 mmmQ - czcL gene region of C. metallidurans NA4 in pK18mob, Km
R
 This study 

pSCK3 agrRS::tet in pK18mob, Km
R
, Tc

R
 This study 

pSCK4 agrS::tet in pK18mob, Km
R
, Tc

R
 This study 

pSCK5 mmmQ::tet in pK18mob, Km
R
, Tc

R
 This study 

pSCK6 czcL::tet in pK18mob, Km
R
, Tc

R
 This study 

pBBR-agrRS agrRS of C. metallidurans NA4 in pBBR1MCS-2, Km
R
 This study 

pBBR-agrRSM agrRS of C. metallidurans NA4M in pBBR1MCS-2, Km
R
 This study 

pBBR-mmmQ mmmQ of C. metallidurans NA4 in pBBR1MCS-2, Km
R
 This study 
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pPTT-agrR Promoter region agrR of C. metallidurans CH34 in pPROBE-TT, Tc
R
  This study 

pPTT-czcR2 Promoter region czcR2 of C. metallidurans CH34 in pPROBE-TT, Tc
R
 This study 

pPTT-mmmQ Promoter region mmmQ of C. metallidurans CH34 in pPROBE-TT, Tc
R
 This study 

pPTT-czcL Promoter region czcR2 of C. metallidurans CH34 in pPROBE-TT', Tc
R
 This study 

pPTT-agrA Promoter region agrR of C. metallidurans CH34 in pPROBE-TT', Tc
R
 This study 

pBAD-agrRS agrRS of C. metallidurans CH34 in pBAD33, Cm
R
 This study 

pBAD-agrR agrR of C. metallidurans CH34 in pBAD33, Cm
R
 This study 

pBAD-agrRSM agrRS of C. metallidurans AE104M in pBAD33, Cm
R
 This study 

pBAD-czcR2S2 czcR2S2 of C. metallidurans CH34 in pBAD33, Cm
R
 This study 

(tet) tetracycline, (Ag
R
) silver resistant, (Km

R
) kanamycine resistant, (Tc

R
) tetracycline resistant, (Cm

R
) chloramphenicol resistant, (Amp

R
) 

ampicillin resistant, (ParaBAD) arabinose inducible promoter, (Ptet) tetracycline regulated promoter   
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5.2.2 Generation of spontaneous silver resistant mutants 

Spontaneous silver resistant mutants of C. metallidurans CH34, its 

plasmidless derivative AE104 and C. metallidurans NA4 were generated by 

exposure to a toxic concentration of AgNO3 (Table 5.2).  

Table 5.2: Spontaneous silver resistant mutants of C. metallidurans 

Name Parent strain Selected on 

CH34M1 C. metallidurans CH34 LB agar + 0.5 mM AgNO3 

CH34M2 C. metallidurans CH34 LB agar + 2 mM AgNO3 

AE104M C. metallidurans AE104 MM284 + 3 µM AgNO3 

NA4M C. metallidurans NA4 MM284 + 8 µM AgNO3 

5.2.3 Metal ion resistance 

A stationary phase culture (OD600 of ca. 1, representing 10
9 
CFU/ml) of each 

strain grown in MM284, was diluted 100-fold in 2 ml MM284 medium with 

different concentrations of the metals of interest. The lowest concentration 

that inhibits visible growth was defined as MIC. The MIC values were 

determined for the following metal solutions: AgNO3, CdCl2, CoCl2, CuSO4, 

ZnSO4, NiCl2, KCr2O4, Cl4NA2Pd and HAuCl4.  

5.2.4 Transmission electron microscopy 

Dr. Peter Baatsen from the electron microscopy facility of VIB/KULeuven 

performed transmission electron microscopy (TEM) analysis on mutant C. 

metallidurans AE104M after growth in the presence of 80 µM AgNO3. The 

cells were pelleted at 10,000 g for 5 min, washed twice with 10 mM MgSO4, 

and resuspended in 1 ml MgSO4 (10 mM). A drop of each sample was 

spotted onto a carbon-coated copper mesh TEM grid and dried in a vacuum. 

The grid was inserted into the TEM and pictures were recorded.   
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5.2.5 Gene expression analysis 

Gene expression in the different spontaneous silver resistant mutants was 

compared with the parent strain in basic growth conditions. To this end, 3 

independent stationary phase cultures of C. metallidurans CH34, AE104, 

NA4 and the spontaneous silver resistant mutants CH34M1, CH34M2, 

AE104M and NA4M, were diluted 1/500 in 25 ml MM284. These 

subcultures were allowed to grow until a cell density of 5 x 10
8
 CFU/ml 

(OD600 = 0.5) was reached. Each culture was fractionated in 2 ml portions, 

and cells were harvested by centrifugation for 2 min at 10,000 g. Bacterial 

pellets were flash frozen by immersion into liquid nitrogen and were kept 

frozen at -80°C at all times. Microarrays were based on the genome of C. 

metallidurans CH34. RNA extraction, labelling and hybridization, 

microarray spotting, scanning and data analysis was performed according to 

the work of [144].  

5.2.6 Illumina whole genome sequencing 

Whole genome (re)sequencing was performed by BaseClear (Leiden, The 

Netherlands), and comprised of a 50 bp paired-end sequencing approach 

with 300 bp insert size on the Illumina GAIIx platform. 

5.2.7 General cloning procedures 

Standard molecular biology procedures were employed during this study, 

unless mentioned specifically. All oligonucleotides in this study were 

supplied by Eurogentec (Seraing, Belgium) and are listed in Table 5.3.  

 

 

 



Chapter 5 

85 

 

Table 5.3: Oligonucleotides used in this study. Restriction sites 

introduced for cloning are underlined. 

Primer name Primer Sequence from 5' to 3' 

FW1 CATGGGATCCGGAAGGAAAAATGTCTGTCG 

REV1 AGTCGAATTCCTTCATGTTTTCATCCTCAGC 

FW2 GACTGGATCCATTGCTTCCGTCAATTCG 

REV2 GATCGAATTCTGCGCATGTTGGTTCACT 

FW3 GATCGGATCCCTCAGACTCGGACATGACTCAT  

REV3 CTAGGAGCTCGATGGTTCGCATCTTGGAAT  

FW4 GATCGAATTCACCGTATGGCAGAGGAATTG 

REV4 GACTAAGCTTCTTGACCGAGCCATACGAAC 

FW5 GATCGGATCCACGCGAGCTACTTCTTCGAG 

REV5 CTAGAAGCTTGGTGTTGCTGTCGAAGTTCA 

FW6 GACTACTAGTGTTTTCATCCTCAGCTGCACG 

REV6 GACTCTTAAGGCAACATCGTCGCTATCCGT  

FW7 TCGAACTAGTCAAGACTGTCGGTTCTCAAGGA 

FW8 TTATCTTAAGCTTGGAATCCTCTTCGTGA 

REV8 GGTCACTAGTTACAGGATGTCGCTCGAT 

FW9 CTAGACTAGTGGCGGTTTCAAGTCCAAGTG 

REV9 CTAGACTAGTCAGCCAATGATGCCGATACA 

FW10 GATCACTAGTTCAGCCCCATACGATATAAG 

REV10 TTATCTTAAGTGGAGTGGTGAATCCGTTAG 

FW11 GACGATGAGCGCATTGTTAG 

REV11 TCAGGGACAGCTTCAAGGAT 

FW12 CATGGGATCCGGAAGGAAAAATGTCTGTCG 

REV12 TCAGAAGCTTTCAGGTATGCGGAATTGTC 

FW13 GATCGGATCCCTCAGACTCGGACATGACTCAT  

REV13 CTAGAAGCTTTCAGGCCCCGTCGGTGAACACGTC 

FW14 CGATTAAGTTGGGTAACGCC 

REV14 ATTAGGCACCCCAGGCTTTA 

FW15 GATCTCTAGAGTGCAGCTGAGGATGAAAACAT 

REV15 GATCAAGCTTTCAAGACTGTCGGTTCTCAAG 

FW17 CTGATCTAGACCGGCTTGGAAGTGAACC  

REV17 GATCAAGCTTTTATGCGCCTGCCCTACTG 
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5.2.8 Construction of plasmids 

The agrRS and mmmQ-czcL gene regions, including 0.5 kb up- and 

downstream, from C. metallidurans NA4 were amplified by PCR 

(DreamTaq polymerase, Fermentas, Belgium) using the primer pairs FW4-

REV4 and FW5-REV5, providing EcoRI/HindIII and BamHI/HindIII 

recognition sites, respectively. The amplicons were subsequently cloned in 

pK18mob digested with EcoRI/HindIII and BamHI/HindIII, respectively. 

The resulting constructs pSCK1 and pSCK2 were transformed to E. coli 

DG1 electrocompetent cells (Eurogentec, Belgium). Next, inverse PCR was 

performed with the primers FW6-REV6, FW6-REV7, FW8-REV8, and FW-

9-REV9 to amplify the flanking regions of the gene of interest including the 

pK18mob vector. Afterwards, a tetracycline resistance cassette, amplified 

from pACY184 with primers FW10 and REV10, was cloned as a 

BspTI/BcuI fragment in each BspTI/BcuI digested amplicon. The resulting 

constructs pSCK3, pSCK4, pSCK5 and pSCK6 were transformed to E. coli 

DG1 electrocompetent cells (Eurogentec, Belgium). All plasmids were 

confirmed by sequencing with outward tetracycline primers (primer FW11 

and REV11). 

PCR amplification (DreamTaq polymerase, Fermentas, Belgium) of the 

genes agrRS and mmmQ and their promoter region was done on genomic 

DNA from C. metallidurans NA4 and NA4M with the primer pair FW12-

REV12 and on the genomic DNA from C. metallidurans NA4 with the 

primer pair FW13-REV13, respectively. Afterwards, these PCR products 

were cloned as a BamHI/HindIII fragment in the vector pBBR1MCS-2. The 

resulting vectors pBBR-agrRS, pBBR-agrRSM and pBBR-mmmQ were 

transformed in E. coli DG1 competent cells. Sequences of the plasmids were 

confirmed with the primers FW14 and REV14. 
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The genes agrR, agrRS and czcR2S2 from type strain C. metallidurans CH34 

and agrRS from mutant AE104M were amplified by PCR (DreamTaq 

polymerase, Fermentas, Belgium) with primer pairs FW15-REV15, FW15-

REV12, FW16-REV16 and FW15-REV12, respectively, providing 

BamHI/HindIII recognition sites. These amplicons were subsequently cloned 

in pBAD33 [211], and transformed to E. coli DG1 competent cells resulting 

in the plasmids pBAD-agrRS, pBAD-agrR, pBAD-agrRSM and pBAD-

czcR2S2, respectively.  

Transcriptional promoter-gfp fusions were constructed according to the 

following procedure. A ca. 0.3 kb fragment upstream the agrR, czcR2 and 

mmmQ start codon was amplified by PCR (DreamTaq polymerase, 

Fermentas, Belgium) using the primer pairs FW1-REV1, FW2-REV2 and 

FW3-REV3, providing BamHI/EcoRI, BamHI/EcoRI and BamHI/XbaI 

recognition sites, respectively. The amplicons were subsequently cloned into 

pPROBE-TT [209] containing a promoterless gfp and transformed in E. coli 

DG1 competent cells, resulting in the vectors pPTT-agrR, pPTT-czcR2 and 

pPTT-mmmQ. The amplicons of agrR and czcR2 were also cloned in 

pPROBE-TT' [209], carrying an inversed multiple cloning site compared to 

pPROBE-TT, consequently providing the promotor region of agrA and czcL 

in the vectors pPTT-agrA and pPTT-czcL, respectively.  

5.2.9 Insertion mutagenesis 

For insertion mutagenesis, pSCK3, pSCK4, pSCK5 and pSCK6 were 

conjugated into C. metallidurans NA4 and NA4M with E. coli HB101 

pRK600 as helper. For each mutant, a tetracycline-resistant and kanamycin-

sensitive exconjugant was selected, and confirmed being a genuine mutant 

by PCR and sequencing with outward tetracycline primers (primer FW11 

and REV11), yielding NA4ΔagrRS, NA4ΔagrS, NA4ΔmmmQ, NA4ΔczcL, 
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and NA4MΔagrRS, NA4MΔagrS, NA4MΔmmmQ, NA4ΔMczcL, 

respectively. 

5.2.10 Complementation  

The vectors pBBR1MCS-2, pBBR-agrRS and pBBR-agrRSM were 

electroporated in insertion mutants NA4ΔagrRS and NA4MΔagrRS and 

selected on MM284 + kanamycin 1500 µg/ml. The vectors pBBR1MCS-2 

and pBBR-mmmQ were electroporated in the insertion mutant 

NA4MΔmmmQ and selected on MM284 + kanamycin 1500 µg/ml. The 

survival of all constructs on LB agar and LB agar supplemented with 0.5 

mM AgNO3 was scored. To this end, 100 µl of serial dilutions of an 

onvernight LB culture (10
9
 CFU/ml) were spread on LB agar and LB agar + 

0.5 mM AgNO3 plates. After 3 days, colonies on both conditions were 

counted.  

5.2.11 In vivo cross-regulation 

In order to confirm the possible cross-regulations identified by the 

phylogenetic footprinting approach, the arabinose inducible expression 

vector pBAD33 [211] was combined with pPROBE-TT [209], which 

contains promoterless gfp, in E. coli DG1. To this end, electrocompetent 

cells of the cultures pBAD-agrRS, pBAD-agrR, pBAD-agrRSM and pBAD-

czcR2S2, were made. First, 6 ml liquid exponential phase LB cultures of each 

strain were distributed in 4 tubes containing each 1.5 ml culture. These 

cultures were washed twice with 300 mM sucrose. Finally, the pellets were 

pooled in 200 µl sucrose (300 mM). Purified vectors pPTT-agrR, pPTT-

czcR2, pPTT-mmmQ, pPTT-agrA and pPTT-czcL were electroporated in 

each electrocompetent culture of pBAD-agrRS, pBAD-agrR, pBAD-agrRSM 

and pBAD-czcR2S2. In this way, in total 20 different combinations were 

made. Possible cross-regulations were tested by comparing Gfp production 

in each construct, either induced or un-induced with 0.2% arabinose. To this 
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end, overnight LB cultures supplemented with Tc (20 µg/ml) and Cm (30 

µg/ml), were diluted 10 times in 2 ml LB with the same antibiotics and with 

0.2% arabinose on the one hand and water on the other hand. These cultures 

were incubated for 6 hours at 30°C and after that, Gfp production was 

measured by flow cytometry. 

5.2.12 Flow cytometry 

Flow cytometry was used to measure Gfp production. To this end, an 

overnight LB culture was diluted 100-fold in 10 mM MgSO4 (filtered with 

0.2 µm filter), and analysed with an BD Accuri C6 flow cytometer (BD 

Biosciences, Belgium). Gfp production was measured with filter FL1 

(excitation 488 nm/emission 533/30 nm) and at least 80,000 cells were 

recorded. The respective cell populations were delimited to eliminate 

background signals originating from cell debris. All data analysis was 

performed with the CFlow Software. 

5.2.13 Phylogenetic footprinting 

A phylogenetic footprinting approach with the promoter region of agrR was 

performed in silico by Pieter Monsieurs (SCK⦁CEN). By combining the 

output of different motif detection algorithms (MotifSampler, AlignACE, 

MEME, Weeder and RSAT) followed by a Markov clustering of the output 

motif models, the regulatory motif of agrRS was defined. This model was 

used for a genome wide screening of all upstream regions in type strain C. 

metallidurans CH34 to identify possible binding sites for AgrR.  

5.2.14 MmmQ protein expression and purification 

The coding sequence of MmmQ corresponding to the protein with its signal 

peptide was amplified by PCR using genomic DNA from C. metallidurans 

CH34 as template. A 3C-protease cleavage site was introduced at the C-

terminus of MmmQ. The PCR product was cloned into a pLATE31 vector 
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(Thermo Scientific, Belgium) upstream of a 6 His-tag coding sequence. The 

pLATE31_mmmQ vector was transferred into an E. coli strain BL21 (DE3) 

(Novagen, Germany) for expression. Cells were grown at 37°C in LB 

medium to an OD600nm of 0.7. Expression was induced by 0.5 mM isopropyl-

β-D-1-thiogalactopyranoside (IPTG) for 3 hours and cells were collected by 

centrifugation at 5,000 g for 15 min at 4°C. 

Cell pellets were suspended in chilled purification buffer A (20 mM HEPES 

pH 8, 0.3 mM NaCl) containing 10 mM imidazole, and protease inhibitors 

(Complete, Roche, Belgium). Cells were lysed in an EmulsiFlex (Avestin, 

Germany) at 4°C and incubated with 20 µg/ml DNase for 15 min. Cell debris 

were removed by centrifugation at 10,000 g for 15 min at 4°C. Supernatant 

was incubated with Ni-NTA resin (Thermo Scientific, Belgium) for 1 hour at 

4°C under gentle agitation. After collecting the flow-through, the resin was 

washed with chilled purification buffer A containing 10 mM (wash L1) and 

40 mM (wash L2) imidazole, respectively. The protein was eluted in the 

same buffer containing 250 mM imidazole (elutions E1, E2 and E3). The 

protein sample was loaded onto a PD-10 desalting column (GE Healthcare, 

Belgium) using storage buffer (20 mM HEPES pH 7.5, 150 mM NaCl). The 

6 His-tag was removed by overnight digestion with 3C-protease at 4°C. 

Sample was fractioned on a Superdex 200 10/300 GL size exclusion column 

using an ÄKTA purifier system (GE Healthcare, Belgium). This 

chromatography step was also used to exchange the buffer of the protein 

sample. 

5.2.15 Mass spectrometry 

For accurate molecular mass determination, the protein sample was desalted 

on ZipTipC18 (Merck Millipore, Germany) and solubilized in 50% 

acetonitrile/1% formic acid (v/v). The protein solution was loaded into gold-

palladium coated borosilicate nano-electrospray capillaries (Thermo 
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Scientific, Belgium). Mass spectra were acquired on a Q-Tof Ultima API 

mass spectrometer (Waters, France), equipped with a Z-spray nano-

electrospray source and operating in positive ion mode. Capillary voltages of 

1.8 - 2.0 kV and cone voltage of 50 V typically were used. The source 

temperature was kept at 80°C and the time-of-flight analyser was operated in 

the V mode. Data acquisition was performed using a MassLynx 4.0 system. 

The spectra represent the combination of 1-sec scans. The molecular mass 

was determined after MaxEnt1 deconvolution of the m/z raw data (Waters, 

France). 

For the metal binding experiments, the buffer of protein sample was 

exchanged to 10 mM ammonium acetate, pH 6.9 by size exclusion 

chromatography (SEC). The protein was incubated at a final concentration of 

5 µM in the presence of Ag
+
 for 10 min at 22°C. Parameters used for binding 

experiments were set on following values: capillary voltage 1.6 kV, cone 

voltage 50 V, source block temperature 20°C, pirani pressure 2.2 mbar. 

5.2.16 Fourier transform infrared spectroscopy  

Prior to Fourier transform infrared spectroscopy (FTIR) analysis, the buffer 

of the protein sample was exchanged to 5 mM HEPES, pH 7.5 on a Micro 

Bio-Spin 6 column (Bio-Rad, Belgium). Attenuated total reflection infrared 

(ATR-FTIR) spectra were obtained at a resolution of 2 cm
-1 

on a Bruker 

IFS55 FTIR spectrophotometer equipped with a MCT detector. The 

spectrophotometer continuously was purged with dry air (Whatman, 

Belgium). Measurements were carried out at 20°C. Thin protein films were 

obtained by slowly evaporating 1 µl of protein solution on the diamond ATR 

element under a stream of nitrogen. Spectra represent the average of 256 

scans for each time point. For hydrogen/deuterium exchange, nitrogen gas 

saturated with D2O was flushed on the sample during 15 min. 
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MmmQ purification, mass spectrometry and FTIR analysis were performed 

by Dr. Guy Vandenbussche from ULB. 

5.3 Results 

5.3.1 Spontaneous silver resistant mutants 

Independent spontaneous of C. metallidurans CH34, AE104 and NA4 were 

obtained by exposure to a toxic concentration of AgNO3 (Table 5.2). The 

MIC values of AgNO3 for the wild-type and mutant strains are presented in 

Figure 5.1. Mutants CH34M1 and CH34M2 were 4 times more resistant 

compared to wild-type CH34, mutant AE104M was ± 30 times more 

resistant than wild-type AE104 and mutant NA4M was ± 10 times more 

resistant compared to wild-type NA4. 
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Figure 5.1: MIC of AgNO3 after 7 days for wild-type (dark grey bars) 

compared to silver mutants (light grey bars) of C. metallidurans type 

strain CH34, its plasmidless derivative AE104 and C. metallidurans 

NA4. 
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Cross-resistance of the mutants for Cu
2+

, Zn
2+

, Cd
2+

, Co
2+

, Ni
2+

, Cr
2+

, Sr
2+

, 

Pd
2+

 and Au
3+

 was tested. No noticeable differences in resistance for those 

metals were observed, except for Au
3+

 (Figure 5.2). CH34M1 was 4 times 

less resistant to Au
3+

 compared CH34, while AE104M was 4 times more 

resistant compared to AE104. For CH34M2 and NA4M, no difference in 

Au
3+

 resistance compared to respectively CH34 and NA4 was observed.  
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Figure 5.2: MIC of HAuCl4 after 3 days for wild-type (dark grey bars) 

compared to silver mutants (light grey bars) of C. metallidurans type 

strain CH34, its plasmidless derivative AE104 and C. metallidurans 

NA4. 

5.3.2 TEM analysis 

TEM analysis on AE104M performed after growth in the presence of 80 µM 

AgNO3, showed the presence of electron dense granules, putatively 

indicating that some cells are able to produce Ag nanoparticles (Figure 5.3). 
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Figure 5.3: TEM picture of C. metallidurans AE104M after growth in 

the presence of 80 µM AgNO3. Putative nanoparticles are pointed by 

arrows. 

5.3.3 Whole genome expression analysis 

Whole genome expression analysis of the different silver resistant mutants 

compared to their respective wild-type strain in basic growth conditions was 

performed. Genes were considered as differentially expressed as fold change 

ratios were above 2 or below 0.5 with adjusted P-values below 0.05. In 

CH34M1, 301 genes were differentially expressed (133 up- and 168 down-

regulated), 293 genes (158 up- and 135 down-regulated) in CH34M2, 179 

genes (75 up- and 104 down-regulated) in AE104M and 348 genes (204 up- 

and 104 down-regulated) in NA4M (Figure 5.4). Eight up-regulated genes 

were common in all mutants, while no common down-regulated genes were 

found (Table 5.4, Figure 5.4). These genes code for an outer membrane 

protein, a two-component regulatory system and proteins of unkown 

function (Table 5.4). The sensor kinase (AgrS) and response regulator 

(AgrR) of the two-component system are associated with an RND-efflux 
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pump (AgrCBA) of unknown specificity (see also Figure 2.4). Two other 

genes, mmmQ and czcL also belong to a larger gene cluster that is highly 

conserved among C. metallidurans (Figure 5.5).  

 

Figure 5.4: Venn diagrams showing the number of common a) up-

regulated and b) down-regulated genes in each mutant compared to 

the other. A red line surrounds the number of common differentially 

expressed genes between all mutants. 

 

Figure 5.5: Genetic organization of the gene cluster comprising 

mmmQ and czcL in C. metallidurans CH34 (upper) and C. 

metallidurans NA4 (lower). In CH34, the IS element IS1088 (red) is 

located between hns and czcL. Sequence similarities are shown at 

protein level. 

 

 

 

a) b) 
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Table 5.4: Common differentially expressed genes in all mutants. Values represent fold change ratios compared to the wild-type 

strains. 

Locus    Function  CH34M1 CH34M2 AE104M NA4M 

Rmet_0477 Conserved hypothetical protein, CopQ-like 9.0 9.1 3.9 15.8 

Rmet_1751 DNA-binding response regulator, AgrR 78.5 65.4 81.0 54.2 

Rmet_1752 signal transduction histidine kinase, AgrS 44.4 38.0 30.4 16.2 

Rmet_3571 protein involved in metal response (CopQ-like), MmuQ 23.8 22.0 21.2 2.9 

Rmet_4461 protein involved in metal response (CopQ-like), MmmQ 81.0 88.6 106.6 26.2 

Rmet_4464 Conserved hypothetical protein, CzcL 5.1 4.9 2.1 2.8 

Rmet_4595 Conserved hypothetical protein, CzcI-like 7.7 8.2 3.1 2.7 

Rmet_5118 Outer membrane protein (porin), OmpC family 8.6 9.0 5.8 3.6 
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5.3.4 Confirmation of the gene expression data 

Plasmid-borne gfp transcriptional fusions to the agrR, mmmQ and czcR2 

promoter region were electroporated into NA4 and NA4M and tested for Gfp 

production by flow cytometry. There was a clear shift in Gfp production in 

NA4M compared to NA4 for all three promoters (Figure 5.6), confirming the 

microarray data. For agrR and mmmQ the NA4M population is a mixture of 

fluorescent and non-fluorescent cells, which was also observed in colonies 

on solid medium. For both, the same result was obtained when the 

experiment started from a fluorescent colony or a non-fluorescent one.  

 

Figure 5.6: Gfp production measured with flow cytometry in mutant 

NA4M (full line) compared to wild-type NA4 (dotted line) for a) 

Promoter region agrR (pPTT-agrR) b) Promoter region mmmQ 

(pPTT-mmmQ) and c) Promoter region czcR2 (pPTT- czcR2). 

a) 

b) 

c) 
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5.3.5 Whole genome sequencing of mutants 

The genomes of CH34M1, CH34M2 and NA4M were sequenced and 

compared to type strain CH34 and NA4, respectively. In CH34M1, ISRme3 

was transposed from its original position in the 3' region of agrS, while in 

CH34M2, IS1086 was transposed from its original position into the 5' region 

of agrS (Figure 5.7). In CH34M1, one additional event caused by IS 

elements occurred, namely, ISRme3 transposed into Rmet_2171 (integrase). 

In CH34M2, ISRme15 transposed in Rmet_2992 (hypothetical protein) and 

ISRme5 in cupA. However, none of these three genes was differentially 

expressed in these mutants. In addition to the mutations caused by IS 

elements, both CH34M1 and CH34M2 showed insertions of one nucleotide, 

and single nucleotide polymorphisms in coding or promoter regions. 

CH34M1 and CH34M2 have 15 mutations in common, however, none of the 

affected genes are differentially expressed in both mutants. In NA4M, three 

mutations caused by an IS element or transposon occurred but either in 

genes that were not differentially expressed in all C. metallidurans mutants 

or in genes that are absent in CH34M1 and CH34M2. Screening for point 

mutations showed one C in T substitution in agrS, which resulted in an 

arginine to cysteine substitution at residue 412 (Figure 5.7).  

Thus, all resequenced mutants showed mutations in agrS. Also in AE104M, 

analysis of the agrRS region showed an insertion of ISRme3 in agrS. In 

addition to agrS, the efflux pump coded by agrCBA is also affected in all 

mutants. In CH34M1, there is a duplication of 7 bp in the promoter region of 

agrCBA, affecting the expression of agrCBA. In CH34M2, there is a 4 bp 

duplication in agrA, resulting in an early stop codon and thus disfunctional 

AgrA and in NA4M, agrA is disrupted by a transposase (also present in 

wild-type NA4) (Figure 5.7).  
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Figure 5.7: Schematic representation of all mutations that occurred in 

the agrCBARS gene cluster. Mutations occurred by IS elements are 

presented as blue triangles, duplications are presented as yellow 

triangles and sinlge nucleotide substitutions are shown as purple 

triangles. The transposase in NA4M (red triangle) is already present in 

wild-type NA4.  

5.3.6 Influence of agrRS, agrS, mmmQ and czcL knockout on 

 silver resistance 

All experiments were performed with AE104M and NA4M but only the 

results of NA4M are presented in detail, as it is the most relevant strain for 

this study. To investigate the role of the upregulated genes, agrRS, agrS, 

mmmQ or czcL were deleted in NA4M. In all of these deletion mutants, 

silver resistance decreased again to wild-type level or less (NA4MagrRS) 

(Figure 5.8). As control, a random gene was deleted (acxR, coding for an 

alcohol dehydrogenase), showing no effect on silver resistance (data not 

shown).  
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Figure 5.8: MIC for AgNO3 after 7 days for NA4, NA4M, 

NA4MΔagrRS (ΔagrRS), NA4MΔagrS (ΔagrS), NA4MΔmmmQ 

(ΔmmmQ) and NA4MΔczcL (ΔczcL). 

5.3.7 Complementation of agrRS and mmmQ 

NA4MagrRS and NA4MmmmQ were complemented with pBBR-agrRSM 

and pBBR-mmmQ, respectively, but silver resistance could not be restored 

for pBBR-agrRSM. By constrast, silver resistance could be restored after 

plasmid-mediated complementation with mmmQ (Figure 5.9). This graph 

shows that the number of NA4M surviving 0.5 mM AgNO3 is not equal to 

the unexposed control. Plasmid pBBR-mmmQ is partially able to 

complement silver resistance, although the number of 

NA4MΔmmmQ_pBBR-mmmQ surviving 0.5 mM AgNO3 is approximately 

1000 fold less compared to NA4M.  
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Figure 5.9: Survival of NA4, NA4M, NA4MΔmmmQ (ΔmmmQ), 

NA4MΔmmmQ_pBBR (pBBR) and NA4MΔmmmQ_pBBR-mmmQ 

(pBBR-mmmQ) on LB agar plates (black bars) and on LB agar plates 

supplemented with 0.5 mM AgNO3 (grey bars). Values represent the 

average of three independent experiments.  

In addition, for plasmid-mediated mmmQ complementation, the level of 

mmmQ expression was measured in each construct with RT-PCR. This 

clearly showed up-regulation of mmmQ expression in NA4M compared to 

NA4 (confirmation of microarray and data transcriptional gfp fusion), loss of 

mmmQ expression in NA4MmmmQ and NA4MmmmQ_pBBR, and 

restoration of mmmQ expression levels in NA4MmmmQ_pBBR-mmmQ to 

NA4M levels (Figure 5.10), confirming the important role of mmmQ in the 

adaptive response to silver toxicity. 
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Figure 5.10: Expression level of mmmQ in the different strains. 

Expression levels are normalized compared to expression levels of 

uvrD and fold change ratios between NA4M, NA4MΔmmmQ, 

NA4MΔmmmQ_pBBR, NA4MΔmmmQ_pBBR-mmmQ and NA4 are 

presented.  

5.3.8 Phylogenetic footprinting 

To detect possible binding sites of the transcription factor AgrR, a 

phylogenetic footprinting approach was followed. In first instance, the 

promoter region of agrR from closely and more distantly related species was 

compared by several motif detection tools, followed by clustering analysis 

on the outcome of the models. In this way, a possible regulatory motif for 

agrR was found (Figure 5.11). A clear similarity was observed between the 

regulatory motif of agrR and the putative motif found in other transcriptional 

involved in metal resistance, such as czcR2, copR2 (both chromosomally 

located) and copR1 (plasmid located). 
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Figure 5.11: Logo of the proposed regulatory motif found of agrR. 

In a second step, this regulatory motif was used to perform a genome-wide 

screening of all upstream regions in C. metallidurans CH34 to detect 

possible binding sites for AgrR. This illustrated next to a possible binding 

site for AgrR upstream its own associated efflux pump agrCBA, possible 

binding sites upstream genes associated with metal resistance (e.g. 

copC1B1A1R1S1, czcR2S2, chrF2, chrA2, chrB2, czcM, czcE). In addition, 

possible binding sites were discovered in the promoter region of 4 genes, 

commonly up-regulated in all mutants, namely, Rmet_0477, Rmet_4461 

(mmmQ), Rmet_4464 (czcL) and Rmet_4595 (czcI2).  

5.3.9 In vivo cross-regulation 

In addition to the theoretical predicted interactions of AgrR with other genes, 

it was tested if this cross-regulation could be confirmed in vivo. To this end, 

combinations were made in E. coli DG1 with agrR, agrRS and agrRS of 

AE104M under control of an arabinose inducible promoter in pBAD33 and 

gfp under control of the promoter region of agrA, agrR, mmmQ, czcL and 

czcR2 in pPROBE-TT and pPROBE-TT'. There was clear Gfp production 

observed when agrRS was combined with the promoter region of mmmQ 

(Figure 5.12). When only agrR was combined with mmmQ promoter region, 

Gfp production could also be observed although less pronounced. However, 

this indirectly indicates the binding of AgrR to mmmQ. No other positive 

combinations were observed.  
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Figure 5.12: In vivo cross-regulation in E. coli DG1 between a) 

pBAD-agrR and pPTT-mmmQ and b) pBAD-agrRS and pPTT-

mmmQ. Gfp production is compared between uninduced (dashed line) 

and induced (full line) samples. 

5.3.10  MmmQ protein purification 

Recombinant 6His-MmmQS was overexpressed in E. coli BL21 (DE3). The 

protein was purified by immobilized metal affinity chromatrography 

(IMAC) on a Ni-NTA column (Thermo Scientific, Belgium). The 6His-tag 

was removed by 3C-protease digestion. The different purification fractions 

were analysed by SDS-PAGE, and showed that MmmQ migrated on SDS-

PAGE at a higher apparent molecular mass than expected (Figure 5.13). 

After cleavage with 3C-protease of the 6His-tag, MmmQ was separated from 

the other components (protease and cleaved 6His-tag) by SEC (Figure 5.14). 

This last purification step was also used to exchange the purification buffer 

for 10 mM ammonium acetate, pH 6.75 that is compatible with mass 

spectrometry measurements. 

a) 

b) 
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Figure 5.13: Analysis by SDS-PAGE of the different IMAC 

purification fractions of recombinant MmmQ. Lane FT: flow-through; 

lane L1: wash with purification buffer A containing 10 mM imidazole; 

lane L2: wash with purification buffer containing 40 mM imidazole; 

lanes E1, E2, and E3: sequential elution with purification buffer A 

containing 250 mM imidazole; lane E2+E3 after P3C: mixture of 

fractions E2 and E3 after cleavage with 3C-protease of the 6His-tag; 

lane Mw: molecular mass standards.  

 

Figure 5.14: Size exclusion chromatogram of MmmQ on a SDX-200 

column in 10 mM ammonium acetate, pH 6.75. The small bars 

numbered from 1 to 35 represent the different collected fractions. The 

protein eluted as a symmetric peak mainly in the fractions 20 to 22. 
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5.3.11 MmmQ Mass spectrometry analysis 

The purified MmmQ was analysed by mass spectrometry to assess the 

integrity of the protein. The experimental mass (7328.7 Da) determined by 

electrospray ionization-mass spectrometry (ESI-MS) was in good agreement 

with the theoretical molecular mass (7328.9219 Da) calculated from MmmQ 

sequence devoid of its sequence signal as predicted by the SignalP 4.1 server 

(Figure 5.15). 

 

Figure 5.15: ESI-MS spectrum of purified MmmQ (SEC fraction 21). 

The inset represents the MaxEnt1 deconvolution of the m/z raw data. 

The binding of silver ions on MmmQ was monitored by mass spectrometry 

under non-denaturing conditions to preserve the potential protein-ion 

complexes. Mass spectra were recorded after incubation of the protein with 1 

or 2 molar equivalents of Ag
+
 (Figure 5.16). No mass shift was observed 

upon addition of Ag
+
 indicating that no specific binding of silver ions had 

occurred. 
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Figure 5.16: ESI-MS spectra of apo-MmmQ, and of MmmQ 

incubated with 1 or 2 molar equivalents of Ag
+
. Intensities were 

normalized. 

5.3.12 Fourier transform infrared spectroscopy 

The structure of purified MmmQ was determined by ATR-FTIR. This 

technique is based on the changes that occur in a totally, internally reflected 

infrared beam when the beam comes into contact with a sample. For this 

purpose, the protein sample buffer was exchanged for 5 mM HEPES, pH 7.5 

(Figure 5.17). The two major protein absorption bands Amide I and Amide 

II are observed in the region 1800-1400 cm
-1

. The Amide I band is 

associated to the υ(C=O) vibration and Amide II results from δ(N-H) and 

υ(C-N) vibration of the peptide bond [212]. The shape of these bands are 

closely related to the secondary structure of the protein. The maximum of the 

Amide I band was observed at 1650 cm
-1

 but shifted to 1639 cm
-1

 upon 15 

min hydrogen/deuterium exchange. In addition, during the H/D exchange, 

the Amide II band rapidly shifted from 1537 cm
-1

 to 1452 cm
-1

. This fast 
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exchange and the position of the Amide I band maximum after H/D 

exchange indicate that the protein adopts a random-coil conformation. 

 

Figure 5.17: ATR-FTIR spectra of purified MmmQ (SEC fraction 21) 

before (blue) and after (green) 15 min hydrogen/deuterium exchange 

in 5 mM HEPES, pH 7.5. The spectra are represented in the 1800-

1400 cm
-1

 region and the intensities were normalized. The stars 

indicate contribution of amino acid lateral chains. 

5.4 Discussion 

Independent silver resistant mutants of type strain C. metallidurans CH34, 

its plasmidless derivative AE104 and NA4, an isolate from the potable water 

system aboard the ISS, were obtained by exposure to a toxic silver 

concentration. The level of resistance is 4 to 30 fold higher compared to their 

parent strain (Figure 5.1). The high resistance could be facilitated by the 

formation of electron dense granules observed in AE104M after growth in 

the presence of AgNO3 (Figure 5.3). This putatively indicates that some cells 

are able to accumulate silver ions and reduce them to Ag nanoparticles, 

making them unable to exert their action.  
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In C. metallidurans CH34, different silver resistance mechanisms have been 

identified. They comprise two RND-driven efflux pumps encoded by the 

silDCBA and cusDCBAF operons located respectively on plasmid pMOL30 

and the chromid, and a P-type ATPase efflux pump encoded by the cupRAC 

operon located on chromosome 1 [56]. However, the silDCBA operon is not 

present in C. metallidurans AE104 (and AE104M) and whole-genome 

expression profiling indicated that none of these determinants are up-

regulated in all mutants (compared to their parent strain). Furthermore, 

whole-genome expression profiling and resequencing indicated that agrS, 

coding for a histidine kinase of the two-component efflux system AgrRS, 

was affected in all mutants, either via disruption by an IS element or by point 

mutation. Furthermore, agrS and agrR were together with 6 other genes 

commonly upregulated in all mutants (compared to their parent strain) and 

deletion of agrRS resulted in complete loss of silver resistance (Figure 5.8). 

The agrRS operon codes for a typical two-component system, which 

comprises a histidine kinase AgrS that act as sensor and transmits the signal 

through a phosphorylation cascade to the cytoplasmic transcriptional 

response regulator AgrR. These systems play an important role in the ability 

of organisms to adapt to specific environments, as they are able to modify 

gene expression levels in response to changing stimuli [213]. In type strain 

CH34, there are 56 two-component pairs of adjacent genes distributed in its 

genome, of which several are involved in metal resistance [56]. Untill now, 

the two-component system AgrRS was not linked to metal resistance
 
[144]. 

The system is associated with an RND-driven efflux pump AgrCBA of 

which the specificity is not yet known as it harbours characteristics of both 

heavy metal efflux and hydrophilic and amphiphilic compounds efflux 

systems. Nevertheless, our results indicated that this efflux pump is not 

involved in the observed increase in silver resistance as it is either not 

differentially expressed or inactivated by mutation.  



Genetic adaptation of Cupriavidus metallidurans in respons to silver toxicity 

110 

 

The effect of agrS mutation is not yet elucidated, however, it can influence 

the phosphorylation state of AgrR thereby affecting its activation. Similarly, 

a silver resistant mutant of E. coli contained a single point mutation in cusS, 

encoding the sensor kinase of the two-component system CusRS, which 

plays a role in silver resistance. This mutation (T17P) locks CusS in an 

autophosphorylation state, resulting in constitutive and Ag
+
 independent 

activation of cusCFBA [126]. The fact that IS elements are involved, showed 

that mobile genetic elements (MGEs) are of importance in the adaptation to 

different stressors and reflects the flexibility of C. metallidurans in its 

adaptation to changing environments. 

A phylogenetic footprinting approach was performed with the promoter 

region of agrRS to identify the regulatory motif of AgrR (Figure 5.11). This 

showed similarity of the AgrR regulatory motif to that of other 

transcriptional regulators involved in metal resistance (such as CzcR2, CopR1 

and CopR2). Screening the genome of CH34 identified possible AgrR 

binding sites (among other) in the promoter region of agrA and czcR2 but 

also in the promoter regions of mmuQ, mmmQ and czcL. The latter three 

were commonly upregulated in all mutants (compared to their parent strain), 

with mmmQ upregulated the most in AE104M and NA4M. In vivo 

experiments indirectly indicated possible cross-regulation between AgrR and 

mmmQ in E. coli (Figure 5.12). A complex cross-regulation was also 

observed in P. aeruginosa after growth in the presence of 5 mM ZnCl2. 

Exposure to Zn
2+

 resulted in the induction of the two-component system 

czcRS. CzcR then promotes expression of the metal efflux pump czcCBA, 

and als negatively regulates the expression of oprD, a gene coding for a 

porin through which carpabenems (class of β-lactam antibiotics) enter the 

cells [214, 215]. In addition, CzcR is involved in the regulation of genes 

involved in virulence processes and biofilm formation [215].  
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The mmmQ gene codes for an uncharacterized small protein and belongs to 

a unique group of ca. 20 homologous proteins (including MmuQ and 

Rmet_0477) distributed over the genome of C. metallidurans. These small 

proteins, which range in size from 69 to 165 amino acid residues and carry a 

distinctive signal peptide, are apparently conserved only in Cupriavidus and 

Ralstonia species as no homologs have been found in current databases [56]. 

Previous studies showed that the expression of many of these small genes is 

induced by exposure to heavy metals [216]. Deleting the mmmQ gene 

resulted in loss of the increased silver resistance, indicating that it has an 

important role in the resistance mechanism. Although, preliminary 

experiments indicated that purified MmmQ was unable to bind Ag
+
 in vitro 

(Figure 5.16), silver resistance could be restored after plasmid-mediated 

mmmQ complementation (Figure 5.9). Structure analysis of MmmQ showed 

that it is an intrinsically disordered protein and consequently adopts a 

random-coil conformation (Figure 5.17). Such disordered proteins are 

common in nature, although more widespread in eukaryotes compared to 

prokaryotes [217]. They appear to play a role in a wide range of biological 

processes, such as regulation, recognition, cell signalling and cell cycle 

thereby complementing the function of ordered proteins and structured 

domains [218]. In the presence of the right partner molecule, the protein 

often undergoes induced folding and acquires a well-defined 3D-structure 

[217]. Therefore, if MmmQ would need to bind Ag
+
 to exert its role in the 

increased silver resistance, it could be that another protein or factor is 

necessary to facilitate binding of Ag
+
 to MmmQ. For instance, the protein 

coded by czcL, for which expression is up-regulated in all mutants and its 

promoter carries a predicted AgrR biding site. Furthermore, silver resistance 

was lost when the gene was inactivated by insertion mutagenesis (Figure 

5.8). CzcL is a periplasmic protein with uncharacterized function and 

homologs seem to be conserved only in a few Cupriavidus and Ralstonia 

species. However, at this moment, the precise role of MmmQ and CzcL in 



Genetic adaptation of Cupriavidus metallidurans in respons to silver toxicity 

112 

 

the silver resistance mechanism still needs to be elucidated and more 

research about possible interactions of each protein should be performed.  

5.5 Conclusions 

All together, our data indicate that C. metallidurans is able to adapt rapidly 

to toxic silver concentrations without mediation of its known silver efflux 

pumps. Instead, the involvement of a two-component system that cross-

regulated different small uncharacterized proteins was discovered. Our 

hypothesis is that mutation of agrS leads to induction of agrR, which in turn 

affects expression of (among other) mmmQ resulting in an increased 

resistance against silver. The study revealed a putative role and function of a 

particular group of homologous proteins that is apparently only present in 

Cupriavidus and Ralstonia. Moreover, this system seems to be much more 

efficient as it gives the strains the ability to withstand much higher silver 

concentrations. The latter could be facilitated by the accumulation of silver 

ions and their reduction in nanoparticles making them unable to exert their 

action. Although the importance of some genes and proteins could be 

illustrated, their precise role and interactions need to be studied more in 

detail. 

If these data are evaluated in the context of space exploration, it further 

emphasizes the fact that it is very important to develop proper monitoring 

and identification tools in the potable water systems aboard the ISS that are 

sanitized with AgNO3 [50]. Results discussed in Chapter 4 already 

demonstrated that C. metallidurans isolates were able to withstand silver 

concentrations higher than concentrations often measured in the potable 

water systems aboard the ISS. This is partially due to the fact that silver 

concentrations quickly decrease after transportation in stainless steel 

containers. However, the results discussed here indicate that the problem 

will not be solved as silver concentrations are kept at their maximum levels 
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during the whole mission. Moreover, as the two-component system and the 

small proteins are present in all C. metallidurans isolates, they all have the 

potential to become highly resistant against silver and consequently, 

remediation actions with silver disinfection will not be useful. In the long-

term it will putatively more suitable to find alternative disinfection methods, 

however, this will not be an easy challenge as silver has a lot of 

advantageous for these purposes. It has no unfavourable effect on odour, 

taste and colour of the water and most importantly, it does not cause 

immediate and serious risks for human health (Chapter 2). Consequently, it 

does not need to be removed before consumption and thus no specific 

equipment is necessary. 
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Chapter 6 

Insertion Sequence elements in 

Cupriavidus metallidurans CH34: 

distribution and role in adaptation 

Mobile genetic elements are one of the key factors in microbial evolution 

and adaptation. One of the features of type strain C. metallidurans CH34 is 

that it harbours a substantial amount of different mobile genetic elements 

such as genomic islands, transposons, megaplasmids, integrative and 

conjugative elements and insertion sequence elements. Since the genome 

sequence of CH34 is known and annotated, detailed studies have been 

performed to unravel the origin and function of these mobile genetic 

elements. Up to now, no detailed studied was performed on the insertion 

sequence elements present in this strain and their role in the metabolism of 

the strain. As insertion sequence elements were involved in the novel 

resistance mechanism discussed in previous chapter, insertion sequence 

elements present in CH34 are identified and characterized. 

 

 

This chapter was based on the following publication: 

Mijnendonckx K., Provoost A., Monsieurs P., Leys N., Mergeay M., 

Mahillon J., Van Houdt R. (2011) Insertion sequence elements in 

Cupriavidus metallidurans CH34: Distribution and role in adaptation 

Plasmid 65(3): 193-203  
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6.1 Introduction 

After the isolation of Cupriavidus metallidurans CH34 (formerly Ralstonia 

metallidurans) from metallurgical sediments in Belgium [169], the strain 

attracted attention mainly because of two interesting features. First, the strain 

exhibited resistance to a wide range of different heavy metals mediated by 

efflux, complexation, and reduction [56, 57, 146]. In addition, it showed 

great adaptive potential. The latter became clear through its ability to accept 

and express foreign genes [182], for instance by capturing new broad-host 

range plasmids by exogenous plasmid isolation [219, 220] especially those 

expressing their accessory genes for the degradation of xenobiotics [221], or 

through its successful role as host for functional metagenomics [222, 223]. 

Recently, CH34 is also being used as a model to study the impact of 

challenging environments related to space exploration on microbial 

behaviour [224]. All species from the closely related genera Cupriavidus and 

Ralstonia carry two chromosomes and in addition often one or more large 

plasmids [225]. These plasmids often have specific traits linked to their 

ecological niche. For C. metallidurans CH34, the two megaplasmids 

pMOL28 and pMOL30 contain most of the heavy metal resistance 

determinants [57, 160]. Another interesting feature of many C. metallidurans 

strains is that they display a mutator phenotype, also termed temperature-

induced mortality and mutagenesis or TIMM [179, 180, 226, 227]. In a 

temperature window between 36°C (with maximal viable counts) and 38°C 

(resulting in complete mortality) cells survived with a frequency of 10
-4

-10
-5

 

compared to viable count at 30°C and showed different mutations like 

deficiency in autotrophy or requirement for lysine [182, 183, 227]. 

Although some insertion sequence (IS) elements have already been 

described in C. metallidurans CH34, a detailed and comprehensive survey of 

the IS elements, their role in the metabolism of C. metallidurans CH34, and 

their occurrence in other bacteria has until now not been performed. These 
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small elements (typically less than 3 kb) carry one or more open reading 

frames (ORFs) encoding for products essential for their mobility and 

generally no other functions are encoded. IS elements are flanked by short 

inverted repeat (IR) sequences and generate short directly repeated (DR) 

sequences of the target DNA at the point of insertion, which are 2 to 14 bp in 

size and specific for a certain element [228]. IS elements have been 

implicated in the evolution of the host as they contribute to diverse genomic 

rearrangements [229, 230]. Furthermore, transposition could lead to altered 

gene expression, which could be advantageous for the survival or the 

expression of newly acquired genetic traits under certain conditions [231, 

232]. IS elements are therefore seen as a significant force in the adaptive and 

evolutionary response of their host, conferring genome plasticity that allows 

rapid adaptation to new environments [233, 234]. 

In this chapter, all IS elements in C. metallidurans CH34 were characterized 

and classified. All fully sequenced bacterial genomes were scrutinized for 

the occurrence of these IS elements. Finally, transposition and induction of 

these IS elements in different conditions were scrutinized as well as genetic 

rearrangements and gene activation. 

6.2 Material and Methods 

6.2.1 Media, strains, plasmids, and culture conditions 

C. metallidurans CH34 and its derivatives were cultured in Tris salt mineral 

medium (MM284) supplemented with 0.2% (wt/vol) gluconate as described 

previously [169]. Liquid cultures were grown at 30°C on a rotary shaker at 

150 rpm. Plasmid pGBG1 was a kind gift of Dominique Schneider [235] and 

was propagated in E. coli DH5α. Plasmid pGBG1 was introduced in C. 

metallidurans CH34 by electroporation as described by Choi et al. [236]. 

Selection was done on chloramphenicol (1000 µg/ml). IS elements from C. 
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metallidurans CH34 were trapped in pGBG1 by selection on tetracycline (20 

µg/ml). 

6.2.2 Molecular analysis 

Standard techniques were used for isolation of chromosomal DNA, 

electroporation, PCR and agarose gel electrophoresis. The oligonucleotides 

used in this study were synthesized by Eurogentec (Seraing, Belgium) and 

are listed in Table 6.1. Detection of a part of the integrase module of CMGI-

3 was done by PCR amplification of a 490 bp DNA fragment with primers 

PCF and PCR (starting material was CH34 genomic DNA). IS1071-mediated 

excision was detected by PCR amplification of a 3,450 bp junction fragment 

generated by this event (primers PF and PR used on CH34 genomic DNA) 

(Figure 6.5). C. metallidurans clones carrying a tetracycline-resistant 

pGBG1 were analysed by PCR with primers pGBG1_11 and pGBG1_12 and 

fragments were subsequently sequenced (Macrogen, Amsterdam, The 

Netherlands). 

Table 6.1: PCR primers used in this study  

Name Sequence (from 5' to 3') Reference 

PCF ATACCAGCTTGCCGACGA This study 

PCR GGGCTTGCAGTTCCTTTGAC This study 

PF ATACCAGCTTGCCGACGA This study 

PR GGGCTTGCAGTTCCTTTGAC This study 

pGBG1_G11 TATCAGCTATGCGCCGACCAGAAC [235] 

pGBG1_G12 GCCAATCCCCATGGCATCGAGTAA [235] 

6.2.3 Analysis of IS elements and survey with IScan 

Previously, the full genome (4 replicons) of C. metallidurans CH34 was 

manually annotated via the MaGe platform [56, 237] and deposited in the 

NCBI database (http://www.ncbi.nlm.nih.gov/genbank/) under the GenBank 

accession numbers NC_007971 (for pMOL30), NC_007972 (for pMOL28), 

NC_007973 (for chromosome 1), and NC_007974 (for chromosome 2). All 

http://www.ncbi.nlm.nih.gov/genbank/
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C. metallidurans CH34 project data are freely available through MaGe 

(https://www.genoscope.cns.fr/agc/microscope/home/index.php).  

Analysis of the IS elements (terminal inverted repeats, direct targets repeats, 

potential DDE catalytic motifs, family classification) was done via ISFinder 

[238], the PALINDROME algorithm of the EMBOSS package [239], 

BLASTP and BLASTN (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and manual 

curation. The IScan tool [240] was used to search for IS elements, related to 

the 21 distinct elements identified in C. metallidurans CH34 (Table 6.2), in 

970 curated bacterial genomes available from GenBank. Only those BlastP 

hits to IS ORFs were retained with an E-value of 1e-20 and at least a 35% 

amino acid identity between IS ORFs and a BlastP hit measured over at least 

50% of the smallest protein. For the other parameters, the default settings of 

the IScan tool were used. 

6.2.4 Microarray data mining 

Different data sets from transcriptomic analyses using microarrays were 

specifically scrutinized for IS-related gene expression. These data sets are 

available through the Gene Expression Omnibus repository 

(http://www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE7272, 

GSE14049 and GSE23876. 

6.3 Results and discussion 

6.3.1 Identification and distribution of IS in CH34 genome 

Fifty-seven intact IS elements were found in CH34, representing identical 

copies of 21 distinct IS elements (Table 6.2). These copies were dispersed 

over the four replicons with most of the elements located on chromosome 1 

(30 copies) (Figure 6.1 and Figure 6.2). ISRme3 and IS1088 were most 

abundant with 10 and 9 copies, respectively. Four elements (ISRme9, 

ISRme10, ISRme18 and ISRme19) were only found on the two plasmids 

http://www.ncbi.nlm.nih.gov/geo/
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(Figure 6.1, Table 6.2). The active center of the transposase, represented by 

three conserved acidic amino acids, D, D, and E, constituting the DDE motif, 

was identified in each element (Table 6.3) and all IS elements were placed 

into 10 families. The IS3, IS30, and IS5 family were most abundant with 18, 

13 and 5 copies, respectively (Figure 6.3). The IS3 and IS5 family are in fact 

the most abundant families among bacterial genomes (together with IS1 and 

IS481) [240, 241]. 
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Table 6.2 Distribution of IS elements in C. metallidurans CH34 

IS 

element 

Family 

(sub-) 

Length 

(bp) 
CHR1 CHR2 pMOL28 pMOL30 

ISRme4 IS21 2469 2    

ISRme9 IS21 2688   1  

ISRme20 IS21 1977 1    

IS1090 IS256 1343 4    

ISRme11 
IS3 

(IS150) 
1231  2   

ISRme12 
IS3 

(IS150) 
1454 1    

ISRme17 
IS3 

(IS150) 
1678 1    

IS1087B IS3 (IS2) 1330 2    

ISRme3 IS3 (IS3) 1288 3 5  2 

ISRme15 
IS3 

(IS51) 
1325  1  1 

IS1086 IS30 1106 1 1 1  

IS1088 IS30 1103 3 6   

ISRme10 IS30 1063    1 

ISRme8 IS4 1455 1 1   

ISRme5 IS481 1041 3 1   

ISRme1 
IS5 

(IS427) 
1331 2 2   

ISRme6 
IS5 

(IS427) 
913 1    

ISRme7 IS6 840 2    

ISRme19 IS66 2227    1 

IS1071 Tn3 3204 3  1*  

ISRme18 Tn3 ND   1  

*Copy inactivated by Tn6049. 
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Table 6.3: DDE motif of the IS elements in C. metallidurans CH34. Amino acids part of the catalytic site are shown in bold, other 

indicate conservation within a family. The numbers in parentheses indicate the distance in amino acids between the residues of the 

catalytic site. 

IS element Family (sub) DDE motif* 

ISRme4 IS21 ---DW-- (57)  -I-DN-K---- (46)  --------KG-IE 

ISRme9 IS21 ---DF-- (65)  -V-DN-R---- (45)  -R------KA-VE 

ISRme20 IS21 ---DW-- (57)  -L-DN-K---- (48)  --------KG-VE------R 

IS1090 IS256 ---DA-- (65)  ---DG--G--- (107) -----I-TTN--E-----LR 

ISRme11 IS3 (IS150) WV-D-TY (59)  –HSD-G-Q--S (35)  ---G---DNA-AE------K 

ISRme12 IS3 (IS150) W-TDVTE (59)  -HSDQGW-Y-- (35)  S-RGNC-DN---E-FF--LK 

ISRme17 IS3 (IS150) W-TDITE (60)  -HSD-G---Y- (35)  S-KG---DN---E-FF--LK 

IS1087B IS3 (IS2) WCSDGFE (65)  –LSDNGS-Y-- (35)  T-V-SPQSNG-AE-FVKT-K 

ISRme3 IS3 (IS3) W--DITY (59)  -HTDRGS-Y-S (35)  S--G---DN---ES----LK 

ISRme15 IS3 (IS51) WV-D-TY (61)  HHSDRG-QY-S (35)  GS-GDSYDNALAE-ING-YK 

ISRme10 IS30 WE-DL-- (56)  -T-D-G-EMA- (33)  --P--P-QR--NE--N--VR 

IS1086 IS30 WE-DL-- (56)  -T-D-G-EMA- (33)  -–P--P-QR---E--N--LR 

IS1088 IS30 WE-DL-- (59)  -T-D-G-EMA- (33)  –-P--P-QR---E--N--LR 

ISRme8 IS4 (IS4) --LD--- (76)  -L-D—F----- (103) -----Y--RW-IE--F---K 

ISRme5 IS481 -HID-K- (60)  ---DNG--F-- (48)  -----PQTNG--ERF--R-----R 

ISRme1 IS5 (IS427) ---D-T- (113) --ADG—YD--- (52)  --------R--IE--F---K 

ISRme6 IS5 (IS427) --ID-S- (65)  --AD--YD--- (39)  -------K-R-VE-----LH 

ISRme7 IS6 WR-DETY (56)  V-IDK------ (32)  -----KYLNN--E-DH--IK 

ISRme19 IS66 -HAD--- (60)  L--D-F-GY-- (51)  -AL--I--LY-IE 

ISRme18 Tn3 AS-D-M- (70)  –--DT-G--D- (129) -R------LNRGE--H-V-R 

IS1071 Tn3 AS-D-M- (69)  –--DT-G--D- (129) -R------LNRGE---A--R 
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Figure 6.1: Distribution of the 57 copies representing 21 distinct IS 

elements in C. metallidurans CH34. Circular representation of the 4 

replicons with the distribution of the different IS elements (coloured 

triangles). Genomic islands are indicated in black solid bars. 
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Figure 6.2: Copy number of the IS elements in C. metallidurans 

CH34. The stacked bars represent the number of copies of each IS 

element over the 4 replicons: chromosome 1 (light grey), chromosome 

2 (white), plasmid pMOL28 (dark grey) and plasmid pMOL30 

(black). 

 

Figure 6.3: Distribution of the 10 IS families in C. metallidurans 

CH34. The stacked bars represent the distribution of the IS families 

over the 4 replicons: chromosome 1 (light grey), chromosome 2 

(white), plasmid pMOL28 (dark grey) and plasmid pMOL30 (black). 
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6.3.2 IS dispersion in sequenced prokaryotic genomes 

Touchon and Rocha [241] showed that in general genome size was the only 

significant predictor of IS abundance in prokaryotic genomes. Nevertheless, 

for the 4 sequenced Cupriavidus strains the number of genes annotated as 

related to transposable elements fluctuated strongly. Cupriavidus 

taiwanensis LMG19424 carried 222 transposase-related genes, followed by 

C. metallidurans CH34 with 145. Both contained a markedly higher number 

than C. euthrophus H16 (52) and Cupriavidus pinatubonensis JMP134 (25). 

This result in a density per Mb of 34.3 for LMG19424 and 21.0 for CH34 

compared to 7.0 and 3.4 for H16 and JMP134, respectively. For JMP134, as 

well as for CH34, a significant number of these genes related to transposable 

elements, 93.2 and 55.5% respectively, are located on MGEs (plasmids or 

integrated genomic islands) or remnants hereof. Therefore, horizontal 

acquisition and spread could (have) be(en) mediated by these MGEs. 

IScan [240] was applied to scrutinize 970 completely sequenced bacterial 

genomes for the presence of insertion sequences related to the IS elements of 

CH34 (Figure 6.4). Most relatives were observed in the β-proteobacteria 

class and Burkholderiacea family to which the Cupriavidus genus belongs. 

Interestingly, 100% conserved equivalents were found for ISRme3 in the 

genomes of Ralstonia pickettii 12D (two copies) and R. pickettii 12J (one 

copy), for ISRme8 in Burkholderia vietnamiensis G4 [equivalent to ISBvi1 

[242]], for ISRme17 in Delftia acidovorans SPH-1 and Comamonas 

testosteroni KF-1 (only partial IS). These 100% conserved elements suggest 

recent interaction and horizontal transfer between these strains. Not only 

genetic relatedness, but also co-inhabitation significantly enhances the 

probability of gene acquisition by horizontal gene transfer [243].  
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Figure 6.4: Dispersion of CH34 IS elements in sequenced bacterial 

genomes. Schematic representation of insertion sequences related to 

the IS elements of CH34 in all completely sequenced bacterial 

genomes. The number corresponds to the number of IS elements 

related to a particular IS element of CH34 (X-axis, grouped by IS 

family) in a certain bacterial family (Y-axis, grouped by bacterial 

class). The colour code grades the total number of IS in a particular 

bacterial family divided by the number of sequenced species herein. 

In this respect, all strains were isolated from anthropogenic and polluted 

environments. C. metallidurans CH34 was isolated from sediments of a 

decantation basin of a zinc factory [169], R. pickettii 12J and 12D were 



Chapter 6 

127 

 

isolated from copper-contaminated lake sediments [244], B. vietnamiensis 

G4 was isolated from an industrial waste treatment facility for its 

trichloroethene oxidizing ability [245], D. acidovorans SPH-1 and C. 

testosteroni KF-1 were isolated from a sewage treatment plant and are part 

of a defined three-member bacterial community which completely 

mineralises linear alkylbenzenesulfonate surfactants [246]. Moreover, 

ISRme17 is part of a much larger gene cluster of 12 kb carrying genes 

involved in methionine biosynthesis and phosphite metabolism, which is 

almost 100% conserved among C. metallidurans CH34, D. acidovorans 

SPH-1 and C. testosteroni KF-1. This indicates recent horizontal gene 

transfer of a much larger gene cluster. 

6.3.3 Genetic rearrangements through IS elements 

The three intact copies of IS1071 are located in genomic island CMGI-3 

[161], which carries genes involved in carbon dioxide fixation and 

hydrogenotrophy. Temperature-induced mortality and mutagenesis at 37°C 

frequently yielded C. metallidurans CH34 mutants unable to grow 

autotrophic. Next to gene inactivation due to mutations, loss of the genes 

involved in autotrophy could be mediated either by excision of the whole 

genomic island CMGI-3 (Tn4371 family) or by excision mediated by two 

IS1071 copies flanking the complete region (Figure 6.5). Eight different 

TIMM mutants deficient in autotrophic growth were analysed using PCR 

assays that allowed detection of a part of the integrase module of CMGI-3 

and of the junction generated by IS1071-mediated excision (Figure 6.5).  
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Figure 6.5: Schematic representation of the genomic island CMGI-3 

and the copies of IS1071 therein. The different modules of the 

Tn4371-family island are represented as boxes. The IS1071 

transposase genes and corresponding transcription orientation are 

shown as large arrows. Primers (small arrows) are indicated below. 

The island carries genes involved in CO2 fixation (Calvin-Benson-

Bassham (CBB) cycle) and hydrogenotrophy (hydrogenase pleiotropic 

and hydrogen oxidation genes). The scheme is not drawn to scale. 

For all mutant strains and wild-type CH34 the integrase module of CMGI-3 

was detected. For all mutant strains but not for wild-type CH34, a 3,450 bp 

junction fragment was detected (Figure 6.6). These results indicated loss 

through IS1071-mediated excision in all cases rather than excision of the 

whole CMGI-3 element. This is the third observation that IS1071-mediated 

rearrangements alter the metabolic potential of the host as previously 

described for Comamonas sp. strain JS46 [247] and C. pinatubonensis 

JMP134 strain. These rearrangements with IS1071 provide the first 

molecular explanation of the observations associated with TIMM. It may be 

hypothesized that the control on the stability of some transposable elements 

would be relieved under stress (e.g. near-lethal growth temperature), 

allowing increased transposition events, excessive recombination and 

genome destabilization. It will be of interest to examine if (other) IS 

elements or transposons would be involved in other events elicited by the 

mutator phenotype of C. metallidurans.  
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Figure 6.6: PCR analysis of IS1071-mediated loss of autotrophy. PCR 

analyses of 8 mutants derived from C. metallidurans CH34 that are 

deficient in autotrophic growth. upper: PCR amplification of CMGI-3 

fragment (490 bp; primers PCF and PCR), lower: PCR amplification of 

junction IS1071-mediated excision (3450 bp; primers PF and PR). No 

amplification with primers PF and PR was observed for wild-type 

CH34 

6.3.4 Transposition of IS elements 

For a number of the identified IS elements transposition has been reported 

previously and was confirmed in this study. Transposition of IS1086 and 

ISRme1 was detected in CH34 by positive selection on sucrose and 

tetracycline by inactivation of the sacB gene on vector pJV240 [184] and the 

λ CI repressor controlling expression tetA on vector pGBG1 [235], 

respectively. Excision of IS1086 was observed in the rearranged derivative 

of pMOL28 obtained after exposure to 37°C [180]. IS1087 was identified in 

a spontaneous zinc resistant mutant of strain AE126, which is a derivative of 

CH34 normally sensitive to zinc as it only carries plasmid pMOL28 and not 

plasmid pMOL30 (associated with resistance to zinc) [248-250]. The 

increased level of zinc resistance was due to insertion of IS1087 in cnrY, 

which encodes an anti-sigma factor, resulting in constitutive expression of 

the the cnr cobalt and nickel resistance determinant and in increased 
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(nonspecific) Zn efflux [248-250]. IS1088 and IS1090 were identified by 

introducing the czr (cadmium zinc resistance) operon of Pseudomonas 

aeruginosa CMG103 in C. metallidurans AE104, which lacks both plasmids 

pMOL28 and pMOL30. Expression of the P. aeruginosa CMG103 czr 

operon was low in C. metallidurans AE104, resulting in a low resistance to 

Zn (0.8 mM). However, mutants with increased resistance to Zn (up to 1.5 

mM) that carried IS1088 or IS1090 in the promoter region of czr were 

readily observed (at frequency of ca. 10
-4

 transposition event/cell/generation) 

[251]. 

In an attempt to monitor the transposition of other IS elements, pGBG1-

mediated IS trapping was performed again [235]. This identified again the 

transposition of IS1086 (data not shown). In addition, analysis of 4 different 

silver resistant mutants from C. metallidurans CH34 indicated the 

transposition of IS1086 and IS1087B in the agr locus. This locus encodes a 

RND efflux system with its associated two-component regulatory system. 

However, since this RND likely belongs to the HAE-RND family 

(hydrophobic and amphiphilic compounds efflux) and not HME-RND 

family (heavy metal efflux) the involvement of this locus in the increased 

silver resistance still needs to be determined (K. Mijnendonckx, unpublished 

results). 

6.3.5 Induction of IS elements 

C. metallidurans CH34 carries a high number of metal resistance genes and 

is specifically adapted to survive ecological niches strongly dominated by 

heavy metal pollution [56]. As model organism it has been used to study 

microbial heavy metal responses and as a result multiple microarray data sets 

are publicly available through the Gene Expression Omnibus repository 

under accession numbers GSE7272, GSE14049 and GSE23876. These data 

sets were mined for differential expression of the identified IS-bound 
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transposases after exposure to different heavy metals (Ag
+
, As

3+
, Au

3+
, Cd

2+
, 

Co
2+

, Cr
6+

, Cs
+
, Cu

2+
, Hg

2+
, Mn

2+
, Ni

2+
, Pb

2+
, Se

4+
, Sr

2+
, Tl

+
 and Zn

2+
). Ten 

(out of 21) IS elements showed differential expression to one or more metals 

(Table 6.4).  

Since IS mRNAs are generally quite unstable, regulation of transposition is 

tightly regulated and endogenous promoters driving transposase expression 

are often inefficient [252], induction of neighbouring genes up- or 

downstream of IS elements on the corresponding DNA strand was examined 

[252]. Gene Rmet_6069 on plasmid pMOL30 is inactivated by ISRme15 and 

is also induced by Pb
2+

 (2.1 fold). Differential expression could therefore 

putatively be driven by the promoter of Rmet_6069 via read-trough 

transcription. Also Rmet_6072, upstream of ISRme3, was induced by Pb
2+

 

(2.6 fold) and As
3+

 (2.5 fold) (possible read-trough). For ISRme7 no in-frame 

stop codon was observed, therefore, the two ISRme7 copies generated 

transposases of 792 and 1,026 aa residues. An oligonucleotide probe specific 

to the ISRme7 copy with the transposase of 1,026 aa residues did not show 

any differential expression after exposure to Cd
2+

. This indicates that the 

observed ISRme7 expression could putatively be driven by the promoter of 

Rmet_6461 (directly upstream of the other ISRme7 copy) via read-trough 

transcription. Unfortunately, no probe for Rmet_6461 was available. Also 

partial IS elements on pMOL30 (see section 6.3.6) were affected. 

Rmet_5965 and Rmet_5964 were induced by Cd
2+

, Cu
2+ 

(only Rmet_5965), 

Ni
2+

, and Zn
2+

, whereas the partial IS elements (Rmet_5951-Rmet_5952 and 

Rmet_6153-Rmet_6152) were induced by Cd
2+

.  
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Table 6.4: Transcriptomic analysis (via microarrays) of the IS elements in C. metallidurans CH34 under different heavy metal 

challenges
#
. 

 As
3+

 Cd
2+

 Co
2+

 Cr
6+

 Cs
+
 Cu

2+
 Hg

2+
 Ni

2+
 Pb

2+
 Se

4+
 Sr

2+
 Zn

2+
 

IS1090         2.3    

IS1087B      0.6*      0.5* 

ISRme3 1.8
$
 1.8*    0.5* 0.6*  1.7*    

ISRme15         2.1
$
    

IS1086           0.5  

IS1088  0.5 0.5  0.5  0.5   0.4   

ISRme8           1.7  

ISRme5 0.6   0.6 0.5 0.6   0.4  0.5  

ISRme7  2.1           

ISRme19  2.1       1.8    

#
Only metals and IS elements are shown for which at least one oligonucleotide probe showed differential expression with a fold change < 0.6 or > 

1.7 and an adjusted P-value < 0.05. For IS elements with two ORFs it is indicated if the probe was for the catalytic(*) or the DNA binding(
$
) 

region. 
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These microarrays were performed to identify metal responsive gene clusters 

in C. metallidurans CH34 after exposure to non-lethal concentrations. The 

observed expression response of IS-related genes to heavy metals could 

therefore be biased due to the used concentration (well below the minimal 

inhibitory concentration) or the metal challenge time of 30 min. It would be 

interesting to examine the response of IS-related genes to a metal 

concentration approaching (or above) the minimal inhibitory concentration. 

Nevertheless, these results indicate that exposure to heavy metals could 

affect expression of transposase genes. Increased expression of certain IS 

elements after exposure to metals has already been described. IS1246 in 

Pseudomonas putida KT2440 was induced by Zn
2+

, Ni
2+

 and Cd
2+

 [253] and 

insA (IS1) in E. coli by Zn
2+

, Co
2+

 and Cd
2+

 [254]. Also other physical and 

chemical stresses can elicit increased expression or transposition 

frequencies. Examples are elevated temperature [255, 256], irradiation [257], 

magnetic fields [258], and availability of oxygen and nutrients [256, 259]. 

But also conjugative interactions can induce transposition [260]. The C. 

metallidurans CH34 IS elements affected by heavy metals belong to 

different IS families, which could indicate that common factors are involved. 

Another interesting observation is the differential expression of partial IS 

elements. One of these fragments belongs to the Tn3 family and is very 

similar to ISRme18 but carries a frameshift mutation in the transposase 

resulted in two ORFs (Rmet_5951 and Rmet_5952). A partial IS 

(comprising Rmet_6153 and Rmet_6152) is closely related to ISRme15 but 

has an internal deletion (3' part of orfA and 5' part of orfB). Both partial IS 

elements were induced by Cd
2+

 while the intact but very similar ISRme15 

and ISRme18 were not induced. This could be an artifact due to altered 

mRNA stability or the truncated fragment could actually play a regulatory 

role, however, the biological relevance remains to be determined. 
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6.3.6 Gene inactivation by IS elements and inactivated IS 

 elements 

At least 32 IS are inserted inside an ORF, thereby inactivating the gene and 

concurrent gene product. One of the ISRme3 elements 

(Rmet_5679/Rmet_5680) inserted in the gene encoding the pump of a heavy 

metal tricomponent efflux system (nimBAC). Three insertions were in other 

IS elements. An IS5 family element was inactivated by an IS3 family (IS407 

sub-family) element, which in turn was inactivated by insertion of ISRme5 

(see section 6.3.7). ISRme3 (Rmet_3942/Rmet_3943) inactivated an IS3 

family (IS407 sub-family) element. Element ISRme19 and ISRme4 

(Rmet_0483) inactivated a site-specific recombinase. Inactivated IS 

elements were also identified. An IS1071 copy on pMOL28 was inactivated 

by Tn6049 and at least 8 fragmented IS elements were found on pMOL30. 

Two partial IS elements in pMOL30, Rmet_5951/Rmet_5952 and 

Rmet_6153/Rmet_6152, were similar to ISRme18 and ISRme15, 

respectively (see section 6.3.6). Also noteworthy, an IS66 family element 

was inactivated by the recently described RIT element composed out of 3 

tyrosine-based site-specific recombinase in tandem [161]. 

6.3.7 Characterization of IS elements in CH34 

In this section, the identified IS elements and their ORFs will be described 

according to their (dis)similarities to the relevant IS family characteristics. 

The nucleotide sequences of the terminal inverted repeats of the IS elements 

are shown in Table 6.5.   
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Table 6.5: Nucleotide sequences of the terminal inverted repeats of the 

IS elements in C. metallidurans CH34. 

Element Left (LE) (top) and right (RE) (bottom) IS ends 

ISRme4 TGTTGATTTGCACTGAATCCTGACCCACCCACGGCAGGTATTTGCATCGA 

TGTTGATTTGCACCGAATCCTGACCCACGATTTGCATCGAAAATTGACCC 

ISRme9 TGCGTATTTCGGGGCGCGTGATCAGCGATTTCGGGGGAACGTGATCACCT 

TGCGGATTTCGGTGAAGGTGATCAGCGGTTTCGGCGAACGTGATCAGGGA 

ISRme20 TGACCCAGCGGCAGCACATTGGATTTGACCCACCCGGGTAGGATGGGCCC 

TGACCCTGGGTCAGCGTCAGTTGCTGGCCATCGGTTTCGCCTGACCCAGG 

IS1090 GGGACTGTCGGAGATTTCGTGTTTAAGGCATAACATGCTCCCAAGGAGAA 

GGGGGTGTCAGAATTTCCGTGTTCAAGGCGGGTTGAGAATCACACGGATG 

ISRme11 TGGACCGGCCAGCCTTTCGTAGACATCTTCGAGCCATAATTTGTGGCAAC 

TGGACCGGCCAGAGTTTCATAGACACTCACGAGCCGTTTAGCGCGTAGCG 

ISRme12 TGAACTGCACCCCAAAGGTTGGACACCCGTTCAACCTTTGGGGTGTTTTT 

TGAACTGACCCCAAGAAGTTGGACAGTTAAGGCGGTAGGCTAAGCCATAG 

ISRme17 TGTTGATTTCCACGCAGAACTGACCCGCCGGGGATGCGGACAAAAACTTG 

TGTTGATTTCCACCCAGAAGTGACCCACTAGCCCCCGGTGGGGGTGCGGA 

IS1087B TGGAGCGGCCCCTTGAATCTCAGGACACCCGGCACCTCTTACAATAAGAG 

TGGAGTTGACCCTGTAACTCAGGACACCCGAACACCGTTAAGTTGATGAT 

ISRme3 TGAGCTTGCCCCCGCAAAACGAATCCCTTGCTGAGGTTAAACTGAAGCAA 

TGACCTTGCCCCTGTTCCACGAATCCCATAACCGAGGGAATTAGGCAGCC 

ISRme15 TGAATCGCCCCGGGTTTTGCGGAGGCTCTCACTCTTGAGAGAATGCGAGC 

TGAATCGCCCCGGTTTTCGCGGAGGCTGTTTGGTTAAAGTAAAACGGCCT 

IS1086 GGCGGCCTCAAATCTGAAGTGCAACACCTTGCCATTCGGTAAGGTGTGGT 

GGCGGTTTCAAGTGCGAAGCGCAACACCCCTTGGTTATTGAACAGGAAGC 

IS1088 GGCGGCCTCAATTCCGAAGTGCAACACCGAGAATTGAGGCCAAGATGACC 

GGCGGTTTCAAGTCCAAGTGCAACAAAAACTCAATGCACTAAATCCGGCT 

ISRme10 GCGGTCTCTAGAATGAAGTGCAACACCCTGATGTTAGGGTGTTGGGATGG 

GCGGTTTCAAGTCTGAGATGCAACACCAGTTCGTAATTTGTTGATCTCTT 

ISRme8 CAATACTGTTCAGATAGTATTTTTAAAGCCATAATCCTCATCCATCGAAG 

AAATACTGTTCAGATACGAAGCACCGGCACTGGCTGATGCCGCAAATGGA 

ISRme5 TGTCGTGTCCCTGATGATTGGTTAATTGGTTCACGCCGTGGTTTACTCTT 

TGTCGTGTCCCGGCTGATTGGTAACACGTCTGTTGAACAGTTCGGGGTGT 

ISRme1 CAGGCTGCTGAAATACCGGCAGCGAACGTCAGCGCGACGACTTGCTGAAT 

CAGGCTGCTGAAGTACTAGCCGCATAAAAGCGAAGCTTCCCTCTGCAAGG 

ISRme6 GAGGCCAGTTCAAAAACCCCTGAGGCGGCTGTTTACTTTCTCGGTAAGCT 

GAGGCCAGTTCAAAAAGGCTGCTCCGTACGCCTGAAGATGTTCCAGCAGA 

ISRme7 GGTTCTGTCGCGCTAAGGGTGCCGGGGTGAGATTTCAGCAGACATTGCCC 

GGTTCTGTCGCGATAAGGCCGGTTGGTCGAAGCCGGTGGGCTGGAGTGCG 

ISRme19 GTAAGCGCCCGGTGAACCCGTCTTGAAGGGAAGCAGGAGAGCAAGGAGCA 

GTAAGCGCCCGGTGAACCCGTCTCGACGGGGCTACGCAGGAAGGACGGAA 

IS1071 GGGGTCTCCTCGTTTTCAGTGCAATAAGTGACGGTACGCAAAGCTAGCAC 

GGGGTCTCCTCGTTTTCAGTGCAATAAGTGACGGTACGAAAAGCTAGCAC 

ISRme18 ND 

Characteristics of the IS family indicated in bold. 
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6.3.7.1 ISRme3, ISRme11, ISRme12, ISRme15, ISRme17, IS1087B (IS3 

 family) 

These elements belong to the IS3 family (ISRme3 to the sub-family IS3; 

ISRme11, ISRme12, ISRme17 to sub-family IS150; ISRme15 to sub-family 

IS51; and IS1087B to sub-family IS2) with inverted repeats that shared the 

signature of this family including the characteristic ends (5'-TG and CA-3') 

(Table 6.5). 

The 1,288 bp ISRme3 element is with 10 copies the most abundant in CH34. 

Direct target repeats of 3 bp were observed in 7 cases. It carries two 

consecutive ORFs with an overlap of 4 bp. OrfA exhibits a N-terminal helix-

turn-helix motif and a C-terminal leucine zipper-like motif [L(6)L(6)L], 

while OrfB displays the catalytic DD(35)E motif. A potential frameshift 

window (A7 type) was identified in the element, which could reconstitute an 

orfAB transposase. However, such a fusion protein was never found in the 

current database of CH34 proteins identified under different growth 

conditions by shotgun proteome analysis (B. Leroy, pers. comm.). 

Equivalents of ISRme3 that are 100% identical were observed in the 

genomes of Ralstonia pickettii 12D (two copies) and R. pickettii 12J (one 

copy). Outside the Cupriavidus and Ralstonia genera, the closest relative 

(81% DNA identity) was a putative IS element from Burkholderia 

xenovorans LB400. One of the ISRme3 copies is inserted at the extremity of 

the genomic island CMGI-30b, which holds genes involved in the response 

to copper and silver [160]. 

ISRme11, ISRme12 and ISRme15 carry two consecutive ORFs with a 1 bp 

overlap. Relatives of ISRme12 (> 35% protein identity) were only found in 

the Burkholderiaceae family. ISRme11 showed the highest similarity (ca. 

90% protein identity) with an IS from Burkholderia cenocepacia MC0-3. 

The closest relative of ISRme15 was identified in Bordetella petrii (97% 

protein identity). 
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ISRme17 carries only one ORF coding for a 512 aa long transposase. An 

100% identical copy was found in D. acidovorans SPH-1 and C. testosteroni 

KF-1 (only partial IS). 

Element IS1087 was identified in a spontaneous zinc resistant mutant of a 

derivative CH34 strain lacking pMOL30 (see above) [261]. DNA sequence 

analysis of the two IS1087 copies present in CH34 revealed a sequence 

slightly different from IS1087 (accession number AJ243722). This element, 

with a length of 1330 bp, was denoted IS1087B. IS1087B carries two 

consecutive and partially overlapping ORFs in the relative translational 

reading frames 0 and -1 (a general feature for IS3 members). The closest 

relative (90% protein identity) was found in Burkholderia phytofirmans 

PsJN. 

6.3.7.2 ISRme4, ISRme9 and ISRme20 (IS21 family) 

ISRme4, ISRme9 and ISRme20 are members of the IS21-family and are 

2,469, 2,688 and 1,977 bp long, respectively. They bear the characteristic 5'-

CA-3' end (Table 6.5) and have internal repeats in the L and R end (Table 

6.6). OrfA harbours a N-terminal helix-turn-helix and DDE motif. OrfB 

carries a characteristic ATP binding domain [G----GKT(54)DE]. OrfA and 

OrfB from ISRme4 shared respectively 94% and 97% protein identity with 

an IS from R. pickettii 12D. ISRme9, located on plasmid pMOL28, showed 

the highest similarity (around 70% protein identity) with IS408 and ISBmu3 

from B. multivorans ATCC17616. These elements, along with other IS 

identified in B. multivorans ATCC17616, showed an increased transposition 

frequency under a high-temperature condition of 42°C [255]. 
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Table 6.6: Nucleotide sequences of the repeats internal in the L(eft) and R(ight) end terminal repeats of IS elements in C. 

metallidurans CH34. L1-L2 and R1-R2 indicate internal repeated sequences with corresponding coordinates between brackets. 

Conserved nucleotides are capitalized. 

IS element L end terminal repeat R end terminal repeat 

ISRme4 L1: ATTTGCActGAATccTGACCCAC (6-28) 

L2: ATTTGCAtcGAATgtTGACCCAC (40-63) 

R1: GATTTGCAcCGAAtccTGACCCAC (2418-2441) 

R2: GATTTGCAtCGAAaatTGACCCAC (2442-2465) 

ISRme9 L1: ATTTCGGGGcgCGTGATCA (6-24) 

L2: ATTTCGGGGgaaCGTGATCA (28-47) 

R1: TTTCGGtgAAgGTGATCAG (2642-2660) 

R2: TTTCGGcgAAcGTGATCAG (2664-2682) 

ISRme20 L1: TGACCCA (1-7) 

L2: TGACCCA (26-33) 

R1: TGACCCtGGGTCA (1965-1977) 

R2: TGACCCaGGGTCA (1924-1936) 

 



Chapter 6 

139 

 

6.3.7.3 ISRme5 (IS481 family) 

This element of 1,041 bp belongs to the IS481-family and the 4 copies 

display transposases with different lengths since no transposase in-frame 

stop codons were observed within the IS. The inverted repeats of the element 

terminated with the characteristic 5'-CAC-3' end and in 2 cases a direct 

repeat of 6 bp was observed. Two copies were located in genomic island 

CMGI-2, which is involved in hydrogenotrophy and the metabolism of 

aromatic compounds [161], in a region with multiple transposases and 

fragments hereof (Figure 6.7). Putatively, ISRme5b (Rmet_1280) integrated 

first into an IS element (comprising Rmet_1279, Rmet_1302 and 

Rmet_1303), resulting in a transposase ORF that ended at the stop codon 

present in the flanking sequence (CCTAAT) that was duplicated during 

insertion. In a next event, integration of a gene cluster involved in 

hydrogenotrophy (hydrogenase pleiotropic and hydrogen oxidation genes) 

was assisted by ISRme5c (Rmet_1301). This resulted for Rmet_1301 in an 

ORF that ended in the sequence originally duplicated by Rmet_1280 

(CCTAAT), and for Rmet_1280 in a transposase of 463 aa overlapping the 

3' end of hypE (Rmet_1281, not shown) with 216 bp. The IS element 

(Rmet_1279, Rmet_1302 and Rmet_1303) inactivated by these events was 

already integrated in an IS5-family element resulting in the fragments 

Rmet_1304 and Rmet_1278. 

 

Figure 6.7: Composition of the region flanked by two ISRme5 

elements in genomic island CMGI-2 of C. metallidurans CH34. 
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This genomic region illustrates that a first insertion event could attract 

further successive insertion events leading to a region rich in MGEs and 

possibly prone to attract advantageous features carried by the MGEs. The 

closest relative in a prokaryotic genome was found in Brachymonas 

petroleovorans (65% protein identity), a recently isolated β-proteobacterium 

that grows on cyclohexane [262]. However, apparently a 100% identical 

DNA sequence could be found on 2 different DNA scaffolds from the black 

cottonwood tree, Populus trichocarpa [263] (NCBI Genome Biology 

BLAST). Scaffold 2473 and 3410 aligned respectively with bp 46 to 1,041 

and bp 1 to 453 from ISRme5. Since contamination of prokaryotic IS 

elements in eukaryotic sequences has been described [264, 265], PCR was 

performed on genomic DNA of Populus trichocarpa. Although, a fragment 

of approximately 1 kb could be amplified, sequence analysis indicated no 

similarity to ISRme5 (data not shown). 

6.3.7.4 ISRme7 (IS6 family) 

This 840 bp element (IS6-family) is present at two copies with 4 bp that 

mismatch. No transposase in-frame stop codons were observed within the IS, 

generating transposases with different lengths of 792 and 1,026 amino acids, 

respectively. The elements flank the putative genomic island CMGI-11, 

which contains an operon encoding proteins involved in fimbriae 

biosynthesis [161]. ISBmu21 of B. multivorans ATCC17616 was found to be 

the closest relative (74% protein identity). 

6.3.7.5 ISRme18 and IS1071 

Element IS1071 was originally identified in transposon Tn5271 from 

Alcaligenes sp. BR60 (later C. testosteroni BR60), which carried genes 

involved in chlorobenzoate catabolism [266, 267]. Four copies of this 

element were identified in CH34, 3 intact elements on chromosome 1 in 

CMGI-3 and one copy on pMOL28 inactivated by insertion of Tn6049 [55, 

161]. Compared to IS1071 from C. testosteroni BR60 the element in CH34 



Chapter 6 

141 

 

carries an insertion of 3 bp between position 554 and 555, generating one 

additional amino acid. Many IS1071 sequences have been identified next to 

genes involved in the degradation of xenobiotics on conjugative plasmids 

from environmental bacteria such as Pseudomonas spp. [268], Comamonas 

spp. [269-271], D. acidovorans [271, 272], and C. pinatubonensis JMP134 

[273]. Our IScan analysis also revealed IS1071 sequences in Acidovorax 

spp. and Burkholderia spp. Element ISRme18, which is located on pMOL28, 

was also identified as a member of the Tn3 family, although the IRs could 

not be recognized and therefore ISRme18 could be an inactive copy. A 

fragmented IS element similar to ISRme18 (approximately 90% on DNA 

sequence) was identified on pMOL30 (Rmet_5952 and Rmet_5951). Similar 

elements were identified in Burkholderia spp. (> 60% protein identity) and 

in Polaromonas sp. JS666 (54% protein identity), which is capable of 

degrading chlorinated ethenes [274]. 

6.3.7.6 ISRme1 and ISRme6 

These IS elements belong to the IS5 family (IS427 sub-family) with lengths 

of 1,331 and 913 bp for ISRme1 and ISRme6, respectively. ISRme1 was 

present at 4 copies and was first observed by trapping in a broad-host range 

vector, which allows positive selection [235]. In CH34, ISRme1 generated 

direct target repeats of 4 bp by duplication of the preferred target sequence 

YTAR. ISRme1 carries one ORF, which shares 93% and 91% protein 

identity with IS from C. taiwanensis RALTA and C. pinatubonensis 

JMP134, respectively. Outside the Cupriavidus and Ralstonia genera, the 

closest relative (83% protein identity) was a putative IS element from 

Burkholderia phymatum STM815. 

ISRme6 contains 2 ORFs, which do not partially overlap like for most of the 

IS427 subgroup members. However, a potential -1 frameshift window (5'-

GAAAAACTGG-3') was observed at position 435, possibly generating an 

ORF of 271 aa with 76% protein identity to the fused ORF of ISJP4. The 
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latter element was identified in C. pinatubonensis JMP134 where it 

inactivates the gene encoding for the transcriptional regulator TfdT of the 

chlorocatechol-degradative operon [275]. ISRme6 was also found in a cluster 

of genes for the degradation of aromatic compounds located on genomic 

island CMGI-2. It disrupts a glutathione-S-tranferase gene often found along 

with genes for the degradation of aromatic compounds [276]. 

6.3.7.7 ISRme8 

A 1,455-bp element from the IS4-family (subfamily IS4) is found twice in 

CH34 with 10 bp direct target repeats. ISRme8 is 100% identical to ISBvi1 

from B. vietnamiensis G4 [242]. 

6.3.7.8 ISRme10, IS1086, and IS1088 

These three IS elements belong to the IS30-family with lengths of 1,063, 

1,106 and 1,103 bp for ISRme10, IS1086 and IS1088, respectively. ISRme10 

is located on pMOL30. IS1086 is found once on pMOL28 and twice in the 

chromosome (3 bp direct target repeats), which confirmed previous 

hybridisation experiments [184]. The nine copies of IS1088 are only present 

in the 2 chromosomes, not in the megaplasmids, and a direct repeat of 3 bp 

was generated in 8 cases. The closest relative of ISRme10, IS1086 and 

IS1088 were IS3091 (54% protein identity) from Acidithiobacillus 

ferrooxidans, an IS (73% protein identity) from Thiomonas sp. 3As and an 

IS (67% protein identity) from Rhodoferax ferrireducens, respectively. 

6.3.7.9 ISRme19 

This 2,227 bp IS belongs to the IS66 family, indicated by similar IRs (Table 

6.5), 8 bp direct target repeats and the presence of multiple ORFs. ISRme19 

carries putatively 5 ORFs and a similar element, sharing 72% DNA 

sequence, was detected in R. pickettii 12J (3 copies). 
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6.3.7.10 IS1090 

Four copies of this 1,343 bp element, which belongs to the IS256 family, 

were identified in CH34. IS1090 carries the related inverted repeats (Table 

6.5) and generated, like most of the IS256 family members, 8 bp direct target 

repeats. Close relatives (91% protein identity) were found in Burkholderia 

ambifaria MC40-6 and B. cenocepacia MC0-3. 

6.4 Conclusions  

This study revealed 9 new IS elements in C. metallidurans CH34. In total, 

57 intact IS copies from 21 distinct IS elements were characterized and 

classified into 10 different families. A number of these IS elements were 

associated with genomic islands, gene inactivation and rearrangements that 

alter the autotrophic growth capacities. The latter provide the first molecular 

explanation of the observations associated with TIMM in C. metallidurans. 

In addition, differential expression of IS-related genes was found under 

heavy metal stress, an environmental stress to which C. metallidurans CH34 

is well adapted. Therefore, these observations indicate that IS elements play 

an active role in C. metallidurans CH34, its metabolic potential and 

adaptation under selective pressure. 
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Chapter 7 

Plasmid mediated metal resistance in 

Cupriavidus metallidurans space isolates 

In type strain C. metallidurans CH34, a substantial part of its metal 

resistance is located on the two megaplasmids pMOL28 and pMOL30. For 

both plasmids, transfer frequencies of Ni
2+

 and Zn
2+

 resistance determinants 

already have been identified. Chapter 4 showed that the C. metallidurans 

strains isolated frome space-related environments contain at least one 

megaplasmid. Moreover, all isolates were as metal tolerant as type strain C. 

metallidurans CH34. In this chapter, the transfer of Ni
2+

 resistance 

determinants to a plasmidless derivative of C. metallidurans CH34 and the 

co-transfer of other metal resistance determinants are investigated.   
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7.1 Introduction 

It is well studied that the transfer of DNA between bacterial cells facilitates 

microbial resilience and survival in extreme environments. MGEs such as 

transposons, IS elements, plasmids, genomic islands, allow mobilization and 

reorganization of genes within a given bacterial genome or between bacterial 

cells [277]. Furthermore, MGEs often carry key features allowing survival in 

specific environmental niches such as those exposed to xenobiotic 

compounds [163, 278], multiple antibiotics [198], heavy metals [57] or even 

as beneficial plant rhizobacterium [279]. Therefore, they are seen as key 

players in the reshuffling of genetic material, which in combination with 

mutations and selection, drive evolution [277].  

One of the interesting features of type strain C. metallidurans CH34 is that it 

carries a large diversity of MGEs, including at least 21 genomic islands, 2 

integrative and conjugative elements, 19 copies of 5 different transposons, 

57 copies of 21 different IS elements (discussed in detail in Chapter 6) and 2 

megaplasmids [161, 181]. Both the number and diversity of genes related to 

MGEs is larger in CH34 than in related strains from other Cupriavidus and 

Ralstonia species [161]. The megaplasmids pMOL28 and pMOL30 harbour 

genomic islands that are highly specialized in metal resistance. They carry 

resistance determinants at least for, Co
2+

, Ni
+2

, Cr
+4

, Hg
+2

, Zn
+2

, Cd
+2

, Cu
+2

, 

Ag
+
, Pb

+2 
[57]. Although pMOL28 carries a complete set of conjugative 

genes, which show extensive synteny with the highly self-transferring 

plasmid pHG1 from Cupriavidus eutrophus H16, transfer frequencies of 

resistance markers were rather low (± 10
-8

 transconjugants per donor cell) 

[169]. For plasmid pMOL30, which contains very few genes involved in 

plasmid transfer, resistance determinants are transferred at a frequency of 10
-

8
 transconjugants per donor cell [160, 169]. For both plasmids, transfer 

frequencies could be increased up to 10
-3

 transconjugants per donor cell with 

the aid of the IncP1 plasmid RP4 as helper strain [169].  
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In Chapter 4, it was shown that all C. metallidurans strains isolated from 

space-related environments carry at least one megaplasmid and that there 

were almost no differences in their metal resistance profiles. In this chapter, 

the mobility of these megaplasmids will be studied as well as the metal 

resistance determinants they carry. 

7.2 Materials and Methods 

7.2.1 Media, strains, plasmids, and culture conditions 

All C. metallidurans strains and isolates were cultured in Tris salt mineral 

medium (MM284) supplemented with 0.2% (wt/vol) gluconate as carbon 

source [169]. Liquid cultures were grown in the dark at 30°C on a rotary 

shaker at 150 rpm. For autotrophic growth, the carbon source was excluded 

from solid MM284 agar medium and plates were incubated in a jar with a 

gas atmosphere containing a mixture of H2, CO2 and O2 (72%, 18%, 10%). 

E. coli DH5α was grown in liquid LB medium at 37°C on a rotary shaker at 

150 rpm in the dark. When appriopriate, media was supplemented with 

antibiotics at the following concentrations: trimethoprim (100 µg/ml) and 

kanamycin (50 µg/ml for E. coli or 1500 µg/ml for C. metallidurans). 

Plasmids used in this study are listed in Table 7.1. 

Table 7.1: Plasmids used in this study.  

Plasmid Description Reference 

pSCrhaBoutgfp pTnMod, rhaR rhaS PrhaB e-gfp, Tm
R
 [280] 

pRK2013 ColE1 ori, RK2-Mob
+
 RK2-Tra

+
, Km

R
 [281] 

pKT230 RSF1010 based, Tra
-
, Mob

+
, Km

R
 from pACYC177 [282] 

Tm
R
: Trimethoprim resistance; Km

R
: Kanamycin resistance. 

7.2.2 Molecular analysis 

Standard techniques for PCR, Standard techniques were used for isolation of 

chromosomal DNA, electroporation, PCR and agarose gel electrophoresis 
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unless stated otherwise. The oligonucleotides used in this study were 

synthesized by Eurogentec (Seraing, Belgium) and are listed in Table 7.2. 

Table 7.2: Primers used in this study. 

Name  Sequence 5'→3' Length  

Dam_Fw CATGGGATCCGCCGGCTTCAATGTAAAGAT 
1055 bp 

Dam_Rv GCTAGAATTCCCATCGCTGCACAAGAGTAG 

7.2.3 Random transposon mutagenesis 

To construct a suitable recipient strain, a tri-parental mating was performed 

with the plasmidless C. metallidurans AE104, E. coli DH5α pSCrhaBoutgfp 

and E. coli HB101 containing the helper plasmid pRK2013. Transconjugants 

were selected on MM284 supplemented with 100 µg/ml trimethoprim (Tm). 

Positive clones were purified on MM284 supplemented with 100 µg/ml Tm 

and tested for their capability to grow autothropically. Three positive 

AE104_Tm clones were selected for further experiments.   

7.2.4 Conjugations 

To investigate the transfer capabilities of the plasmids present in the C. 

metallidurans isolates, bi-parental matings were performed with three 

independent AE104_Tm strains as recipients and all C. metallidurans 

isolates as donor strains. After 4 days, heterotrophic plate counts were 

performed to estimate the number of transconjugants. The latter were 

selected on MM284 + 100 µg/ml Tm + 1 mM NiCl2, donor strains were 

scored on MM284 + 1 mM NiCl2, while recipient strains were counted on 

MM284 + 100 µg/ml Tm. To determine the transfer frequency of Ni
2+

 

resistance, the ratio between recipients and transconjugants was calculated. 

Transconjugants were screened to be genuine by analysing their capabilities 

to grow autothrophically. In addition, the presence of dam, which is specific 

for C. metallidurans CH34, was controlled by PCR amplification with 

primers dam_FW and dam_RV (Table 7.2). 
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To study the mobilization capacities of the plasmids of C. metallidurans 

NA4, a tri-parental mating was performed with AE104_Tm as recipient, E. 

coli DH5α pKT230 as donor and C. metallidurans NA4 as helper strain. 

After 3 days, heterotrophic plate counts were performed to estimate the 

number of transconjugants. The latter were selected on MM284 + 100 µg/ml 

Tm + 1500 µg/ml Km, while recipient strains were counted on MM284 + 

100 µg/ml Tm. To determine the mobilization frequency of the plasmid 

pKT230, the ratio between recipients and transconjugants was calculated. 

Matings were performed in triplicate. 

To explore if one of the plasmids of C. metallidurans NA4 is a broad-host 

range plasmid, a bi-parental mating was setup with E. coli DH5α as recipient 

strain and C. metallidurans NA4 as donor strain. After 3 days, heterotrophic 

plate counts were performed to estimate the number of transconjugants. The 

latter were selected on M9 mineral medium supplemented with 0.4% glucose 

and 1 mM thiamine hydrochloride + 1 mM NiCl2 , donor strains were 

counted on MM284 + 1 mM NiCl2, while recipient strains were counted on 

M9 mineral medium + 0.4% glucose 1 mM thiamine hydrochloride. To 

determine the transfer frequency of the plasmid, the ratio between recipients 

and transconjugants was calculated. Matings were performed in triplicate. 

7.2.5 Plasmid profiling 

The extraction of large plasmids was based on the method of Andrup et al. 

[171]. DNA was analysed by horizontal gel electrophoresis in 0.5% Certified 

Megabase agarose gel (Bio-Rad, USA) with 1 x TBE buffer for 20 hours at 

100 V in a precooled electrophoresis chamber at 4°C. After electrophoresis, 

DNA was stained with ethidium bromide (0.3 µg/ml TBE) for 30 min and 

destained overnight at 4°C in ultrapure water. 
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7.2.6 Metal ion resistance  

A stationary phase culture (OD600 of ca. 1, representing 10
9 

CFU/ml) of each 

strain in MM284, was diluted 100 times in 2 ml MM284 medium with 

different concentrations of the metals of interest. The lowest concentration 

that inhibits visible growth was defined as MIC. The MIC values were 

determined for the following metal solutions after 3 days: CoCl2, CuSO4, 

ZnSO4, NiCl2 and KCr2O4,  

7.3 Results 

7.3.1 Transfer frequencies 

In a first step, a C. metallidurans AE104 recipient strain with an appropriate 

and selectable marker (resistance to trimethoprim) was constructed via 

random transposon mutagenesis using a TnMod minitransposon. To rule out 

possible effects of the location of the minitransposon, experiments were 

performed with 3 independent transposon mutants. Transconjugants were 

screened for the presence of dam, which is only present in recipient C. 

metallidurans AE104, and the ability to grow autotrophically, another 

feature of the recipient strain. For C. metallidurans NE12, Ni
2+

 resistance 

determinants are transferred with the lowest frequency of ± 10
-5

 

transconjugants per recipient cell, Ni
2+

 resistance determinants of C. 

metallidurans NA1 and NA2 are transferred with a frequency of ± 10
-4

 and ± 

10
-3

 transconjugants per recipient cell, respectively. For C. metallidurans 

NA4, a large difference was observed in transfer frequency for recipients 1 

and 3 compared to recipient 2. The frequency for recipients 1 and 3 was ± 

10
-1

 transconjugants per recipient cell, while only ± 10
-5

 for recipient 2 

(Table 7.3).  
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Table 7.3: Transfer frequencies of Ni
2+

 resistance determinants per 

recipient cell in C. metallidurans 

Transconjugant Transconjugants/recipient Average 

AE104_1xNA1 9.17 x 10
-4

 

6.72 x 10
-4

 AE104_2xNA1 9.50 x 10
-4

 

AE104_3xNA1 1.50 x 10
-4

 

AE104_1xNA2 2.88 x 10
-3

 

1.87 x 10
-3

 AE104_2xNA2 1.35 x 10
-3

 

AE104_3xNA2 1.38 x 10
-3

 

AE104_1xNA4 2.00 x 10
-1

 

1.01 x 10
-1

 AE104_2xNA4 6.87 x 10
-5

 

AE104_3xNA4 1.03 x 10
-1

 

AE104_1xNE12 5.22 x 10
-5

 

7.13 x 10
-5

 AE104_2xNE12 1.45 x 10
-4

 

AE104_3xNE12 1.68 x 10
-5

 

7.3.2 Plasmid profiles of the transconjugants 

For C. metallidurans NA1, NA2 and NE12, 6 suitable transconjugants were 

screened for their plasmid content. All transconjugants of AE104xNA1 

contained the largest plasmid of NA1, while for NA2 and NE12, the only 

plasmid present was found in all investigated AE104xNA2 and 

AE104xNE12 transconjugants. One transconjugant of each was selected for 

further experiments (Figure 7.1). In the case of C. metallidurans NA4, 4 

transconjugants that each showed a different plasmid profile were selected 

(Figure 7.1). Apparently, it seems that C. metallidurans NA4 harbours an 

additional fourth plasmid that is ambiguously observed (Figure 7.1, Chapter 

4). However, transconjugants AE104_3xNA4_1 and AE104_2xNA4_2 

clearly harbour a plasmid that is larger than the other 3 plasmids present in 

NA4. AE104_3xNA4_1 contains also the smallest plasmid of NA4, while 

AE104_2xNA4_2 harbours also the second largest plasmid. Transconjugant 

AE104_3xNA4_2 has only the smallest plasmid of NA4, while 

AE104_2xNA4_1 holds all plasmids (Figure 7.1).  
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Figure 7.1: Plasmid profile of the different transconjugants. C. 

metallidurans NA1; AE104xNA1; C. metallidurans NA2; 

AE104xNA2; C. metallidurans NE12; AE104xNE12; C. 

metallidurans NA4; different NA4 transconjugants AE104_3xNA4_1, 

AE104_3xNA4_2, AE104_2xNA4_1 and AE104_2xNA4_2.  

7.3.3 Metal ion resistance 

To explore the metal resistance markers that are located on the transferred 

plasmids, each transconjugant was screened for its resistance to Ni
2+

, Co
2+

, 

Zn
2+

, Cu
2+

 and Cr
4+

 ions in a Tris-buffered mineral medium with gluconate 

as carbon source. MIC values were determined after 3 days (Figure 7.2). For 

C. metallidurans NA1, metal resistance determinants for at least Ni
2+

, Co
2+

 

and Zn
2+

 are located on its largest plasmid, in C. metallidurans NA2, 

resistance determinants for at least Ni
2+

 and partially Co
2+

 and Zn
2+

 are 

plasmid-borne. The plasmid of C. metallidurans NE12 harbours metal 

resistance determinants for at least Ni
2+

, Co
2+

, Zn
2+

 and Cu 
2+

. The smallest 

plasmid of C. metallidurans NA4 can only provide part of the Ni
2+

 

resistance. In addition, it provides partial resistance to Zn
2+

 and Cr
2+

. A 

combination of the small plasmid with larger plasmid seems to be necessary 

to obtain full Zn
2+

 resistance while a combination of the 2 largest plasmids 
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seem needed to acquire full Co
2+

 resistance. The second smallest plasmid 

seems to provide complete Cu
2+

 and Cr
4+

 resistance (Figure 7.2). However, 

these data still need to be confirmed.  
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Figure 7.2: Metal ion MIC values in mM for the different 

transconjugants and C. metallidurans isolates after 3 days for a) Ni
2+

, 

b) Co
2+

, c) Zn
2+

, d) Cu
2+ 

and e) Cr
4+

. Yellow bars represent MIC 

values for AE104, purple bars represent MIC values of the isolates, 

and transconjugants are presented as different shades of green. 

7.3.4 Mobilization frequency 

When C. metallidurans NA4 was the donor, many transconjugants contained 

the smallest plasmid present in NA4. Therefore, it was investigated if NA4 

was able to mobilize a broad-host range RSF1010-derived vector to C. 

a) b) 

c) d) 

e) 
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metallidurans AE104_Tm. After 3 days, the average frequency of 

mobilization was 2.25 x 10
-5 

per recipient cell (Table 7.4).  

Table 7.4: Mobilization frequency of the plasmid pKT230 with C. 

metallidurans NA4 as helper strain. 

 Transconjugants/recipients Average 

Conjugation 1 1.73 x 10-5 

2.25 x 10-5 Conjugation 2 2.06 x 10-5 

Conjugation 3 2.97 x 10-5 

The plasmid profile of 17 different transconjugants was sreened most of 

them contained the smallest plasmid (Figure 7.3). 

 

Figure 7.3: Plasmid extraction of transconjugants after mobilization of 

the pKT230 plasmid. (1) C. metallidurans NA4, (2) pKT230, (3-19) 

transcojugants. Bands representing plasmid pKT230 are surrounded 

by a dotted frame.  
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7.3.5 Plasmid stability in E. coli 

To investigate if the smallest plasmid of C. metallidurans NA4 is a broad-

host range plasmid, matings were performed between E. coli DH5α and 

NA4. Possible transconjugants were selected on M9 medium supplemented 

with glucose and thiamine hydrocholoride and 1 mM NiCl2. However, with 

this experimental setup, no transconjugants were obtained.  

7.4 Discussion 

The two megaplasmids pMOL28 and pMOL30 of type strain C. 

metallidurans CH34 are already studied in detail. It was shown that the 

transfer frequency of both plasmids was rather low with frequencies of 10
-8

 

transconjugants per recipient cell [169]. The same frequency was observed 

when matings were performed between C. metallidurans AE104 and 

plasmids pTOM8 and pTOM9 from C. metallidurans 31A, plasmids pGOE1 

and pGOE2 from C. metallidurans KT02 and plasmid pJB4 from C. 

pinatubonensis JMP134 [169, 283]. These are much lower than the transfer 

frequency observed with plasmid pHG1 from C. eutrophus H16 [284] and 

the frequencies observed with the C. metallidurans space isolates, ranging 

from 10
-5

 in the case of C. metallidurans NE12 till 10
-1

 for C. metallidurans 

NA4. For type strain CH34, it was suggested that the genomic island CMGI-

28b, located in the region for conjugative transfer, putatively plays a role in 

the inhibition of plasmid transfer [146]. However, comparative whole 

genome hybridization between 16 C. metallidurans isolates from different 

locations, and type strain CH34 showed that this genomic island is 100% 

conserved in C. metallidurans NA1 and NE12, and 90% in NA2 (see 

Appendix A), which all show a higher transfer frequency. Therefore, it is 

possible that other factors play a more important role.  

Interestingly, the transfer frequency in C. metallidurans NA4 was putatively 

affected by the transposon insertion site as it is much lower in recipient 
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AE104_Tm2 compared to the other recipients. Overall, it seems that the 

transfer frequency is higher compared to the other C. metallidurans strains. 

Putatively, the small plasmid of C. metallidurans NA4 plays an important 

role herein, as it was observed in almost all transconjugants. Moreover, this 

plasmid was able to mobilize the IncQ plasmid pKT230 to C. metallidurans 

AE104_Tm with a frequency of 10
-5

 transconjugants per recipient cell. 

Preliminary analysis of the genome sequence of NA4 (Chapter 5) indicated 

that the putative backbone of the smallest plasmid of C. metallidurans NA4 

is almost 100% identical to plasmid pAlide201 of Alicycliphilus denitrificans 

K601, isolated from a waste water treatment plant with cyclohexanol as sole 

carbon source [285], plasmid pAOVO01 from Acidovorax sp. JS42, isolated 

from a site contaminated with nitrobenzene [286], and a plasmid present in 

Ralstonia sp. 5_7_47FAA, isolated from an irritated gastrointestinal tract 

biopsy tissue from a 25 year old female with Crohn's disease. The plasmid of 

C. metallidurans NA4 differs from these plasmids by harbouring an 

additional region that contains genes involved in metal resistance. As it is a 

self-transmissible plasmid, the backbone harbours a complete set of 

mobilization genes and a type IV secretion system. Plasmid classification 

can be based on the sequence of the relaxase, as it is essential during 

conjugative DNA processing. In this way, six different MOB families each 

having specific characteristics could be determined namely, MOBF, MOBH, 

MOBQ, MOBC, MOBP and MOBV [287]. Phylogenetic analysis of the 

relaxase of many plasmids showed that the relaxase from plasmid 

pAOVO01 belongs to the MOBF family of relaxases [287]. Since this protein 

is conserved in C. metallidurans NA4, we can conclude that the smallest 

plasmid of this isolate belongs to the MOBF family of conjugative plasmids. 

Moreover, analysis of the relaxase sequence indicates the presence of 

conserved catalytic domains typically observed in this family. In particular, 

comparison of this protein with representative relaxases of the MOBF family 

suggests that it belongs to the IncW incompatibility group, as it shows the 
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highest sequence homology with the representative relaxase of this group. 

However, BLAST analysis of replicon specific primers used to amplify 

incW plasmids suggest that no specific amplicon could be obtained [288]. 

Moreover, plasmids belonging to the IncW incompatibility group are 

considered to be broad-host range plasmids [289], what could not be 

confirmed for the plasmid of C. metallidurans NA4. However, only one 

experimental setup was carried out during this study. It would be interesting 

to examine if transconjugants could be obtained after using lower Ni
2+

 

concentrations. An additional option would be to screen the plasmid profiles 

of obtained transconjugants after mobilizing the IncQ plasmid pKT230 to an 

E. coli strain with C. metallidurans NA4.  

For type strain C. metallidurans CH34, it was already shown that a 

substantial part of its metal resistance determinants is located on the two 

megaplasmids [57, 146]. In chapter 4, it was shown that there are only a few 

differences in resistance to the tested metals between the C. metallidurans 

isolates and type strain CH34. Comparative whole genome hybridization 

between 16 C. metallidurans isolates from different locations, and type 

strain CH34, confirmed that metal resistance gene clusters present in type 

strain CH34 are highly conserved among all C. metallidurans isolates 

including the space isolates (see Appendix A), suggesting that they acquired 

it very early in their evolution. With the experiments described in this 

chapter, we showed that at least part of the metal resistance determinants of 

the C. metallidurans isolates are also located on their megaplasmids. Despite 

the energetic cost to maintain the plasmids these are still present in the 

isolates and thus putatively provide an advantage for the isolates to thrive in 

the space-related environments. Because parts of their resistance 

mechanisms are located on their megaplasmids, they could be disseminated 

to different members of the prevailing populations. 
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7.5 Conclusions 

In this chapter, the transfer frequencies of nickel resistance determinants 

present in the C. metallidurans isolates were investigated. The observed 

frequencies were higher than frequencies observed after matings with 

plasmids from related species. As it is the case for type strain CH34, a 

substantial part of the metal resistance determinants carried by the C. 

metallidurans isolates are present on their megaplasmids. These resistance 

determinants could spread to other populations thereby providing additional 

features to thrive in particular environments. This is especially important in 

the case of C. metallidurans NA4, as it harbours a smaller broad-host range 

plasmid able to mobilize other plasmids.  
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Chapter 8 

General conclusions and perspectives 

8.1 Relevance to space exploration activities  

The strong craving of human to explore and colonize worlds beyond our 

own is a complex undertaking that entails numerous challenges. Beyond all 

technical challenges of escaping gravity and sustaining life in an 

inhospitable environment, it depends also on the ability to handle the 

companionship of one of the oldest and 'simplest' life forms on earth. 

Microorganisms follow humans everywhere and thus also in in space. Even 

unmanned spacecrafts carry a variety of microbial contaminations 

introduced during the construction by human hands. During the search for 

life beyond Earth, one aspect is to prevent forward contamination of the 

destination by terrestrial microorganisms. Considering the ubiquity of 

microorganisms that constitute the microflora of a healthy human being, it is 

impossible to organize human space missions without microorganisms as 

fellow travellers. 

Spacecrafts occupied by humans, such as the ISS, function as closed systems 

for long time-periods and present a number of specificities in terms of 

microbial prevalence and diversity. The microbial populations in these man-

made environments mainly come from the crew but also environmental 

microorganisms are present. Unique environmental conditions such as 

microgravity, radiation, restricted hygienic practices and radiation favour 

colonization by some species rather than others. Astronauts are facing the 

same unique physical circumstances combined with high working pressure 

and psychological stressors. These factors compromise the immune system 
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of astronauts making them more sensitive to infections. Although most 

microorganisms pose no severe risks for healthy people, the hampered 

immune system combined with limited treatment and isolation possibilities, 

and no immediate return to Earth, reinforces the requirement to control 

microbial contamination stringently. Moreover, in vitro studies suggest that 

microorganisms may even become more pathogenic and more resistant to 

antibiotic treatment [153]. Next to harming the crew's health, 

microorganisms can also have adverse effects on the infrastructure of the 

space station resulting in system failure. Therefore, the contamination level 

as well as its diversity needs to be controlled, to guarantee adequate living 

quality and reduce the risks of harmful effects on the crew.  

To date, no microbiological events aboard the ISS have been reported that 

had a critical impact on the crew [290]. However, the current biomonitoring 

strategy on the ISS is not sufficient to provide an accurate and complete 

follow-up of the spacecraft’s microbial environment. Therefore, it is 

impossible to verify that this assumption is justified without a deeper 

analysis of the link between the biomonitoring strategy and crew health 

protection. Moreover, fluctuations in microbial concentrations and 

biocontamination events in the ISS, and occasional contamination hazards 

were reported, indicating that some specific habitat and hardware areas of 

the space station were apparently more prone to contamination. During this 

PhD project, the focus was in particular on the closely related β-

proteobacterial genera Cupriavidus and Ralstonia. These genera thrive in 

many natural environments (soil, water, plant) and were already isolated 

from harsh man-made environments such as non-ferrous industry, mine 

areas and metal factories [139], from highly controlled clean environments 

such as hospitals [157], and from ultrapure industrial water systems [158]. 

Apparently, Cupriavidus and Ralstonia are also ubiquitously present in 

different space-related environments. Cupriavidus is one of the predominant 
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genera in the air of spacecraft assembly facilities before human activity 

[154] and Ralstonia belongs to the main fraction of cultivable species 

isolated from the surface of the Mars Odyssey Orbiter prior to flight [140]. 

In addition, both genera have been found in cooling and drinking water from 

the Mir space station [141, 156], the Shuttle [152], and the ISS [141, 156]. A 

four-year monitoring campaign (spread over the period 2000-2004) on the 

ISS SVO-ZV system – which dispenses both the Russian ground-supplied 

and the CWC water for consumption – showed that bacterial contamination 

levels were above the acceptability limit of 100 CFU/100 ml in 60% of the 

samples. Although these recurrent contaminations elicited a series of 

remediation actions, contamination levels increased always above the 

acceptability limit soon afterward [50]. The main objective of this study was 

to gain more insights in the survival and adaptation capabilities of C. 

metallidurans and R. pickettii strains that putatively mediate their persistence 

in these space-related environments.  

Interestingly, the results discussed in Chapter 4 indicated that extreme 

resistance is not essential for surviving these harsh environments with 

dedicated cleaning and sanitation plans. Most of the analysed phenotypes of 

the isolates are common to C. metallidurans and R. pickettii, as they were 

similar to that of their respective type strains, which were isolated from 

different environments (C. metallidurans CH34 from soil polluted with 

metal and R. pickettii ATCC27511 from human tissue clinical origin). The 

first beneficial trait is that the isolates have the ability to survive in 

oligotrophic environments. A possible survival strategy adopted in 

oligotrophic conditions is to enter a reversible state of reduced metabolic 

activity or dormancy. These so-called persister cells decrease energetic 

expenditures to a minimum resulting in an increased resistance against 

antibiotics and disinfectants [291]. It was shown that Ralstonia 

solanacearum was able to survive over 4 years in river water, maintaining a 
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non-growing but cultivable population with retention of its virulence during 

the whole period [205]. Putatively, the C. metallidurans and R. pickettii 

isolates studied here adapt similarly during the long time-period in water. 

Dormant microorganisms exhibit a wide range of phenotypes e.g. reduction 

in cell size, reduced concentrations of nucleic acids, lipids fatty acids and 

proteins and an increase in concentration of storage compounds. It would be 

interesting in future studies to characterize the phenotypic behaviour of the 

isolates in potable water and to elucidate in detail the molecular mechanisms 

that are involved. A possible noteworthy aspect would be investigating the 

role of polyhydroxyalkanoates (PHA) such as polyhydroxybutyrate (PHB) in 

this survival mechanism. PHB is a polymer that is accumulated in 

intracellular granules to store energy when nutrient supplies are imbalanced 

and several genes involved in PHB synthesis are present in C. metallidurans 

CH34 [56]. Although in this study, cells could be resuscitated and 

proliferated during the whole period, this might be dependent on the 

experimental conditions (e.g. growth medium, incubation temperature) that 

are used. In this way, cells can putatively escape detection via culture 

dependent methods, which are currently used to monitor contamination 

levels aboard the ISS.  

In addition to their capability to survive in oligotrophic conditions, all 

isolates acquired moderate to high resistance to several stressors (UV-C, 

antibiotics and metals). Metal resistance especially seems to be 

advantageous for the isolates in the water systems. Resistance to nickel is 

beneficial as an increase in nickel ions is observed in the internal active 

thermal control system, which removes heat from the crew and equipment, 

due to the general corrosion of the heat exchanger material [197]. In 

addition, resistance to silver is of special interest taking into account its use 

as water disinfectant aboard the ISS. The ISS MORD identifies 4.6 µM as 

the maximum tolerated silver concentration in potable water. However, 
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chemical analysis of samples returned from the ISS indicated that the 

dissolved silver concentration in SRV-K potable water was always below 

0.86 µM and in SVO-ZV potable water this concentration ranged from 0.21 

to 2.61 µM (both measured from Oct 2006 to Oct 2007) [201]. This decrease 

seems to be due to a rapid deposition of silver onto the metallic surfaces of 

the water distribution systems, which makes it unavailable for microbial 

control [197]. It was shown in Chapter 4 that the isolates could withstand 

silver concentrations that were often higher than those used in the ISS. 

Therefore, this will not eradicate the contamination nor inhibit growth when 

sufficient nutrients are present. Most of the isolates harbour a number of 

RND-driven efflux pumps shown to be involved in silver detoxification in 

type strain C. metallidurans CH34. It is therefore essential that the silver 

concentrations aboard the ISS are continuously monitored, and maintained 

close to the maximum allowed levels. However, this alone will probably not 

be the most suitable solution as it is shown in Chapter 5 that C. 

metallidurans is able to adapt to toxic silver concentrations. Consequently, it 

would be of interest to study alternative disinfectants to obtain improved 

control and prevention strategies. To this end, the isolates could be screened 

in future studies for their resistance to a wide range of possible alternative 

disinfectants (e.g. H2O2, quaternary ammonium salts, and chlorine) or 

combinations thereof. However, searching alternative disinfectants would 

not be the most straightforward task as silver has a lot of advantageous in its 

use as disinfection agent. Although it is shown to be highly toxic against 

microorganisms, silver ions seem to show limited risks towards human 

health. In that way, silver does not need to be removed before consumption. 

Moreover, it has no unfavourable effect on the colour, taste and odour of the 

water (Chapter 2).  

Finally, the persistence of contamination and its resistance to disinfectants 

can be promoted by biofilm formation. It was shown in Chapter 4 that most 
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isolates were able to form biofilms on polystyrene and it should be further 

investigated if they are capable forming biofilms on other materials more 

relevant for space-related environments (e.g. stainless steels). However, it 

seems a typical feature of both species as C. metallidurans is able to grow in 

biofilms on soil particles [292] and gold grains [293], while R. pickettii is 

often found in biofilms in plastic water piping (PVC) [188], commonly used 

to distribute water. Biofilm formation can be promoted by the formation of 

pits on surfaces due to intensive cleaning, and on its turn, this will lead to 

higher corrosion rate [196]. Also in the water system aboard the ISS, it was 

observed that pitting could occur due to the deposition of the silver 

disinfectant onto the metallic surfaces [197]. Consequently silver 

concentrations decrease and cannot exert their toxic affect anymore. In 

addition, intervals of disinfection could lead to regrowth of biofilm 

communities and increased resistant to the disinfectant, reflecting the 

importance of a continuous disinfectant residual [294].  

At this moment, it is not yet clear whether C. metallidurans is able to cause 

human infection (Chapter 4). However, R. pickettii strains have been 

reported to be opportunistic human pathogens [157, 186], and such 

contamination in drinking water could pose a potential threat for astronauts 

as the human immune system is depressed in space conditions [153]. As 

currently the identification methods that are available for in-flight screening 

of the water quality are not fully validated, consumption of contaminated 

water (even without pathogens) is prohibited. This type of contamination 

wastes tremendous amounts of crew time and Earth-based resources and 

require materials to be transferred both to and from the ISS with transport 

costs to deliver items to the ISS running up to 10,000 euros per kilogram. 

The ultimate challenge for the future is to develop a completely closed loop 

in which there is a full recycling of high quality water. However, currently, 

there is still a high level of resupply necessary and in-flight analysis tools are 
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reduced due to limited aboard technologies and crew time. Moreover, there 

is no remediation potential after microbial contamination. Preventing, 

through adequate design, and identifying critical points in the environment 

or system that are potentially prone to contamination build-up and biofilm 

formation are essential. Therefore, the current monitoring tools should be 

critically evaluated and optimized, as they should be able to simultaneously 

quantify and identify contamination aboard, and to circumvent the necessity 

for post-flight analyses. These molecular assays would be less time 

consuming for the astronauts and allow quick and autonomous decisions by 

the crew resulting in an accurate assessment and remediation of 

contamination problems aboard space stations. 

8.2 Relevance to terrestrial applications 

The advantages of the use of silver as disinfectants have been discussed in 

Chapter 2. Silver has no negative effects on odour, taste and colour of the 

water, and human health. Therefore, silver is used as (co-)disinfectant in 

many water systems on Earth. For example, it is used as disinfectant of 

swimming pool water, hospital hot water systems and potable water systems. 

Moreover, the increase in occurrence and number of antibiotic-resistant 

strains revived the interest in the antimicrobial effects of Ag
+
. Today, 

especially AgNPs are of interest as their specific physiochemical 

characteristics makes them interesting not only for their antimicrobial 

purposes but also for use in inks, microelectronics and medical imaging. 

This resulted in a tremendous increase in the use of AgNPs and consequently 

in an increase of silver in the environment. However, the risks of AgNPs to 

human health are not clarified yet. Moreover, silver resistance determinants 

are widely spread among environmental and clinically relevant bacteria and 

are often located on mobile genetic elements (also in the C. metallidurans 

and R. pickettii isolates). This is of concern as in this way it can induce their 

dissemination in the environment and thereby cross-resistance to antibiotics. 
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Therefore, future studies are necessary to tackle the precise mechanism of 

Ag
+
 and AgNPs toxicity and resistance. Detailed knowledge of all these 

factors can lead to an improvement of the many applications of silver and to 

a better estimation of the risks associated with human health and ecosystems 

(Chapter 2).  

In this study, the formation of putative nanoparticles by C. metallidurans 

was observed. There already exist many chemical and physical methods to 

produces nanoparticles. However, these methods have the disadvantage to be 

expensive and labour intensive. Furthermore, it is difficult to control the size 

of the nanoparticles and they require toxic chemicals (Chapter 2). Therefore, 

the production of eco-friendly nanoparticles with use of biomaterials would 

be interesting and these strains could be suitable for these purposes. It was 

shown already that C. metallidurans CH34 was able to produce 

nanoparticles of Au by the reduction of Au
3+

 in Au
+
-C compounds and 

nanoparticulate Au
0
 [293]. In addition, C. metallidurans CH34 could be used 

as catalyst in the production of Pd
0
 nanoparticles as it harbours highly active 

hydrogenases that nucleate Pd
2+

 reduction via H2 oxidation [295]. In 

addition, about 20 years ago, it was shown already that this strain was useful 

for the bioremediation of Cd
2+

, Zn
2+

, Ni
2+

, Cu
2+

 and Pb
2+

 from metal-

contaminated wastewater and soils [296, 297]. Together with the recent data, 

it further strengthens the possibility to use this species for the bioremediation 

of heavy metals.  

8.3 Novel silver resistance mechanism in C. 

 metallidurans 

This study discovered the adaptation of C. metallidurans to toxic silver 

concentrations not mediated by the known silver resistance mechanisms, 

comprising different efflux pumps. Instead, the involvement of the two-

component system AgrRS that cross-regulated a small uncharacterized 
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protein MmmQ was discovered. Our data suggested that mutation of agrS 

leads to induction of agrR, which in turn affects expression of (among other) 

mmmQ resulting in an increased resistance against silver. This cross-

regulation, due to a similar AgrR binding site in the agrR and mmmQ 

promoter, was indirectly confirmed in vivo in E. coli. Further experiments 

are recommended to confirm the direct binding of AgrR on the mmmQ 

promoter. Possible techniques to achieve this are electrophoretic mobility 

shift or pull-down assays. 

Until now, the two-component system AgrRS was not linked to metal 

resistance
 
[144]. The small protein MmmQ and other homologous small 

proteins, which are apparently only conserved in Cupriavidus and Ralstonia 

species, have been shown to be induced by different metals [57, 144] 

including silver nitrate (Chapter 4). This study shows the importance of 

mmmQ in the adaptive response to silver toxicity as deletion of the mmmQ 

results in loss of silver resistance, while resistance could be restored after 

plasmid-mediated complementation of mmmQ. In addition, MmmQ was 

purified, its structure was analysed and possible binding with Ag
+
 was 

investigated (Chapter 4). It appears that MmmQ adopts a random-coil 

formation rather than a specific native structure. This can explain the fact 

that is was not able to bind Ag
+
, as such intrinsically disordered proteins 

often undergo induced folding in the presence of the right partner molecule 

[217]. So far, the precise role of these proteins in the response to metals is 

not fully elucidated, however, our data indicate that it would be highly 

interesting to further study their role and function more in detail. 

Transcriptional expression could be screened in the presence of increasing 

concentrations of metals to investigate if they respond specific and/or in a 

dose-responsive manner. Moreover, deletion mutants can be made and the 

effect on metal resistance (or other stressors) could be explored. 

Complementary, the genes can be conditionally expressed in E. coli and 
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metal resistance can be examined. Moreover, purification of other proteins 

of this group and comparison of their native structure can reveal if the 

random-coil formation is a typical feature of these proteins. Screening for 

possible binding partners and analysing their effect on the native structure 

would be of interest. Obtained results can provide a better understanding 

about the role and mode of action of these unique proteins in metal 

resistance (or other stressors). 

Interestingly, the system discovered in this study seems to be much more 

efficient, as it gives the strains the ability to withstand much higher silver 

concentrations. The latter putatively could be facilitated by the accumulation 

of silver ions and their reduction in nanoparticles making them unable to 

exert their toxic action. Further experiments are planned to explore the 

formation of putative nanoparticles and the involved genes and proteins, 

more in detail.  

8.4 Mobile genetic elements 

In addition to the basic problem of contamination, bacteria are capable of 

horizontal gene transfer, a process by which genetic material can be 

exchanged between individuals in the same generation, within a population 

or between populations that are more or less related. Horizontal gene transfer 

is mainly (though not exclusively) mediated by DNA entities called MGEs, 

which possess specialized genetic features that promote their own mobility. 

Additionally, they frequently encode passenger genes, genetic determinants 

unrelated to transfer functions but confer fitness-enhancing properties to the 

bacterial host, such as resistance to metals, antibiotics or the ability to 

degrade xenobiotic compounds. Horizontal transfer of such MGEs is a major 

motor of bacterial evolution, as it enables bacteria to adapt quickly and 

extensively to their environment [277].  
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Type strain C. metallidurans CH34 is known to carry a large diversity of 

MGEs, including plasmids, genomic islands, transposons, integrative and 

conjugative elements, and IS elements, that play an important role in its 

metabolic potential. Multiple genomic islands, especially those on its 

megaplasmids, harbour gene clusters involved in metal resistance. Its 

capacity to degrade toluene, to fix carbon dioxide and to oxidize hydrogen is 

located on Tn4371-like integrative and conjugative elements [56, 161]. In 

addition, this study revealed 9 new IS elements in C. metallidurans CH34. In 

total, 21 distinct IS elements, classified into 10 different families reaching 57 

intact IS copies, were characterized. A number of these IS elements were 

associated with genomic islands, gene inactivation and rearrangements that 

alter the autotrophic growth capacities of CH34. The latter rearrangements 

were triggered by IS1071-mediated excision. That IS1071-mediated excision 

can alter the metabolic potential of a host is shown also in C. pinatubonensis 

JMP134 and Comamonas sp. strain JS46 were it affected the ability to 

degrade xenobiotic compounds [247, 298]. This IS element is often 

associated with organic xenobiotic degradative gene functions and recently it 

has been shown that it is more abundant in soils treated with pesticides. 

Moreover, the increased prevalence of IS1071-specific sequences in treated 

systems was accompanied by an increase in the capacity to mineralize the 

applied pesticides [299]. In this way, hosts containing these MGEs might 

contribute to the spreading of catabolic genes. Linking the presence of IS 

elements with the ecology of the species involved, may shed light on the 

evolutionary role of IS elements. Comparative whole genome hybridization 

illustrated that IS1071-like elements are present in C. metallidurans NA1, 

NA2 and NA4 (see Appendix A). Although, it is not associated with 

autothrophic growth in these isolates (Chapter 4), it would be interesting to 

investigate in future studies if it can also influence the metabolic potential of 

these strains. Next to IS1071-mediated changes, transposition of other IS 

elements could alter the metal resistance potential of C. metallidurans and 
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transposition could be induced by IS trapping (Chapter 6). Moreover, IS 

transposition was the basis of 3 out of 4 silver resistant mutants (Chapter 5). 

Transposition of IS elements can be induced by physical or chemical 

stresses. For example, in B. cenocepacia, IS transposition was observed after 

oxidative stress [300], in Deinococcus radiodurans increased transposition 

after exposure to γ- and UV irradiation [301] and in E. coli after nutritional 

stress [259]. Next to the transposition of IS elements, 10 IS elements showed 

differential expression to one or more metals, an environmental stress to 

which C. metallidurans CH34 is well adapted. These observations indicate, 

that IS elements play an active role in C. metallidurans CH34, its metabolic 

potential and adaptation under selective pressure. 

The wide plethora of MGEs in type strain C. metallidurans CH34 is not 

conserved in all C. metallidurans isolates (although the presence of other 

MGEs cannot be excluded at this point), while almost all gene clusters of 

CH34 involved in metal resistance are present. Moreover, as in CH34, at 

least a part of the metal resistance determinants is located on one of their 

megaplasmids (Chapter 7). In at least all C. metallidurans isolates, silCBA, a 

HME-RND efflux pump involved in silver resistance is located on their 

megaplasmids. These plasmids were able to transfer to another C. 

metallidurans strains and in addition, the smallest plasmid of C. 

metallidurans NA4 was able to mobilize other plasmids (Chapter 7). As it is 

shown that the frequency of conjugative transfer and mobilization of 

plasmids does not differ in Gram-negative bacteria under space flight 

conditions [302] they could be disseminated to different members of the 

contaminating population, making disinfection more difficult. Mechanisms 

necessary to resist metals are generally the same as those of antibiotic 

resistance [198] and co-selection between them has been frequently reported 

[for a comprehensive overview, see 129]. Therefore, tolerance to heavy 

metals can be an additional advantage as it can putatively influence 
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antibiotic resistance and vice versa. Furthermore, many species that thrive on 

building materials, causing damage to the infrastructure, are also capable of 

spreading their genetic material by horizontal transfer [152].  

8.5 Conclusion  

With this study, some pieces of the puzzle that hold the key to how C. 

metallidurans and R. pickettii isolates are able to thrive in harsh and strictly 

controlled space-related environments were put together. It seems that 

tolerance to several stressors, combined with the ability to grow in 

oligotrophic conditions seems to be beneficial for surviving in these 

environments. In addition, a novel silver resistance mechanism in C. 

metallidurans was discovered that gives the strains the ability to withstand 

very high silver concentrations. These observations have implications for (1) 

long-term manned space missions, as silver is used as disinfectant in potable 

water systems aboard the ISS and (2) terrestrial applications, as silver and 

silver nanoparticles are increasingly used in many applications because of 

their antimicrobial purposes. 
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Appendix A 

Variation in genomic islands contribute 

to genome plasticity in Cupriavidus 

metallidurans 

Different Cupriavidus metallidurans strains isolated from metal-

contaminated and other anthropogenic environments were genotypically and 

phenotypically compared with C. metallidurans type strain CH34. 

Comparative genomic hybridization indicated that the extensive arsenal of 

determinants involved in metal resistance was well conserved among the 

different C. metallidurans strains. Contrary, the mobile genetic elements 

identified in type strain CH34 were not present in all strains but clearly 

showed a pattern, although, not directly related to a particular biotope nor 

location (geographical). One group of strains carried almost all mobile 

genetic elements, while these were much less abundant in the second group. 

In addition, the clear pattern of genomic islands distribution allowed to 

identify new putative genomic islands on chromosome 1 and 2 of C. 

metallidurans CH34.  

 

 

This chapter was based on the following publication: 

Van Houdt R., Monsieurs P., Mijnendonckx K., Provoost A., Janssen A., 

Mergeay M., Leys N (2012) Variation in genomic islands contribute to 

genome plasticity in Cupriavidus metallidurans BMC Genomics (13): 111  
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A.1 Introduction 

Metals are common in our environment and diet. Rocks and soils are the 

principal and natural sources of metals in the environment. These sources 

lead to natural background levels in soils, sediments, waters and organisms 

that are supplemented by many human activities like agriculture (fertilizers, 

manure and pesticides) and industrial activities (petrochemical, extractive, 

metallurgic). Some metals are essential trace elements, however, many are 

toxic to organisms. The essential elements are acquired from the 

environment depending on the necessities and their uptake is strictly 

controlled by homeostasis. Failure of these regulation mechanisms due to 

metal deficiency or toxicity (excess) results in harmful effects on the 

organism. Mechanisms to resist metals are abundant and widespread in 

bacteria, with resistance determinants occurring in a few percent in pristine 

environments to in nearly all isolates in heavily polluted environments [303]. 

Cupriavidus metallidurans is a species characterized by multiple metal-

resistances [139, 146, 304]. For C. metallidurans type strain CH34 a 

substantial part of the metal resistance mechanisms are carried by its two 

megaplasmids pMOL28 and pMOL30 [57, 160]. However, next to these 

specialized plasmids also chromosomally-encoded metal responsive gene 

clusters have been identified [144]. The C. metallidurans CH34 genome [56] 

hosts in addition a large diversity of MGEs including genomic islands (GIs), 

integrative and conjugative elements, transposons and IS elements [161, 

181]. Both the number and diversity of genes related to MGEs is larger in 

type strain CH34 than in related strains from other Cupriavidus and 

Ralstonia genera [56, 161]. Multiple GIs, in particular on both plasmids, 

contain genes for heavy metal resistance [160, 161]. Its capacity to degrade 

toluene, to fix carbon dioxide and to oxidize hydrogen is located on Tn4371-

like integrative and conjugative elements [161, 305, 306]. 
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C. metallidurans strains were often isolated from industrial sites linked to 

mining-, metallurgical-, and chemical industries [139, 179, 226]. Next to 

this, C. metallidurans strains were isolated from environments not typified 

by metal contamination like, for instance, from different spacecraft-related 

environments [141, 152, 155, 156, 307], from patients with cystic fibrosis 

[142] or even as the causative agent of an invasive human infection [143]. 

In this study, we aimed to gain insight in the dispersion and horizontal 

transfer of genes and the evolutionary forces shaping this species. Therefore, 

whole-genome oligonucleotide DNA microarrays based on the genome of 

CH34 were used to compare 16 C. metallidurans strains isolated from 

diverse metal-contaminated biotopes, from other anthropogenic 

environments and from human cerebrospinal fluid with type strain CH34. 

A.2 Materials and Methods 

A.2.1 Strains, media and culture conditions 

C. metallidurans strains used in this study are summarized in Table A.1 and 

were routinely cultured at 30°C in Tris-buffered mineral medium (MM284) 

supplemented with 0.2% (wt/vol) gluconate as described previously [169]. 

Autotrophic growth on H2 and CO2 was scored by incubating on MM284 

agar medium (without gluconate) under an atmosphere of H2/CO2/O2 

(approximately 75:15:10; by vol.). Growth on toluene was scored by 

growing strains on MM284 agar medium (without gluconate) in a closed 

container saturated with toluene vapor. The maximum tolerable 

concentration (MTC), which is the highest tested concentration of a 

substance for which bacterial growth could be observed, was determined for 

ZnSO4, SrCl2, CoCl2, NiCl2 and K2CrO4 in liquid MM284. A stationary 

phase culture of each isolate was diluted 100-fold in liquid MM284 

containing the metal concentration of interest. Cultures were incubated at 

30°C and after 72 hours the MTC was scored. The MTC for Pb(NO3)2 was 
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determined similarly except the analysis medium contained 0.4 g/l peptone, 

0.4 g/l yeast extract, 0.4 g/l tryptone and 10 mM 2-N-

morpholinoethanesulfonic acid to buffer the pH at 6.5 [adapted from [308]]. 

Table A.1: Strains used in this study 

Strain Isolation site Isolation place Reference 

AS39 Mine tailings Likasi-Sud, Congo [226] 

AS167 Mine tailings Likasi-Sud, Congo [179] 

AS168 Mine tailings Likasi-Sud, Congo [226] 

KT01 Wastewater treatment plant Göttingen, Germany [309] 

KT02 Wastewater treatment plant Göttingen, Germany [283] 

KT21 Wastewater treatment plant Göttingen, Germany [309] 

SV661 Non-ferrous industry Beerse, Belgium [226] 

CH34
T
 Decantation tank, zinc factory Liège, Belgium [164] 

CH42 Polluted sediments, zinc factory Liège, Belgium [179] 

CH79 Polluted sediments, zinc factory Liège, Belgium [179] 

31A Galvanization tank, metal factory Holzminden, Germany [283] 

NE12 Cleanroom Kennedy Space Center Florida, USA [154] 

NA1 Water storage system International Space Station [310] 

NA2 Contingency water container International Space Station [310] 

NA4 Water recovery system International Space Station [310] 

43015 Human cerebrospinal fluid Göteborg, Sweden CCUG* 

45957 Pharmaceutical industry Sweden CCUG 

*Culture Collection, University of Göteborg, Sweden 

A.2.2 Molecular analyses 

Standard techniques were used for PCR and agarose gel electrophoresis. The 

oligonucleotides used for PCR were synthesized by Eurogentec (Seraing, 

Belgium) and are listed in Table A.2. Genomic DNA (gDNA) was prepared 

using the QIAamp DNA mini kit (Qiagen, Venlo, The Netherlands). 

Extraction of megaplasmids was based on the method of Andrup et al. [171]. 
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A.2.3 Genomic DNA labeling, array hybridization, washing and 

 scanning 

Four μg of gDNA was fragmented to 50 to 150 bp by partial digestion with 

Sau3AI (Fermentas, St. Leon-Rot, Germany). Next, gDNA was labeled with 

the BioPrime® Array CGH Genomic Labeling System (Invitrogen, 

Merelbeke, Belgium). Labeled gDNA was re-suspended in the universal 

hybridization buffer of the Pronto kit (Promega, United States), mixed and 

added to the spotted slide (GEO accession number Platform GPL4980) for 

overnight hybridization at 42°C in a Tecan HS4800 Pro hybridization station 

(Tecan Group Ltd, Switzerland). Afterwards, slides were washed according 

to Pronto kit's protocol. Slides were scanned (at 532 and 635 nm) using the 

GenePix Personal 4100A microarray scanner (Molecular Devices©, USA).
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Table A.2: PCR Primers used in this study 

Primer name Sequence (5'  3') Primer annealing coordinates 

hmyB_FW GAAGGGCAGAGCGTCGATATC 692049-692069 (CHR2) 

hmyA_RV GCATAGCGCACCGAATTGA 696246-696264 (CHR2) 

mmmQ_FW AGTCTCTAGAACGCGAGCTACTTCTTCGAG 1058076-1058097 (CHR2) 

czcR2i_RV CTAGAAGCTTGGTGTTGCTGTCGAAGTTCA 1062197-1062218 (CHR2) 

czcA1(c711)_FW CGTGGTCTACGGTTTCACG 2438423-2438441 (CHR2) 

czcA2(c711)_RV CACACCGTTGATCTTGCGTA 2436991-2437010 (CHR2) 

czcC2 TGTACACAGCCATCCGTCAG 1217038-1217057 (CHR2) 

czcA2R GTACGAGGCCAGCTTTTCAG 1066866-1066885 (CHR2) 

pbrUa_FW GTCTTCTGGGTGGCAGTCAT 117837-117856 (pMOL30) 

pbrUb_RV GCACCTGCATAGAACGTGAA 121954-121973 (pMOL30) 
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A.2.4 Array data and clustering analysis 

Microarray spot-signals were analysed using the GenePix Pro v.6.0.1 

software and flagged according to build-in quality criteria. Raw median 

intensity data were imported into R version 2.13.1 for statistical analysis 

using the LIMMA package version 2.15.15 [311] as available from 

BioConductor. Raw data were background-corrected based on convolution 

of normal and exponential distributions with an offset of 50 [312]. Data were 

normalized within each array using the printing-tip loess normalization 

algorithm [313]. The microarray data have been deposited in the Gene 

Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) under 

accession number GSE36303. Analysis of previously characterized C. 

metallidurans CH34 derivatives (loss of either pMOL28 or pMOL30 [57], 

IS1071-mediated loss of growth on CO2 and H2 [181]) allowed us to validate 

and optimize the trade-off between the number of false-positives and false-

negatives. In the final analyses, a cut-off of 20-fold change in hybridization 

intensity compared to the background was used (GSE36303). Hierarchical 

clustering was performed using the complete linkage method with the hclust 

software from the R-package stats (version 2.13.1). Hierarchical clustering 

was obtained based on the pair-wise correlation between the different strains 

of the percentage of overlapping genes and percentage of GI genes 

conserved in Figures A.1 and A.3, respectively. Bootstrap values (n = 1,000) 

were obtained using the R-package pvclust [314]. Heatmaps were produced 

using the heatmap.2 function as implemented in the R-package gplots 

(version 2.10.1). Gene annotations were retrieved from the up-to-date 

annotation of the different replicons of C. metallidurans CH34 available on 

GenoScope’s MaGe system [315]. 
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A.3 Results 

A.3.1 General comparison 

Comparative whole-genome hybridization (CGH) was applied to compare 

sixteen C. metallidurans strains (Table A.1) with type strain CH34 and 

showed that all strains shared a core of 3,387 coding sequences (CDS), 

which represents 54.6% of the 6,205 oligonucleotide probes present on the 

CH34 microarray. This common gene pool represented 58.2%, 53.7%, 

16.4% and 31.0% of chromosome 1 (CHR1), chromosome 2 (CHR2), 

pMOL28 and pMOL30, respectively. Thus, although the main replicon 

(CHR1) carries most of the housekeeping genes [56], only a slightly higher 

percentage of CDS is conserved in CHR1 compared to CHR2. This is 

different when comparing the sequenced Cupriavidus species (C. 

metallidurans, C. eutrophus, C. pinatubonensis, C. taiwanensis), for which 

the percentage of common genes is much larger for CHR1 than for CHR2 

[56]. 

Within this conserved group, 2,760 CDS were assigned to a Cluster of 

Orthologous Groups (COG). The most abundant COG functional categories 

were function unknown (Category S; 12.4%), amino acid transport and 

metabolism (Cat. E; 9.3%), general function prediction only (Cat. R; 9.0%), 

transcription (Cat. K; 8.5%) and energy production and conversion (Cat. C; 

8.4%), respectively. 

Cluster analysis based on the pairwise number of overlapping orthologs 

indicated that all strains can clearly be clustered into two main groups 

(Figure A.1). The strains isolated from the mine tailings in Congo (AS39, 

AS167 and AS168) grouped together with SV661 isolated from a metal 

factory in Belgium and with KT01 from a wastewater treatment plant in 

Germany. This cluster grouped together with a cluster comprising type strain 
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CH34 and the other two isolates KT02 and KT21 from the wastewater 

treatment plant in Germany forming group I (Figure A.1). Group II included 

the strains isolated from the spacecraft-related environments (NE12, NA1, 

NA2 and NA4), as well as 31A (Germany) and CH42 (Belgium) from metal 

factories, the clinical strain 43015 (Sweden), and strain 45957 from 

pharmaceutics (Sweden). Interestingly, type strain CH34 did not group with 

the two other strains (CH42 and CH79) isolated from the same site in 

Belgium. 

 

Figure A.1: Graphical representation and clustering analysis of C. 

metallidurans strains. Hierarchically (complete-linkage) clustered heat 

map based on CGH results of 17 different C. metallidurans strains to a 

whole-genome oligonucleotide DNA microarray of type strain CH34. 

The numbers indicated on the heat map are the total number (below 

diagonal) and percentage (above diagonal) of genes shared between 

two corresponding strains. The numbers on the diagonal represent the 

maximal number of genes within one species that gave a detectable 

signal on the DNA microarray. Bootstrap values (%) from 1,000 times 

resampling are shown at each dendrogram node. 
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A.3.2 Mobile genetic elements 

All strains (except CH42) carried one or more megaplasmids (Figure A.2). 

Concordantly, a good overall conservation of pMOL28 and pMOL30 genes 

was observed. CGH indicated that for pMOL30 genes in general between 80 

and 99% of the probes showed a positive hybridization signal except for 

CH42 (55.6%), 31A (55.6%), 43015 (51.4%) and 45957 (42.6%) (Figure 

A.3, Table A.3). For KT02, 99% or 214 out of 216 gave a positive 

hybridization signal. For CH42, 31A, 43015 and 45957, a higher percentage 

of positive hybridization signals was observed for the genomic islands 

CMGI-30a and CMGI-30b carried by pMOL30 than for the plasmid 

backbone, indicating that the megaplasmid(s) in these strains probably do 

not carry a backbone similar to pMOL30. The pMOL28 genes are less 

conserved than those from pMOL30 but still in general between 71 and 95% 

with the highest number of positive CGH signals for KT21 (95%) and KT02 

(94%) (Figure A.3, Table A.3). Conservation below 70% was observed for 

CH42 (29.6%), CH79 (31.6%), NE12 (38.8%) and NA2 (55.9%). More 

positive hybridization signals were found for the GIs on pMOL28 than the 

plasmid backbone, indicating that their megaplasmids probably do not carry 

a backbone similar to pMOL28. Concordantly, strains lacking either the 

pMOL28 backbone (CH79, NE12 and NA2), the pMOL30 backbone (43015 

and 45957) or both (CH42) have only one or no megaplasmid (Figure A.2). 

Strain 31A, which carries two megaplasmids pTOM8 and pTOM9 [316], 

showed only a positive hybridization signal with the pMOL28 backbone, 

indicating that the one of both has a backbone related to pMOL28 while the 

other has a backbone unrelated to pMOL30.  

The strong conservation of the GIs on pMOL28 (especially CMGI-28a) and 

pMOL30, which carry all the metal resistance determinants of these 

plasmids, already indicated a high conservation of the metal responsive 

clusters (see below). 
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Figure A.2: Plasmid patterns of C. metallidurans strains. Agarose gel 

electrophoresis of plasmid extracts from strains CH34 (1 and 18), 

KT01 (2), KT02 (3), KT21 (4), CH42 (5), CH79 (6), AS39 (7), AS167 

(8), AS168 (9), 31A (10), SV661 (11), 43015 (12), 45957 (13), NE12 

(14), NA1 (15), NA2 (16), and NA4 (17). Lower band represents 

chromosomal DNA. 

 

Figure A.3: Graphical representation 

and clustering analysis of MGEs in C. 

metallidurans strains. Hierarchically 

(complete-linkage) clustered heat map 

based on CGH results related to 

plasmids, previously and newly 

identified genomic islands of 16 

different C. metallidurans strains to a 

whole-genome oligonucleotide DNA 

microarray of type strain CH34. 

Bootstrap values (%) from 1,000 times 

resampling are shown at each 

dendrogram node. 
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Table A.3: Relative occurrence of C. metallidurans CH34 genomic islands and plasmids in C. metallidurans strains as indicated by 

CGH. Percentage of genes related to a particular genomic island (CMGI) or plasmid (pMOL) displaying a positive hybridization 

signal by CGH. 
§
Genomic islands identified in this study. 

CMGI AS39 AS167 AS168 KT01 KT02 KT21 SV661 CH42 CH79 31A NE12 NA1 NA2 NA4 43015 45957 

CMGI-1 90.8 87.5 81.7 81.7 90.8 91.7 86.7 29.2 62.5 23.3 92.5 63.3 65.8 37.5 50.0 41.7 

CMGI-2 86.6 86.6 78.6 83.0 86.6 89.3 83.0 27.7 22.3 15.2 30.4 18.8 24.1 12.5 32.1 25.0 

CMGI-3 89.5 77.9 47.7 84.9 91.9 87.2 51.2 26.7 22.1 20.9 30.2 26.7 29.1 20.9 30.2 24.4 

CMGI-4 88.7 86.8 81.1 84.9 90.6 92.5 86.8 22.6 47.2 13.2 77.4 66.0 64.2 7.5 88.7 86.8 

CMGI-5 100 100 100 100 100 100 100 38.9 22.2 16.7 16.7 22.2 27.8 22.2 50.4 44.4 

CMGI-6 46.2 46.2 46.2 38.5 46.2 84.6 46.2 23.1 30.8 15.4 7.7 0 7.7 7.7 0 0 

CMGI-7 100 100 100 100 100 100 100 100 69.2 100 61.5 53.8 61.5 100 69.2 53.8 

CMGI-8 100 100 100 100 100 100 100 42.9 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 

CMGI-9 100 100 100 100 100 100 100 20.0 20.0 13.3 6.7 0 13.3 0 0 0 

CMGI-10 100 100 100 100 100 100 100 7.1 7.1 0 0 0 7.1 7.1 7.1 0 

CMGI-11 100 100 100 100 100 100 100 14.3 57.1 100 57.1 57.1 57.1 28.6 28.6 28.6 

CMGI-12
§
 100 100 100 100 100 100 100 0 0 0 0 0 11.1 0 22.2 0 

CMGI-13
§
 100 100 100 100 100 100 100 100 31.3 25.0 6.3 6.3 12.5 12.5 18.8 18.8 

CMGI-A
§
 89.0 91.8 82.2 87.7 94.5 97.3 91.8 57.5 24.7 84.9 19.2 19.2 21.9 83.6 63.0 61.6 
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CMGI-B
§
 100 95.2 85.7 100 100 100 95.2 28.6 19.0 85.7 61.9 14.3 23.8 85.7 71.4 61.9 

CMGI-C
§
 100 100 100 100 100 100 100 14.3 14.3 14.3 14.3 14.3 14.3 0 14.3 14.3 

CMGI-D
§
 96.2 95.2 86.5 87.5 91.3 95.2 91.3 52.9 31.7 91.3 63.5 26.9 32.7 95.2 82.7 77.9 

CMGI-E
§
 99.0 98.0 98.0 96.0 99.0 97.0 99.0 25.7 17.8 9.9 17.8 10.9 20.8 10.9 10.9 8.9 

CMGI-28a 91.1 88.9 86.7 86.7 91.1 95.6 88.9 53.3 44.4 73.3 71.1 86.7 66.7 86.7 93.3 95.6 

CMGI-28b 100 100 83.3 91.7 100 100 91.7 33.3 100 8.3 100 100 91.7 8.3 25.0 16.7 

CMGI-28c 100 83.3 75.0 83.3 83.3 91.7 83.3 25.0 16.7 33.3 8.3 75.0 50.0 75.0 91.7 91.7 

pMOL28 93.4 87.5 77.6 86.2 94.1 95.4 82.2 29.6 31.6 72.4 38.8 81.6 55.9 71.7 90.1 88.2 

CMGI-30a 98.4 96.8 91.9 88.7 98.4 98.4 93.5 93.5 83.9 83.9 88.7 85.5 85.5 87.1 77.4 72.6 

CMGI-30b 98.8 97.6 90.4 73.5 98.8 98.8 92.8 61.4 100 71.1 95.2 95.2 95.2 96.4 66.3 59.0 

pMOL30 98.6 97.2 92.6 83.3 99.1 99.1 94.4 55.6 88.0 55.6 88.4 80.1 80.1 86.6 51.4 42.6 

 

 

 



Variation in genomic islands contribute to genome plasticity in Cupriavidus 

metallidurans 

214 

 

Next to the megaplasmids and their GIs, CH34 carries 11 previously 

identified GIs on chromosome 1 [160, 161]. Based on CGH data analysis for 

the presence of GIs, the strains could again be divided into two main groups. 

One group (KT01, KT02, KT21, AS39, AS167, AS168 and SV661) carried 

almost all GIs identified in CH34, while these GIs were much less abundant 

in the second group (31A, CH42, CH79, NE12, NA1, NA2, NA4, 43015 and 

45957) (Table A.3, Figure A.3). This clustering (Figure A.3) resembled the 

clustering based on all oligonucleotide probes (Figure A.1), which indicated 

that the presence of GIs is the main source of divergence in these strains. At 

least 11 strains carried CMGI-1 (or a large part of it). CMGI-1 of CH34 is a 

109 kb GI of the PAGI-2 family and is almost 100% identical to PAGI-2C of 

P. aeruginosa clone C isolated from a cystic fibrosis patient [161, 317]. 

These data are in agreement with the analysis of the KT and CH strains by 

Klockgether et al. [317]. The relative occurrence also indicated that CMGI-5 

and CMGI-7 to CMGI-11 were highly conserved when present. CMGI-2 to 

CMGI-4 belong to the Tn4371 family [133, 161, 305, 306] and were 

previously designated ICETn43716054, ICETn43716055 and ΔICETn43716056, 

respectively [133]. CMGI-2 (ICETn43716054) and CMGI-3 (ICETn43716055) 

are responsible for CH34's ability to grow on aromatic compounds and to fix 

carbon dioxide, respectively. The presence of these GIs in the C. 

metallidurans strains is in accordance with their ability to degrade toluene or 

to grow on hydrogen gas and carbon dioxide (Table A.4). Except for NE12 

that apparently lacks the genes involved in degradation of aromatic 

compounds but is able to degrade toluene and vice versa for AS39 that 

apparently carries the genes but lacked degradation ability. Therefore, NE12 

putatively carries other functional genes, while for AS39 functionality is 

probably lost. Finally, the presence of other Tn4371-like elements in these 

strains can not be excluded. Especially since all strains except CH42, 31A 

and NA4 displayed good conservation of the partial CMGI-4 
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 (ΔICETn43716056), which lacks the transfer module [161], and displayed 

positive hybridization signals related to the transfer module of CMGI-2. 

Table A.4: Relative occurrence of C. metallidurans CH34 genomic 

islands CMGI-2 and CMGI-3 and associated phenotypes in C. 

metallidurans strains 

Strain CMGI-2
a
 AccMod

b
 Toluene

c
 CMGI-3

a
 AccMod

b
 

H2 + 

CO2
c
 

AS39 86.6 86.1 - 89.5 93.6 + 

AS167 86.6 87.5 + 77.9 72.3 + 

AS168 78.6 77.8 + 47.7 21.3 - 

KT01 83.0 83.3 + 84.9 91.5 + 

KT02 86.6 86.1 + 91.9 95.7 + 

KT21 89.3 88.9 + 87.2 91.5 + 

SV661 83.0 83.3 + 51.2 23.4 + 

CH42 27.7 16.7 - 26.7 21.3 - 

CH79 22.3 12.5 - 22.1 17.0 - 

31A 15.2 8.3 - 20.9 17.0 - 

NE12 30.4 11.1 + 30.2 17.0 - 

NA1 18.8 8.3 - 26.7 17.0 - 

NA2 24.1 9.7 - 29.1 17.0 - 

NA4 12.5 8.3 - 20.9 14.9 - 

43015 32.1 18.1 ND 30.2 17.0 - 

45957 25.0 8.3 ND 24.4 10.6 - 

Percentage of genes related to the GI(
a
) or its accessory module (

b
) displaying a 

positive hybridization signal by CGH. 
c
Growth capability on toluene and H2 and 

CO2, respectively. 

The mosaic structure of the second chromosome of C. metallidurans CH34, 

but also other Cupriavidus, Ralstonia and Burkholderia strains, made it 

complicated to clearly identify GIs on this replicon. Consequently, no GIs on 

chromosome 2 of C. metallidurans CH34 were defined in a previous study 

[161]. Here we took advantage of the clear pattern of GI distribution in 

chromosome 1 over the 16 different C. metallidurans strains to scan 

chromosome 2 for similar patterns, which could be an indication for the 
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presence of a genomic island. Five different GIs could be identified (Tables 

A.3 and A.5, Figure A.3). Interestingly, in CH34 both CMGI-B and CMGI-

D flank a copy of the Tn6050 transposon. It was previously shown that in 

CH34 a chromosomal inversion occurred by recombination between the pair 

of Tn6050 transposons [161]. Therefore, CMGI-B and CMGI-D are in fact 

two parts of the same genomic island of 160.7 kb with at one extremity 

multiple genes coding for phage-related proteins (associated to phages of 

Ralstonia solanacearum) and at the other extremity a cluster of 22 genes in 

synteny with R. solanacearum. Accordingly, the relative occurrence of 

CMGI-B was comparable to that of CMGI-D for each strain, and both were 

conserved (> 60%) in 13 strains (Table A.3, Figure A.3). In CH34, the 120 

kb CMGI-E carries at one extremity an ISRme3, three Tn7-related genes 

(tnsABC) and an ISRme11 inserted into tnsC. In fact a very small gene 

cluster (located approximately 1.89 Mb upstream (or +/- 687 kb 

downstream) in chromosome 2 carried a ISRme3 and two Tn7-related genes 

(tnsD1 tnsD2). Furthermore, for each strain the presence of these genes 

coincides with the presence of tnsABC. To determine the relation between 

these distant Tn7-related genes, the STRING database (version 8.3; 

http://string.embl.de) was used to find genomes where these genes occur as 

immediate neighbours. This identified with high confidence (based on 

STRING parameters) orthologous groups of TnsABCD2 in Anabaena 

variabilis and of TnsABCD1 in Hahella chejuensis, Shigella sonnei and 

Idiomarina loihiensis. Additional BLASTP searches indicated the presence 

of this cluster also in strains more closely related to CH34 such as 

Burkholderia phymatum and Herminiimonas arsenicoxydans (both β-

Proteobacteria). These results evidenced that a putative chromosomal 

inversion of a very large region (+/- 687 kb) occurred in CH34 by 

recombination between the pair of ISRme3 elements. In fact, before 

inversion the region formed a genomic island with a set of Tn7-encoded 
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proteins (TnsABCD1D2) at one extremity and accessory genes putatively 

involved in the degradation of aromatic compounds. 

Table A.5: Newly identified putative genomic islands on chromosome 

1 and chromosome 2 of C. metallidurans CH34 

GI Replicon Size 

(kb) 

Coordinates Features 

CMGI-12 CHR1 9.1 2,895,950 - 

2,905,048 

Direct repeats (3′ end sequence of a 

boundary tRNA gene), genes coding 

for hypothetical proteins 

CMGI-13 CHR1 15.9 2,957,898 - 

2,973,796 

Genes involved in polysaccharide 

biosynthesis 

CMGI-A CHR2 87.1 813,173 - 

900,292 

ISRme1 at one extremity 

CMGI-B CHR2 19.5 1,075,185 - 

1,094,655 

Multiple genes coding for phage-

related proteins (associated to phages 

of Ralstonia solanacearum) 

CMGI-C CHR2 7.1 1,160,750 - 

1,167,881 

Fragment of tyrosine-based site-

specific recombinase at one extremity, 

direct repeats (41 bp), gene coding for 

mannose-binding lectin 

CMGI-D CHR2 141.2 1,217,667 - 

1,358,908 

At one extremity 22 genes in synteny 

with R. solanacearum 

CMGI-E CHR2 120.2 2,202,142 – 

2,322,293 

Tn7-related genes at one extremity, 

genes putatively involved in 

degradation of aromatic compounds 

The above described observations also encouraged us to scrutinize once 

more chromosome 1 of CH34 for putative genomic islands. In addition to the 

previously identified islands [161], at least two other putative GIs could be 

identified (Tables A.3 and A.5, Figure A.3). CMGI-12 carries genes coding 

for hypothetical proteins and is flanked by direct repeats (3′ end sequence of 

a boundary tRNA gene). CMGI-13 carries genes involved in polysaccharide 

biosynthesis, however, no genes putatively involved in mobility could be 

identified. 
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The occurrence of insertion sequences in the different C. metallidurans 

strains followed the same trend as that of the GIs. Based on CGH the same 

two main clusters could be derived. One group (KT01, KT02, KT21, AS39, 

AS168, AS169 and SV661) displayed positive hybridization signals for 90 to 

98% of the 42 probes related to IS elements, while the second group (31A, 

CH42, CH79, NE12, NA1, NA2, NA4, 43015 and 45957) only displayed 43 

to 62% positive signals (data not shown). 

The occurrence of transposon Tn6048 displayed the same pattern as for the 

IS elements and GIs, however, Tn6049 and the mercury transposons 

(Tn4378 and Tn4380) appear to be present in all strains (data not shown). 

A.3.3 Heavy metal resistance genes 

The presence of all gene clusters, which are identified in CH34 as involved 

in heavy metal detoxification, was evaluated in the genomes of the other 

strains (Table A.6). Almost all metal responsive clusters were found in the 

other isolates, however, some clusters did not fully correspond to those from 

CH34. The metal resistance arsenal of CH34 is most conserved in KT21 

followed by KT02, AS39, AS167 and SV661. These strains also grouped 

into a separate cluster based on total genome comparison (Figure A.1).



Appendix A 

219 

 

Table A.6: Occurrence of C. metallidurans CH34 metal resistance gene clusters in C. metallidurans strains as indicated by CGH
a,b

.
 
 

Gene cluster in CH34c,d AS39 AS167 AS168 KT01 KT02 KT21 SV661 CH42 CH79 31A NE12 NA1 NA2 NA4 43015 45957 

cdfX, pbrR2cadA pbrC2, 

pbrR3 

       XAC2 XAC2 XAC2  XAC2 XAC2 XAC2 XAC2 XAC2 

pbrUb|UaTR pbrABCD    R     UbUa      UbRAD UbRABCD 

merRTPA′A″   R R    R R R  RPA RPA R R RA 

merRTPADE urf-2                 

merRTPADE urf-2                 

merRTΔP        RTΔP RTΔP RTΔP RTΔP RTΔP RTΔP RTΔP RTΔP RTΔP 

chrBAF   F F     BF  BF BF BF    

chrIBACEFONPYZ        IBACEOY IBACEFOY  Z  BO  O  

cusDCBAF   D D   D DB D D   D   D 

silDCBA cusΔF    C           ΔF ΔF 

copSRABCD S S SC SC C C SC SC C SC C C C  SC C 

copV-W(*)   IJF KCIJFOH   FH          

czcLRS ubiG czcBa|BbCI zntA   I I     I      I I 

czcMNICBADRSEJ ompP 

czcP 

  B BS     ompP   S ompP S ompP S   

nimBAa|AbC C C BC BC C  C C BC BC     C C 

cnrYXHCBAT HC HC YHC HC HC C HC YXHCBA YXHCBAT C HC HC YXHCA C C  
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nccCB″B′A nreB   CB' CB   B' CB"B'A   B" B"   CB' CB"B'A 

arsPHC1BC2IRM                 

cupRAC    R     R        

agrCBARS  S S         B     

hmzRS hmzBΔA RB RB RBA RBA R R B RSBΔA RSBΔA RSBΔA R R B RSBΔA R R 

hmvCBΔA    CB     C  BA BA BA BA  A 

zniABCSR znePRSCAB(#) Ci Ci Ci Ci Ci Ci Ci Ci Ci Ci Ci CiCe CiCe Ci   

hmyCB|hmyA   C C       A A     

aOnly genes that did not display positive hybridization signals are shown. bSee ref. [56] for the extensive and descriptive table with metal detoxifications in C. 

metallidurans CH34. cUnderlined genes are regulators; dInsertion (IS or Tn), frameshift and truncation are indicated by (|), (','') and (Δ), respectively. *Complete 

cluster is copVTKMNSRABCDIJGFOLQHEW; #zniC (Ci) and zneC (Ce). 



Appendix A 

221 

 

A noticeable phenotypic difference was observed for nickel, chromate and 

lead resistance compared to CH34 (Table A.7). For most isolates, including 

CH34, the maximum tolerable nickel concentration is around 4 mM, 

however, this concentration is much higher for NA4, KT01, KT02, KT21 

and 31A (Table A.7). For strains 31A and KT02, it has been shown that the 

nccYXHCBAN locus is responsible for the resistance to 40 mM nickel [195]. 

The nccCBA locus in CH34 bears a frameshift in nccB indicating that the ncc 

genes probably are not functional [57]. The pMOL28-encoded chromate 

cluster (chrIchrBACEFONPYZ) is almost completely absent in strains CH42 

and CH79 (Table A.6). Concordantly, the maximum tolerable chromate 

concentration for these strains is around 0.1 mM, while this concentration is 

around 0.2 mM for the other strains. Similarly, the pMOL30-encoded lead 

cluster (pbrABCD) is almost complete absent in strains 43015 and 45957 

(Table A.6), resulting in a lower MTC compared to the other strains (Table 

A.7). 

Strain CH34 carries several metal resistance genes that are putatively 

inactivated by frame shift mutation (like nccB, see above), truncation or 

insertion by an IS element or transposon (Table A.6). The presence of three 

different insertions was evaluated for all isolates, specifically (i) insertion of 

IS1088 between hmyA and hmyB (coding for part of a RND transporter), (ii) 

insertion of ISRme3 in nimA (coding part of system), and (iii) insertion of 

Tn6049 in pbrU (encoding a Major Facilitator Superfamily permease). 

The presence of these insertions followed the same trend as the occurrence 

of insertion sequences (described above). Insertions of IS1088, ISRme3 and 

Tn6049 were present in strains KT01, KT02, KT21, AS39, AS167, AS168 

and SV661 but not in strains CH42, CH79, 31A, NE12, NA1, NA2, NA4, 

43015 and 45957 (data not shown). The occurrence of an insertion in 

nimBAC, which codes for a RND transporter putatively involved in the 

resistance to Ni
2+

 and Co
2+

 [56, 146], does not clearly influence the MTC of 
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nickel or cobalt, however, the presence of other (plasmid-encoded) Ni
2+

 and 

Co
2+

 resistance determinants could mask this. Similarly, the occurrence of an 

insertion in pbrU is not univocally related to a lower MTC (Table 1.7). 

Finally, it should be noted that potentially additional metal resistance 

determinants could be present in the other strains, which are undetectable 

with a CGH array based on the CH34 genome. 

Table A.7: Maximum tolerable concentrations (mM) for tested metals 

 CrO4
2-

 Ni
2+

 Co
2+

 Pb
2+

 

CH34 0.2 4 12.5 0.7 

AS39 0.4 4 12.5 0.7 

AS167 0.2 4 12.5 0.6 

AS168 0.2 4 12.5 0.6 

KT01 0.2 10 12.5 0.7 

KT02 0.2 40 12.5 0.6 

KT21 0.2 20 12.5 0.7 

SV661 0.2 4 12.5 0.6 

CH42 0.1 4 6.25 0.6 

CH79 0.1 4 12.5 0.7 

31A 0.4 40 12.5 0.7 

NE12 0.2 4 6.25 0.7 

NA1 0.2 3 6.25 0.7 

NA2 0.2 3.5 6.25 0.7 

NA4 0.2 20 6.25 0.6 

43015 0.2 >16 12.5 0.3 

45957 0.2 >16 12.5 0.3 

A.3.4 Genes encoding sigma factors and small stress responsive 

 proteins 

No less than 18 different sigma factors were identified in C. metallidurans 

CH34, which enable specific binding of RNA polymerase to promoters, and 

are activated in response to different environmental changes [56]. Generally, 

the number and diversity of sigma factor genes in a certain genome relates to 

the environmental variation allowing growth [318], which thus indicates that 
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C. metallidurans CH34 is able to respond to a broad range of environmental 

changes. CGH showed for all C. metallidurans strains positive signals for 12 

sigma factors. Hybridization signals below the threshold were found for the 

housekeeping sigma-70 factors RpoD1 and RpoD2 for strain AS168, KT01 

and CH79, and NE12, NA1 and 45957, respectively. Sigma factor CnrH 

carried by plasmid pMOL28 and encoded by the cnr gene cluster, which is 

involved in nickel resistance, was only observed for KT21, 31A, NA4, 

43015 and 45957. Next to these, differences were observed for RpoR (for 

strains KT01, CH79, AS39, AS167, AS168, 31A, SV661), RpoP (for strains 

CH79, NE12, NA1, NA2, 43015 and 45957) and RpoJ (for strain NA4). 

Another interesting group of genes in CH34 consists of 19 homologous 

genes encoding for putative small (between 69 and 165 amino acids) stress 

responsive proteins in CH34, which are likely to be secreted since all have a 

distinctive signal peptide and are apparently only found in Cupriavidus and 

Ralstonia species [56]. Ten of these genes were found to be induced in 

response to different heavy metals [144] like the pMOL30-encoded copQ 

[216] and czcJ [319], while three others were induced by hydrogen peroxide 

(Saiful Islam Muhammed, pers. comm.). CGH indicated that these genes are 

well conserved among C. metallidurans strains (Table A.8). 
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Table A.8: Occurrence of CH34 genes coding small stress responsive proteins in C. metallidurans strains as indicated by CGH. 

CH34 locus tag AS39 AS167 AS168 KT01 KT02 KT21 SV661 CH42 CH79 31A NE12 NA1 NA2 NA4 43015 45957 

Rmet_0477 + + + + + + + + + + + + + + + + 

Rmet_1183 + + + + + + + + + + + + + + + + 

Rmet_1797 + + - - + + + + - - + + + + + - 

Rmet_3454 + - - + + + - + + - + + + + + + 

Rmet_3571 + + + + + + + + + + + + + + + + 

Rmet_3641 + + + + + + + + + + + + + + + + 

Rmet_3715 + + + + + + + + + + + + + + + + 

Rmet_3909 + + + + + + + + + + + + + + + + 

Rmet_4187 + + + + + + + + + + + + + + + + 

Rmet_4264*                 

Rmet_4461 + + + + + + + + + + + + + + + + 

Rmet_4908# + + + + + + + + + + + + + + + + 

Rmet_5281 + + + + + + + + + + + + + + + + 

Rmet_5594# + + + + + + + + + + + + + + + + 

Rmet_5620 + + + + + + + + + + + + + + + + 

Rmet_5975 + + + + + + + + + + + + + + + + 

Rmet_6121 + + + + + + + + + + + + + + + + 

Rmet_6124*                 

Rmet_6143 + + + + + + + - + + + + + + + - 

*No oligonucleotide probe available on microarray, #identical genes. 
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A.4 Discussion 

Comparative whole-genome hybridization was used to compare sixteen C. 

metallidurans strains isolated from different biotopes with type strain CH34. 

Although the nature of these sites differs, ranging from pharmaceutical and 

space industry to metal mining and metal industries, waste treatment plants 

and even human infection, at least the oligotrophic aspect is common. 

The global comparison indicated that while chromosome 1 is the ancestral 

replicon of the Cupriavidus genus, chromosome 2 appears to be more 

specific to and conserved within the C. metallidurans species. These results 

are in agreement with the study of Bavishi and colleagues [320], which 

indicated that chromosome 2 evolves faster than chromosome 1, leading to 

different conservation on inter- and intraspecies level. This global 

comparison also indicated that strain CH34 is more closely related to strains 

isolated from Congo than with the two other strains (CH42 and CH79) 

isolated in Belgium. This supports an old assumption that strain CH34 was 

transported into Belgium by the import of ores from Congo, which was a 

Belgian colony from 1908 until 1960. 

The incidence of MGEs showed a clear pattern as well as evident 

phenotypes carried by them like the degradation of toluene or the ability to 

grow on H2 and CO2. No clear correlation was found between the occurrence 

of some MGEs and isolation site characteristics and location (geographic). 

However, it was apparent that strains carried either most of the MGEs or 

only a few. Interestingly, strains isolated from more hygienic settings like 

clinical, pharmaceutical or spacecraft environments carried almost no MGEs 

contrary to strains isolated from sites related to raw materials or 

environmental sources. This could indicate that either acquisition or loss of 

these MGEs was advantageous at one point enabling their spread in 

numerous environments and locations. For example, the MGEs related to 
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hydrogenotrophy and degradation of toluene may recall to the volcanic 

origin [321-323] and such MGEs may have been dispensable and lost in 

technologized environments. Whereas MGEs with a putative link (however 

without direct evidence at this time) to opportunistic infection were 

maintained, such as CMGI-1, which is almost identical to the PAGI-2C 

island identified in Pseudomonas aeruginosa clone C (isolated from a cystic 

fibrosis patient), and CMGI-11, which carries fimbrial genes. 

The clear presence or absence of a multitude of MGEs in this group of C. 

metallidurans strains allowed us to further scrutinize the genome of CH34 

for MGEs, especially in the second chromosome. At least five additional 

regions could be identified with one island formed by a Tn7-like transposon 

carrying accessory genes putatively involved in the degradation of certain 

aromatic compounds. Genomic islands formed by Tn7-like transposons have 

been identified in H. chejuensis, S. sonnei and I. loihiensis, in which Tn7 

inserted into the attTn7 site adjacent to a glmS gene [324]. In C. 

metallidurans CH34 this Tn7-like element is not found within the attTn7 site 

and in addition lacks the tnsE gene and possesses two distinct tnsD genes. 

Parks and Peters [325] showed that the presence of two distinct tnsD genes is 

common in Tn7-like elements that are not found within the attTn7 site and 

hypothesized that one of the TnsD proteins might actually allow non-specific 

target site recognition. 

Both the CGH and physiological data indicated that the heavy metal 

resistance determinants identified in C. metallidurans CH34 are well 

conserved among other C. metallidurans strains. This strong conservation 

was also observed for genes encoding small stress responsive proteins and 

sigma factors, of which at least a part are involved in metal resistance [144, 

326]. 
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The incidence of these metal resistance determinants could, however, not be 

directly related to their isolation source (biotype) nor location (geographic). 

This indicates that these resistance determinants are probably acquired 

earlier in evolution, which is consistent with the hypothesis that toxic metal 

resistance systems are preexistent to the recent anthropogenic activities and 

arose soon after life began, in a world already polluted by volcanic activities 

[193]. However, taking into account that most of the metal determinants are 

on the native megaplasmids and the GIs thereon, it could be argued that 

anthropogenic activities and technologized environments provided a 

selective pressure for the conservation of these determinants or even the 

acquisition of some, considering both the arsenal of determinants as well as 

the level of resistance to metals. Putatively, these determinants may even 

render a higher fitness in infections as these megaplasmids, despite their 

fitness cost, are also present in strains isolated from human infections. The 

structural and functional characteristics that metal resistance systems share 

with antibiotic resistance systems could be significant for this [129]. 

A.5 Conclusions 

Our comparative study showed that most metal resistance determinants 

identified in C. metallidurans CH34 are common to all C. metallidurans 

strains irrespective of the strain's isolation type and place. C. metallidurans 

strains do display considerable differences in the diversity and size of their 

mobile gene pool, which reflects at least some metabolic properties. 
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Mijnendonckx K., Provoost A., Ott M., Venkateswaran K., Leys N., Mahillon J., 

Van Houdt R.- Silver resistance in Cupriavidus metallidurans and Ralstonia 

pickettii bacterial isolates obtained from water supplies of the International Space 

Station.- BelTox.- Mechelen, Belgium, 8 December 2011 

Mijnendonckx K., Monsieurs P., Mergeay M., Leys N., Mahillon J., Van Houdt R.- 

Silver resistance in Cupriavidus metallidurans CH34 is affected by endogenous 

Insertion Sequence elements and cross regulation.- Life, death and survival of 

Micro-organisms.- Brussels, Belgium, 16 November 2011 

Mijnendonckx K., Provoost A., Ott M., Venkateswaran K., Leys N., Mahillon J., 

Van Houdt R- Cupriavidus and Ralstonia bacteria just 'have it in them' to make 

from ultra-clean spacecraft environments their home.- ELGRA Biennial Symposium 

and General Assembly: "Gravity: from µ to x !".- Antwerp, Belgium, 6-9 September 

2011 

Mijnendonckx K., Monsieurs P., Mergeay M., Leys N., Mahillon J., and Van 

Houdt R. - Silver resistance in Cupriavidus metallidurans CH34 is affected by 

endogenous insertion sequence elements and cross regulation – 11
th

 ICOBTE 

conference – Florence, Italy, 03-07 July 2011 
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Mijnendonckx K., Monsieurs P., Mergeay M., Leys N., Mahillon J., and Van 

Houdt R. - Silver resistance in Cupriavidus metallidurans CH34 is affected by 

endogenous insertion sequence elements and cross regulation - FEMS – Geneve, 

Switserland, 26-30 June 2011 

Mijnendonckx K., Provoost A., Ott M.C., Venkateswaran K., Leys N., Mahillon J. 

and Van Houdt R. - Cupriavidus and Ralstonia bacteria just 'have it in them' to make 

from ultra-clean spacecraft environments their home - FEMS – Geneve, Switserland, 

26-30 June 2011 

Mijnendonckx K., Provoost A., Saiful I., Ott M.C., Venkateswaran K., Leys N., 

Mahillon J. and Van Houdt R.  - Cupriavidus and Ralstonia bacteria just 'have it in 

them' to make from ultra-clean spacecraft environments their home - 

8
th

 International congress on Extremophiles - Azores, Portugal, 12-16 September 

2010 

Mijnendonckx K., Provoost A., Monsieurs P., Leys N., Mergeay M., Mahillon J., 

Van Houdt R - Identification, characterization and distribution of insertion sequence 

elements in Cupriavidus metallidurans CH34.- annual BSM meeting.- Brussels, 

Belgium, 11-11 December 2009 

Mentor of students: 

Mollaei M. - 'Study of Microbial resistance to silver and survival in pure water' – 

Master Level Apprenticeship – 1 August - 31 December 2010 

Renckens W.- Temperatuurgeïnduceerde mutagenese en mortaliteit van Cupriavidus 

metallidurans CH34.- Diepenbeek, Belgium: Provinciale Hogeschool Limburg 

(PHL), 2011.- 66 p.- Bachelor thesis 

Soetemans L. – Mobilisatie en karakterisatie van megaplasmiden in Cupriavidus 

metallidurans - Diepenbeek, Belgium: Provinciale Hogeschool Limburg (PHL), 

2012.- 81 p.- Bachelor thesis 


