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1. Introduction 

Heavy metals are roughly defined as metals having an atomic density of over 6 g cm–3. 

However, the term is vague and includes metals and some metalloids, such as arsenite. 

Common to all heavy metals is that they are considered to be toxic and some are non-essential 

to organisms. This statement is also partly untrue because it excludes the nutrient metals Co, 

Cu, Mn, Ni, Se and Zn, which are important in small amounts (Bruins et al. 2000). The term 

”trace metals” has been suggested as a substitute term for heavy metals (Alloway 1990). Still, 

this is vague definition because it excludes e.g. aluminium and iron. 

Bacteria have genes for nutrient uptake and toxic metal transport and in certain cases the 

transport system is one and the same. Thus, at some point they have to make a distinction 

between essential and non-essential or even harmful compounds (Bruins et al. 2000). Often 

toxic heavy metal resistance systems are found on plasmids. However, chromosomal genes 

(e.g. arsenic, mercury and cadmium resistance in Bacillus) also determine related systems 

(Silver 1998). 

Some metals (e.g. Cu, Fe and Zn) are essential at low concentrations and toxic at higher levels 

(Hare 1992). To have toxic effects heavy metals have to enter into the cell. Bacteria have 

mainly two types of uptake systems: one is fast and unspecific and the other one is highly 

specific. The unspecific systems use several types of substrates and thus they are 

constitutively expressed. Usually these fast systems are driven by chemiosmotic gradient 

across the cytoplasmic membrane by bacteria. The specific system costs much energy and the 

cell uses it only in special cases like starvation or some metabolic situations, and thus this 

system often is inducible (Nies 1999). Also, in some cases metals can enter the cell passive 

systems that do not require energy. Six metal resistance mechanisms are postulated to exist: 

1) exclusion by permeability barriers, 2) intra- and 3) extra-cellular sequestration, 4) active 

transport efflux pumps, 5) enzymatic detoxification and 6) reduction in sensitivity of cellular 

targets to metal ions (Bruins et al. 2000). 
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1.1. Sources of arsenic and mercury 

1.1.1. Arsenic 

Arsenic (As) exists in both inorganic and organic forms in the nature. Arsenic is released to 

the environment from natural sources, e.g. rock, during weathering, by volcanic action or 

during mining. Anthropogenic As mainly originates from pesticides, high-temperature 

combustion and from smelting of other metals (Alloway 1990; Matschullat 2000). In Finland 

the reference value for clean soil is 5 mg kg–1 for arsenite (Puolanne et al. 1994). A sizeable 

problem is arsenic pollution of natural water systems in several parts of the world, e.g. 

Bangladesh, India, Spain, Mexico (Wyatt et al. 1998; de Lorenzo and Kuenen 1999; 

Matschullat 2000). In addition, As compounds are relatively volatile and the geochemical 

cycle of As has significant fluxes passing through the atmosphere (Alloway 1990). At low pH 

values arsenate is sorbed in the soil more strongly than arsenite. The ionic strength decreases 

the binding of arsenate but not arsenite oxyions (Smith et al. 1999). Also, high content of clay 

increases the sorption (Alloway 1990). Iron (Fe) and aluminium (Al) hydroxides also limit the 

mobility and bioavailability of As species (Jain et al. 1999). Interaction between inorganic 

and organic arsenic compounds are presented in Figure 1. 

1.1.2. Mercury 

Mercury (Hg) is also naturally present in the Earth’s crust. Weathering and degassing through 

volcanoes and by evaporation from oceans releases mercury into the geochemical cycle 

(Steinnes 1990; Boening 2000). Soil with concentrations below 0.05 mg Hg kg–1 is 

considered as clean soil in Finland (Puolanne et al. 1994). The best-known environmental 

catastrophe occurred in Minimata (Japan) caused by methylmercury release. During the years 

1932 – 1968 Chisso Corporation dumped an estimated 27 tons of mercury compounds into 

Minimata Bay. Currently, mining, smelting of ores, burning fossile fuels and fertilisers are the 

main anthropogenic sources. Commercial production is made from cinnabar (HgS). Hg0 and 

Hg2+ are the states normally encountered in soil depending on the redox conditions. Hg2+ 

forms strong complexes with humic matter and hence in acid soil Hg2+ is mainly attached to 

organic matter (Rönnpagel et al. 1995). The scheme of the mercury cycling is shown in 

Figure 2. 
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Fig. 2. Mercury cycling in soil. Illustration is based on information from Steinnes (1990) and 

Boening (2000). X = OH–, Cl– or Br– 

Fig. 1. Arsenic cycling in soil. Illustration is based on information from O´Neill (1990), 
Tonner-Navarro et al. (1998), and Jain and Ali (2000). 
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1.2. Bacterial heavy metal resistance genes for arsenic and mercury 

1.2.1. Arsenic 

Because of its similarity to phosphate, arsenate enters the bacterial cell by two different 

phosphate transport systems. The first one is an unspecific and fast phosphate inorganic 

transport (Pit) system, and the second is an energy requiring and specific phosphate inducible 

(Pst) system. Pit system is constitutively expressed and a normal nutrient transport system. 

Pst works in the times of phosphate depletion and it is 100 times more specific for phosphate 

than arsenate. Arsenic resistance genes are found in many bacteria, either on plasmids or on 

chromosomes, and the similarity of these genes between different bacteria is high (Silver 

1998; Bruins 2000). Three genes (arsR, arsB and arsC) within one operon are needed for 

arsenate and arsenite resistance (SanFrancisco et al. 1990). The ArsR protein is a repressor 

and a regulatory protein for expression of the ars operon. Arsenic biotransformation starts 

with reduction of arsenate to the more toxic arsenite by the enzyme ArsC e.g. in Bacillus 

subtilis (chromosome), Staphylococcus xylosus (pSX267), S. aureus (pI258), Escherichia coli 

(R773), E. coli (R46) and E. coli (chromosome). Arsenite is excreted by the membrane 

protein ArsB, which can act as an ATPase alone or together with ArsA protein (Nies 1999). 

Gram negative plasmid systems contain two genes (arsA and arsD) more than Gram positive 

plasmids. The ArsD protein is a secondary regulatory protein and has probably not a very 

significant effect on resistance (Silver 1998) (Fig. 3).  

 

 

 

 

 

 

 

 

 

 
Fig 3. Arsenic and mercury resistance in bacteria. Illustration is modified from 

Silver (1998) and Ramanathan et al. (1997), respectively. 
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1.2.2. Mercury 

Mercury has no beneficial function and is highly toxic even to bacteria. However, bacteria are 

very likely to be confronted with toxic Hg2+ concentrations and therefore an efficient 

resistance system is needed. Mercury resistance is based on the low vapour pressure and 

melting point of elemental mercury. The bacteria are capable of reducing Hg2+ to Hg(0), and 

metallic mercury is evaporated out of the cell (Nies 1999). Usually bacteria have a 

combination of genes, the mercury(II) resistance operon (mer), which detoxifies, transports 

and self-regulates the resistance (Bruins et al. 2000). Hg2+ enters into the cell via specific 

uptake systems. MerT (transmembrane channel for intake) interacts with a periplasmic 

mercury binding protein MerP. Another route for mercury transport is via the MerC protein, 

which can be an addition or a substitute to the MerTP system. Inside the cell Hg2+ is reduced 

to the elemental form Hg(0) by MerA (Ramanathan et al. 1997; Silver 1998; Nies 1999). 

However, the metallic Hg can be oxidised again by other bacteria (Smith et al. 1998). MerR 

and MerD regulate the expression of the mercury resistance operon. The latter has lower 

affinity than MerR and acts as a repressor to limit the maximum level of mer operon 

expression (Ramanathan et al. 1997) (Fig. 3). 

1.3. Bacterial biosensors 

The term biosensor includes an analyte, a biological component (biocatalyst), and a detection 

system (transducer). The biocatalyst can be an enzyme, an antibody or a cell. The changes can 

be measured potentiometrically, amperometrically, optically, calorimetrically or by a 

conductance device (Rawson 1993). There are three types of sensing systems: a toxin-

sensitive, a non-specific, and a specific biosensor. The toxin-sensitive system has a 

constitutive promoter but no control element with a reporter gene, which is expressed 

continuously. The non-specific biosensors have a promoter that is bound to a regulatory 

protein but the control element responds to a wide range of changes in conditions (e.g. heat-

shock or other physiological stress). Like the previous one, the non-specific biosensors cannot 

be used for determining the type of toxin. These two systems are well suited for screening the 

overall toxicity of the samples. The most sophisticated system is the specific biosensor. The 

control element let the reporter gene respond only to very specific compounds. The promoter 

can be positively or negatively regulated by a regulatory protein. In positive feedback 

regulation, the compound binds to the regulatory protein and promotes the binding of the 

regulatory protein to the promoter and, hence, induces transcription of the reporter gene. In 

negative regulation the regulatory protein is bound to the promoter in the absence of the toxin 
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preventing the expression of the reporter gene. The inducer, the toxin, attaches to the 

regulatory protein and releases the reporter gene and hence, the production of protein and 

signal (Ramanathan et al. 1997).  

The commonly used reporter genes in the bacterial detection systems are based on 

luminescence (luxCDABE, lucFF, lucGR), electrochemical reaction, colour (β-galactosidase) 

or fluorescence (gfp) (Scott et al. 1997; Tombolini et al. 1998; Hansen and Sørensen. 2000). 

In the case of luminescence the advantage of insect luciferase (Luc) over the bacterial 

luciferase (Lux) is a higher quantum yield (Taurianen et al. 1997; Wood 1997). On the other 

hand, LuxCDABE can produce the aldehyde substrate by recycling the reaction product. 

Another commonly used reporter is green fluorescent protein (GFP). GFP is a very useful tool 

for detecting total cell number. Because it is a protein fluorescing in itself it does not disturb 

the cell metabolism nor does it need substrate addition (Tombolini et al. 1998). Because of its 

stability it accumulates in the cell and may increase the background level of fluorescence 

(Virta 1999). In recent years several heavy metal sensing bacteria have been developed using 

reporter genes (Corbisier et al. 1993; Selifonova et al. 1993; Virta et al. 1995; Taurianen et al. 

1997; Peitzsch et al. 1998; Tauriainen et al. 1998) . 

1.4. Toxicity and bioavailability 

The toxicity to an organism can be defined as the inherent potential or capacity of a material 

to cause adverse effects on living organisms. It depends greatly on the bioavailability of the 

toxicant. Otherwise, the acutely lethal or the effective concentration is expressed as the LC50 

or the EC50 value, respectively. The exposure periods vary according to the organism used 

and are typically 15 minutes (Microtox ) to 10 days (oligochaetes and chironomids) (Burton 

Jr. 1991). Subchronic or chronic toxicity means that the substance is detrimental to the 

organism but not actually lethal during the test period. The tests are focused on changes of 

growth, reproduction, and metabolism. All the tests are conducted under controlled conditions 

and preferably following standardised methodologies. Toxicity bioassays are important in 

assessment of the impact of contamination in the environment. 

When living organisms are able to take up a chemical from a growth substrate or an ambient 

environment into the cells and membranes the chemical is considered as bioavailable. 

Bioavailability is defined as the proportion of a contaminant present in the environment in a 

form(s) that can be assimilated by organism. Sequential extraction procedures have been used 
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in assessing heavy metal bioavailability (Tessier et al. 1979; Ma and Uren 1998; Norrström 

and Jacks 1998; Ho and Evans 2000). The water–soluble fraction or the fraction extractable 

by weak acid are considered to be related to bioavailability mainly to agricultural plants 

(Inácio et al. 1998; Ma and Uren 1998; Rasmussen et al. 2000). Chemical methods like 

atomic absorbance spectrometry (AAS) or inductively coupled plasma optimal emission (ICP-

AES) are then used to measure the metal concentrations of the extracts and the remaining 

solids. The sequential extraction procedure may be a useful tool for evaluating the sorption 

and distribution of heavy metals in soils (Morera et al. 2001). Still, these procedures can only 

mimic the situation in nature. Recently, however, genetically modified microorganisms have 

been used for measuring heavy metal concentrations when bioavailable (Corbisier et al. 1993; 

Selifonova et al. 1993; Virta et al. 1995; Taurianen et al. 1997; Biran et al. 2000; Hansen and 

Sørensen. 2000) (see also Table 4). 

Many abiotic and biotic factors affect the distribution, fate, mobility, bioavailability and 

toxicity of heavy metals. Organic matter and carbon reduce the bioavailability of heavy 

metals (Barkay et al. 1997; You et al. 1999). Clays can absorb heavy metals via ion exchange 

reactions and by formation of inner-sphere complexes through ≡Si–O– and ≡ Al–O– groups at 

the clay particle edges (Celis et al. 2000). Often a polluted area contains more than one metal 

or other toxicant. Metal interaction can be additive, synergistic or antagonistic. For example, 

toxic effects between Zn and Cu, and Zn and Cd are synergistic, which means that toxicities 

of combinations of pollutants are greater than predicted from addition of individual toxicities 

(Preston et al. 2000). 

Evolutionary strategies of the different species (including microbes) are particularly important 

in solving the problem of the uptake of trace metals into the cells. In most cases these systems 

have evolved for taking up essential metals. The lack of complete specificity of the system 

gives a possibility to use them also in transporting and sequestering heavy metals, but 

sometimes the system has specifically evolved for transport of heavy metals. Sequestration 

capabilities are often offered by metallothioneins and metal-containing granules or the 

transport protein transferrin. In higher organisms in terrestrial biota the exclusion mechanisms 

of metals are common. Simkiss and Taylor (1989) and Phillips (1993) have proposed the 

following mechanisms for fluxes of metal ions into cells: by lipid permeation, by complex 

permeation, by a carrier mediated system, through an ion channel or an ion pump, and by 

endocytosis.  
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The biotransformation of metal to organo-metallic compounds can either decrease or increase 

the bioavailability and/or toxicity. For example, arsenic transformation can include 

methylation, formation of sugars, lipid-containing elements, and synthesis and accumulation 

of arsenobetaine (Phillips 1993). In contrast, the availability and toxicity of mercury in soil or 

in sediment increase after biomethylation by microorganisms. Furthermore, methyl-mercury 

is efficiently accumulated into organisms. The predictability of toxicity and bioavailability to 

certain organisms depends upon not only the physical factors (pH, temperature, oxygen, 

moisture and nutrients) but also the adaptation of the organism to the environment and on the 

interactions between species. Hence, bioavailability is a complex phenomenon where not only 

the characteristics of the exposed species determines the outcome, but also the species 

consortia in combination with environmental factors play a role. 

1.4.1. Arsenic 

The toxicity of arsenic depends on the state of oxidation (Raven et al. 1998). The type and the 

Eh/pH of soil significantly influence the valency of As (O´Neill 1990). Arsenic can be in the 

form As(V), As(III), As(0) and As(–III). In an oxidized environment As appears mostly as 

oxyanions (Jain and Ali 2000). The speciation of arsenic can determine by spectrometric (e.g. 

UV, visible, atomic absorption, atomic emission, hydride generation and graphite furnace) 

chromatographic methods or by electrochemically (Jain and Ali 2000). Contrary to many 

other heavy metals organic As compounds are less toxic than inorganic As compounds 

(Alloway 1990). Arsenite, As(III), AsO2
– is 10 – 200 times more toxic than arsenate, As(V) 

AsO4
3– (Beveridge et al. 1997; Smith et al. 1999; Jain and Ali 2000). Phosphate is structurally 

similar to As oxyanions. Therefore, As interferes with the metabolism of phosphate 

phosphorus (Nies 1999). The presence of microorganisms can also influence the reaction 

pathway. The biomethylation reactions can occur in a wide pH range (Alloway 1990). Some 

microbes can even reduce As(V) to As(III) and gain energy for growth from this reduction 

(Ahmann et al. 1994). 

1.4.2. Mercury 

Mercury is apparently the heavy metal with the strongest toxicity. The affinity of Hg2+ to 

essential thiol (-SH) groups e.g. in proteins and peptides is very high and hence inactivates 

enzymes and proteins (Bruins et al. 2000). Microorganisms can methylate Hg2+ into a more 

toxic form than inorganic mercury compounds (Steinnes 1990; Wyatt et al. 1998).  
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1.5. Considerations for choice of measurement method 

Choosing the right method and organism for bioavailability and toxicity studies is important. 

Bioavailability differs between organisms. Toxicity of heavy metals or organic pollutants to 

bacteria can be very different from higher species. It depends e.g. on nutritional situations and 

the environment where the test organism originates. In evaluating the biohazardous of 

toxicant the decision on relevant organisms must be done first. Chironomids are widely used 

biomonitors for sediment toxicity. They are a common and diverse but sedentary group of 

freshwater insects. The advantage and disadvantage of chironomids is their tolerance to low-

to-moderate metal concentrations (Hare 1992). Bacteria tests are tempting to be used in 

toxicity or bioavailability studies because the time required for tests is significantly less than 

e.g. midge tests. There are a wide variety of bacteria to choose but seldom the 

environmentally relevant species are used. Microtox®, which is often used in measuring EC50 

values for different samples, utilises marine bacteria Vibrio fischeri as a test organism. The 

total concentration of metal measured by chemical methods cannot predict the risk of the 

pollutant to environment e.g. (Boyd et al. 1997; Bontidean et al. 2000; Botrè et al. 2000; 

Rasmussen et al. 2000). Thus, biological testing is still needed. Using a relevant bacterium 

strain in assessing the general toxicity of sample and then measuring the concentration of 

specific toxicants by inducible bacteria strains a correct risk evaluation of the contamination 

level may done. 
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2. Aims of the study 

Although many heavy metal–sensing bacteria have been developed, a sensitive soil bacterium 

with a reliable reporter system was still lacking. Also, more important than the pure 

concentration measurements is the assessment of toxicity and bioavailability of heavy metals. 

The objective of this study was to construct such soil bacteria and test their applicability to 

assess concentration, bioavailability and toxicity of arsenite and mercury(II) in solid samples. 

More specific aims were: 

I. To develop a soil bacterium (Pseudomonas fluorescens OS8) which can detect 

specifically either arsenite (pTPT31) or mercury (pTPT11). To construct a toxin–sensitive 

constitutive luminescent plasmid (pNEP01) in a soil bacterium (P. fluorescens OS8) as a 

control of the acute toxicity test and concentration determination to be used before the 

actual concentration measurements. 

II. To determine the suitability of the strains for measuring arsenite and mercury levels in 

soil by comparing the conventional chemical analysis methods to the bacterial metal 

sensor strains. 

III. To assess bioavailability of heavy metals in solid samples that are either collected from 

polluted areas or amended with heavy metals. To evaluate the effect of direct contact of 

soil particles on the bacteria during the incubation. 

IV. To compare toxicity measurement methods using Chironomus riparius and the bacterial 

sensor-strain tests for contaminated soils and sediments. 
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3. Materials and methods 

The bacterial strains and plasmids used in this study are listed in Table 1. P. fluorescens OS8 

has been a host strain in the final experiments (II – IV). The origins of artificially 

contaminated soils and environmental samples are reported in Table 2. Methods used are 

described in Table 3. 

Table 1. Bacterial strains and plasmids used in works  

Strains or plasmids Descriptiona Source 

Strains   

  Escherichia coli   

  DH5α hsdR, recA, lacZYA, Φ80dlacZ∆M15 BRLb 
  Pseudomonas fluorescens   
  OS8 Isolated from soil of industrial site, 

spontanious Rif r 
(Sarand et al. 2000) 

Plasmids   

  pBluescript KS/SK+ Cloning vector, lacZ', T7 promoter, 
Apr 

Stratagene 

  pCSS810 E. coli–B. subtilis shuttle vector, 
T5/lac–operator upstream of lucFF, 
Kmr 

(Lampinen et al. 1992) 

  pCSS962 LucGR in E. coli–B. subtilis shuttle 
vector, T5/lac–operator, Kmr, Cmr 

(Lampinen et al. 1992) 

  pRK2013 Conjugation helper plasmid, Kmr (Figurski and Helsinski 
1979) 

  pDN18 Broad host range RK2-derived  
cloning vector with lacZα and MCS 
from pTZ18R (Pharmacia), Tcr 

(Nunn et al. 1990) 

  pPP Broad host range promoterless 
plasmid with lucGR based on 
pRK415, Tcr 

(Haapalainen et al. 1996) 

  pTOO11 Pmer and merR of R100 
in pCSS810 upstream of lucFF, Kmr 

(Virta et al. 1995) 

  pTOO21 Pars and arsR of pI258  
in pCSS810 upstream of lucFF, Kmr 

(Taurianen et al. 1997) 

  pTOO31 Pars and arsR of R773  
in pCSS810 upstream of lucFF, Kmr 

(Tauriainen et al. 1999) 

  pTPB11 Pmer and merR of R100 
in pBluescript driving of lucGR, Apr 

I 

   



 

 12 

Table 1 continued: 
 

  

Strains or plasmids Descriptiona Source 
  pTPB21 Pars and arsR of pI258  

in pBluescript driving  of lucGR, Apr 
I 

  pTPB31 Pars and arsR of R773  
in pBluescript driving of lucGR, Apr 

I 

  pTPT11 Pmer and merR of R100 
in pPP driving of lucGR, Rif r, Tcr 

I 

  pTPT21 Pars and arsR of pI258  
in pPP driving of lucGR, Rif r, Tcr 

I 

  pTPT31 Pars and arsR of R773  
in pPP driving of lucGR, Rif r, Tcr 

I 

  pNEP01 lucGR from pPP in pDN18 
downstream of T7 promoter and 
lacZα,  Rif r, Tcr 

I 

a Abbreviations: Apr, Cmr, Kmr, Rif r, Tcr resistance to ampicillin,  
chloramphenicol, kanamycin, rifampicin, tetracyclin, respectively.  
MCS multiple cloning site. 

b BRL = Bethesda Research Laboratories 

Table 2. Origin of soils studied in papers I–IV 

Soils Origin Used in paper  

Soils used for spiking   

Humus (H) Nastola, Southern Finland II, IV 
Mineral (M) Nastola, Southern Finland IV 
Clay (C) Viikki, Southern Finland II, IV 

Environmental samples   

Lake Höytiäinen Kontiolahti, Eastern Finland III 
Kaskesniemi (KN) Joensuu, Eastern Finland III 
Brook through landfill  
area next to sawmill (LF) 

Joensuu, Eastern Finland III 

Pool where logs are stored (LP) Joensuu, Eastern Finland III 
T1 (area close to caustic soda plant) Thailand II 
T2 (area close to caustic soda plant) Thailand II 
T3 (area close to caustic soda plant) Thailand II 
T4 (area close to caustic soda plant) Thailand II 
Old service station (D) Hyvinkää, Southern Finland II 
Oil contaminated field (N) Southern Finland II 
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Table 3. Methods used in this study 

Method Described and used in 

Construction of plasmids I, II 

Conjugation I, II 

Luminescence measurement I, II, III, IV 

Determination of dose–response curve I, II, III, IV 

Spiking the soils I, II, IV 

Sequential extraction procedure I, II 

Flash Test (BioTox) III 

EC50 to P. fluorescens OS8 (pNEP01) II 

Speciation of arsenic III 

Growth and emergence test  
of Chironomus riparius 

III 

GFAAS a II, III, IV 

CVAAS b II, IV 

ICP-AES c II, IV 

Abbreviations:  
a Graphite furnace atomic absorption spectrometry 
b Cold vapour atomic absorption spectrometry 
c Inductively coupled plasma optimal emission 

4. Results and discussion 

4.1. Comparison of P. fluorescens OS8 and E. coli DH5α in measuring heavy 
metals 

Two bacterial strains, the soil bacterium P. fluorescens and the originally intestinal laboratory 

bacterium E. coli, were compared regarding several factors (induction efficiency and 

temperature, substrate consumption and heavy metal detection specificity). P. fluorescens 

differs from E. coli in some test condition requirements, which should be taken into account 

in designing the tests (I). The soil bacterium with arsenite or mercury plasmid needs less D-

luciferin than E. coli. High concentrations of substrate can even inhibit the luminescence. 

Because of low consumption of D-luciferin the test concentration could be decreased to a one 

quarter of the usual level (200 mM) (Lampinen et al. 1992; Virta et al. 1995; Taurianen et al. 

1997). Furthermore, strain OS8 is able to operate at cold temperatures (even at 0°C) unlike 

DH5α. This may be an advantage for monitoring bioavailability in situ. 
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Both bacteria supplied with heavy metal sensing plasmids were very sensitive and specific for 

respective metals. The relative light unit value (RLU) was higher with E. coli than with P. 

fluorescens but the actual induction coefficient (I) did not differ. The lowest detection limit 

for mercury is 0.0017 µg kg–1 soil and for arsenite 0.75 µg kg–1 soil when the recovery of 

different extraction fractions was combined (II). The measurable level decreased to 10 pM for 

mercury and 10 nM for arsenite solution (I). Also, strain DH5α(pTPT11) detected 10 pM 

mercury and DH5α(pTPT31) 10 nM of arsenite (I). Comparing to earlier sensors (e.g. 

Corbisier et al. 1993; Selifonova et al. 1993; Virta et al. 1995; Taurianen et al. 1997) the 

sensitivities of our constructs are very competitive. The detection limits for mercury are 5 nM 

(HMS174) and 1 fM (MC1061) and for arsenite 5 µM (HB101) and 33 nM (MC1061) (Table 

4).  

Table 4. Detection limits to arsenite and mercury by sensing bioluminescent bacteria 

Strain Plasmid Reporter Metal Detection limit Reference 
Escherichia coli       

MC1061 pTOO31 luc As3+ 33 nM (Tauriainen et al. 1999) 

AW3110 pTOO31 luc As3+ 100 nM (Tauriainen et al. 1999) 

HB101 pC200 lux As3+ 5 µM (Corbisier et al. 1993) 

MC1061 pTOO21 luc As3+ 3.3 µM (Taurianen et al. 1997) 

DH5α pTPT21 luc As3+ 100 nM I 
DH5α PTPT31 luc As3+ 10 nM I 

MC1061 pTOO11 luc Hg2+ 0.1 fM (Virta et al. 1995) 

HMS174 pRB28 lux Hg2+ 5 nM (Selifonova et al. 1993) 

DH5α pTPT11 luc Hg2+ 10 pM I 
MT102-PIR pUT-mer-lux lux Hg2+ 0.25 µM (Hansen and Sørensen 

2000) 
Staphylococcus aureus       

RN4420 pC200 lux As3+ 5 µM (Corbisier et al. 1993) 

RN4420 pTOO21 luc As3+ 100 nM (Taurianen et al. 1997) 

Bacillus subtilis       

BR151 pTOO21 luc As3+ 3.3 µM (Taurianen et al. 1997) 

Pseudomonas fluorescens       

OS8 pTPT21 luc As3+ 1µM I 
OS8 pTPT31 luc As3+ 10 nM I 
OS8 pTPT11 luc Hg2+ 10 pM I 

Pseudomonas putida       

KT2440 pUT-mer-lux lux Hg2+ 0.25 µM (Hansen et al. 2000) 
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4.2. Origin and treatment of spiked and authentic environmental samples 

In article IV humus (H), mineral soil (M) and clay (C) were spiked either with NaAsO2 or 

HgCl2 to nominal concentrations of 100 and 500 µg g–1 d.w. soil. Also, arsenite or mercury 

amended soils (H100 and C100) were used in work II. Authentic sediment samples (KN, LF, 

LP) were collected from a sawmill area in Joensuu (III) and from a caustic soda plant, 

Thailand (T1, T2, T3, T4) (II), and the soil samples were from an old service station (D) and 

from a field site contaminated with wastes from an oil refinery (N).  

The spiked soils (aged for 1–14–30 days) were sequentially extracted a using modification of 

Tessier’s sequential extraction procedure (Tessier et al. 1979) (IV), done as the follows: water 

(WS), 1 M ammonium acetate (BA), 30% hydrogen peroxide with 0.5 M NaOAc–HOAc 

(OM) and 2 M nitric acid (RES). WS and BA fraction extracts were suggested to represent 

material that may be bioavailable for soil organisms and plants. The OM extract describes 

heavy metals bound in solid particles and the RES fraction the rest of the heavy metals from 

the sample. Artificially arsenite- or mercury-contaminated humus (H100) and clay (C100) 

soils in II and environmental samples were extracted only with distilled water (1:5). 

Sequentially fractionated samples were centrifuged and filtered through Whatman 3 filter 

paper. Other spiked soils were only cleared by centrifugation or used uncleared as slurry. 

4.3. Toxicity assessments of solid samples 

Prior to measuring the concentration of a specific toxicant by bacterial biosensors it is 

important to screen the general toxicity of the environmental sample. This is because to 

ascertain that specific biosensor is not used in conditions revealing overall toxicity 

simultaneously. Many non-specific, toxin-sensitive bacterial strains based on luminescence 

genes (lux or luc) besides Microtox® have been developed (Olsson et al. 1988; Lampinen et 

al. 1992; Haapalainen et al. 1996; Boyd et al. 1997; Fratamico et al. 1997; Paton et al. 1997; 

Loimaranta et al. 1998). Furthermore, non-specific plasmids have been inserted in P. 

fluorescens (Paton et al. 1995; Bundy et al. 1997). Those plasmids are based on bacterial 

luminescence gene lux. The purpose in constructing the pNEP01 in this thesis was to develop 

a plasmid with the same moderately strong luminescence level as the other, specific, plasmids 

pTPT11 and pTPT31 and to place it into the same soil bacterial strain, P. fluorescens OS8 

(II). Overall toxicity was measured using spiked soils (humus and clay), authentic 

environmental samples from Thailand (II) and from sediment samples from an area close to a 

sawmill area in Finland (III). For the soil and sediment samples (II) the constitutively 
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luminescent bacterium P. fluorescens OS8 (pNEP01) was used in general toxicity 

determinations. The toxicity of sediment samples (III) was observed either by a bacterial test, 

Flash test (BioTox™) or by a midge test (Chironomus riparius). 

Neither mercury- nor arsenite-spiked soils (H100 and C100) were toxic to P. fluorescens OS8 

(pNEP01) (II). According to Brouwer et al. (1990) if the EC50 value in the Microtox  test is 

between 1 and 20 v/v-% (i.e. diluted 1:100 to 1:5) of sediment the toxicity can be considered 

to be high. When compared to controls, the environmental samples T1, T2, D and N showed 

decreased EC50 values (5.7 v/v-%, 2.6 v/v-%, 1.8 v/v-% and 2.9 v/v-%, respectively). The 

EC50 value for P. fluorescens OS8 (pNEP01) using the water extract of the samples were low 

(toxicity high) but the toxicity was apparently not due to arsenite or mercury. This statement 

is based on the observed heavy metal concentrations and their bioavailability. Only in T1 

mercury could have a minor effect because of its moderately high concentration in sediment, 

but mainly the toxicity comes from other contaminants like chlorophenols (Lyytikäinen et al. 

2001) (see Table 5a). The toxicity results were important in assessing the mercury and 

arsenite concentrations in the water extracts of the solid samples. Hence, the dilution series 

could be set far enough to reach non-toxic but still biosensor–inducible metal levels (see 4.4.). 

The methods of toxicity measurement in sediment samples taken from a Finnish sawmill area 

(III) differed from the samples from Thailand (II). In one of the tests the microbe used was 

Vibrio fisheri, a marine bacterium, and the luminescence was observed by Flash test 

(BioTox™), which is a modified direct contact exposure bioluminescence test. In this method 

the signal is measured immediately after mixing of sample with the reporter bacterium and 

then after a short time interval of 30 minutes (Lappalainen et al. 1999). The toxicity of 

sawmill sediments was also measured using growth and emergence of the midge Chironomus 

riparius. The results did not correlate well with each others showing that different organisms 

react differently to environmental toxicity. Although the toxicity was very high by Flash test 

(EC50 values: KN = 0.7%, LF = 0.5% and 0.2%) no clear effects on long-term endpoints in 

the midge tests was found. According to Brouwer et al. (1990) bacterial toxicity at this level 

can be correlated with other adverse environmental effects. Factors such as nutritional 

situation of the toxic samples can affect the results significantly. The sediments containing 

toxic elements from the sawmill area are also rich in nutrients. The indigenous microbial 

activity and heat dissipation of these contaminated sediments were elevated (Lyytikäinen, 

personal communication) indicating high microbial density, which might change the test 

results both with bacteria and with midges. Also, chironomids are found to be quite tolerant to 
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toxicants compared to many other benthic invertebrates (Cairns et al. 1984). Microtox® has 

been shown to correlate well with tests performed with organisms such as other bacteria, 

microcrustanceas and fish (Ruiz et al. 1997). Although the Flash test is a more sophisticated 

method than Microtox®, the ambient environment adjusted to 2% NaCl can significantly 

influence the toxicity (Cook et al. 2000). Combining the advantages of the Flash test and the 

use of a natural soil bacterium like P. fluorescens, is a complementary tool for overall toxicity 

measurements applied. 

4.4. Measurement of concentration and bioavailability of arsenite and
 mercury in spiked and authentic environmental samples  

The heavy metal concentration of different solid samples was measured by P. fluorescens 

OS8 (pTPT11) or by P. fluorescens OS8 (pTPT31) and compared to chemical analyses (II, 

III and IV). To determine whether the bacterial strain was suitable for detecting mercury or 

arsenite concentrations, as an alternative to conventional methods like CVAAS, GFAAS or 

ICP-AES, spiked soil samples were sequentially extracted (IV). P. fluorescens (pTPT11) was 

found to be very sensitive to detecting Hg2+ and the sum of extraction fractions corresponds 

well with the CVAAS results (Table 5a). Slight overestimation of the arsenite biosensor strain 

may have been caused by arsenate, which also to some extent induces the ars operon 

(Taurianen et al. 1997). 

The effect of centrifugation and filtration was clear. Due to absorption to the filter paper the 

recovery of mercury after filtration was 8% with both methods   biosensor and CVAAS 

(Table 5a) (IV). The same phenomenon was also found (Rasmussen et al. 2000). Also, 

Brouwer et al. (1990) noticed that filtration reduced the toxicity compared to the 

centrifugation of sediment samples. Therefore in latter experiments soil/sediment–water 

slurries were either only centrifuged or used as such (II, III). The bioavailable fraction of 

mercury in spiked soils varied between 9% (S100) and 121% (S100sl) of the amended 

amount. The influence of centrifugation on measurements of mercury availability is apparent; 

the bioavailable fraction is over 20 times higher in the slurry samples (S100sl and T1sl). 

Apparently the mercury is particle-bound and sediments during centrifugation. However, as 

shown by the slurry samples bacteria seem to be capable of releasing the heavy metal ions 

from the clay particles. This was not the case with the humus sample, which was spiked with 

the same amount of mercury (100 µg g–1 of HgCl2) (Table 5a) (II). 

 
 



 

 18 

Table 5a. Mercury concentration (µg g–1 d.w.) measured by bacterial  
    strain OS8 or by chemical method (CVAAS). 

 
Sample 
Hg2+  

P. fluorescens 
(pTPT11) 

CVAAS1) Contact time Treatment Article 

H500 sum 28.4 32.8  14 days filtered IV 

H100 WS 34.4 66.0  10 weeks centrifuged II 

H100 sl 21.6   10 weeks slurry II 

S100 WS 3.59 40.9  10 weeks centrifuged II 

S100 sl 90.9   10 weeks slurry II 

M100 sum 23.5 na3)  30 days filtered IV 

T1 WS 0.0114 0.15 nk4) centrifuged II 

T1 sl 0.2519 na3) nk4) slurry II 

T2 WS bd2) 0.16 nk4) centrifuged II 

T3 WS bd2) <0.06 nk4) centrifuged II 

T4 WS 0.0002 0.09 nk4) centrifuged II 

D WS 0.0013 <0.06 nk4) centrifuged II 

N WS bd2) 1.35 nk4) centrifuged II 

 

Table 5b. Arsenite concentration (µg g–1 d.w.) measured by bacterial  
     strain OS8 or by chemical method (GFAAS or ICP-AES). 

 
Sample 
As3+ 

P. fluorescens 
(pTPT31) 

CFAAS/ 
ICP-AES1) Contact time Treatment Article 

H500 sum 292.3 133.5  14 days filtered IV 

H100 WS 0.31 44.7  10 weeks centrifuged II 

H100 sl 0.37   10 weeks slurry II 

S100 WS 0.07 46.8  10 weeks centrifuged II 

S100 sl 0.05   10 weeks slurry II 

M100 sum 115.4 na3)  30 days filtered IV 

REF WS 0.05 0.04 nk4) slurry III 

KN WS 1.06 0.85 nk4) slurry III 

LF WS 3.63 4.60 nk4) slurry III 

LP WS 0.77 7.39 nk4) slurry III 

T1 WS 0.002 6.50 nk4) centrifuged II 

T1 sl bd2)  nk4) slurry II 

T2 WS bd2) 8.53 nk4) centrifuged II 

T3 WS bd2) <5 nk4) centrifuged II 

T4 WS bd2) 6.50 nk4) centrifuged II 

D WS bd2) <5 nk4) centrifuged II 

N WS bd2) 30.1 nk4) centrifuged II 
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 Explanations for Table 5: 

 H = humus, M = mineral soil, C = clay  

500 =  spiked with 500 µg g–1 d.w. of mercury or arsenite, corresponding 
 369 µg g–1 d.w. of Hg2+ or 288 µg g–1 d.w. of As3+. 
100 =  spiked with 100 µg g–1 d.w. of mercury or arsenite, corresponding 
 73.8 µg g–1 d.w. of Hg2+ or 57.6 µg g–1 d.w. of As3+ 

T1, T2, T3, T4, D, N = environmental soil samples 
KN, LF, LP = sediment samples from sawmill area  
REF = sediment sample from a clean lake 

sum = sum of the extraction fractions  
sl = slurry (soil:water 1:5), not centrifuged  
WS = water soluble fraction (soil:water 1:5) 

1)Air-dried soil was used in CVAAS, GFAAS and ICP-AES determination  
2)bd = below the detection limit 
3)na = not analysed  
4)nk = not known, authentic environmental sample 

The soil type affects binding and detachment of heavy metals. High content of soil organic 

matter and clay absorbs metals (Steinnes 1990). Fe and Al oxides are known to bind As (Jain 

et al. 1999). Oxidation–reduction status and pH of the soil determine the valency of metals 

and hence the level of bioavailability and toxicity. These factors have to be taken into account 

in assessing the environmental risk of heavy metals in a polluted area. The sediment sample 

LP from the sawmill area and the sample T1sl near a caustic soda factory showed that the 

bioavailable portion is dependent upon the sediment characteristics and environmental 

factors. The bioavailable fraction of total arsenite in LP was 10% of the total amount, whereas 

the mercury concentration in T1sl was 168% compared to the CVAAS result (Table 5a and 

Table 5b) (II, III). Centrifugation did not affect the measurement results of arsenite in spiked 

soils. The variations in samples were high and thus the significance of the differences 

between cleared and slurry samples is questionable. The oil-contaminated soil N contained 

moderately high levels of arsenite and mercury (30.1 µg g–1 of As and 1.35 µg g–1 of Hg) but 

the heavy metals were not bioavailable to bacteria (Table 5b). 

5. Conclusions 

The arsenite and mercury sensing soil-bacterium based strains turned out to be well suited for 

detection of bioavailable heavy metals in solid samples. The specificity of these constructs 

was excellent and detection limits compared to the other bacterial biosensors and 
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conventional chemical methods were competitive. The advantage of biosensors is their 

capability to distinguish the bioavailable portion from inert forms of elemental heavy metals, 

which the chemical methods cannot do. P. fluorescens OS8 is a good choice as a biosensing 

microbe due to its natural occurrence in soil and environmental competence. Thus, it can 

reflect the actual impact of environmental samples on bacteria of genus Pseudomonas in 

terrestrial or aquatic environments. 

In measuring the overall toxicity and bioavailable fraction of heavy metal of the authentic 

samples the environmental characteristics of soil and sediments studied must be taken 

account. The fact that the soil or sediment type itself is a very significant element in binding 

of the heavy metal in soil/sediment particles was noticed in this work. The clearest evidence 

of direct contact between the bacteria and solid particles was detected in slurry experiments. 

The results showed that the bacterium is capable of releasing the mercury from soil particle.  

Toxicity and bioavailability to different organisms differs from species to species. Therefore, 

it is meaningful to use several organisms from different trophic levels in environmental risk 

assessment studies. The choice of the relevant test organism combination is not easy. Results 

from bacteria or midge tests cannot be applied directly to the higher organisms including 

plants, animals and even human, but they give a good estimate on potency of the existing 

possible hazard. The advantage of using microorganisms in early warning systems is e.g. their 

small size, the high surface area to volume ratio, they are widespread and abundant, they have 

high metabolic and growth rates, their versatility, functionality and importance in the food 

web as part in recycling of matter. The constitutively bioluminescent bacteria test the general 

or overall toxicity while the tests utilising the inducible bacteria are based on a true, direct 

effect through induction. It does not measure the influence based on growth or reproduction 

like e.g. midge tests, which is prone to errors due to the variability ambient factors. 

In the future these genetically engineered soil bacteria might be used also in in situ studies 

where a contaminated soil core is sprayed with specific luminescent bacteria and light could 

be detected by CCD-camera. In this way the delineation of the polluted area could be done 

exactly both with regards to horizontal and vertical distribution and also layering.  
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