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The Microbial Assay for Risk Assessment (MARA) is an innovative system based on an array of

11 different microbial species freeze-dried in a 96-well micro-titre plate format. Developed for

testing the toxicity of chemicals, mixtures and environmental samples, the assay employs species

of a taxonomically diverse range. In addition to ten prokaryotic species, a eukaryote (yeast) is

included in the range. The MARA’s innate scope of a multi-dimensional test allows determination

of toxicity based on a unique assay fingerprint or index, numerically expressed as the mean

Microbial Toxic Concentration (MTC). The most significant potential of the test is in the

additional inference that can be conveyed to the toxicity evaluation because of the presence of

each of the constituent species. In view of the fact that conventional aquatic bioassays, like fish or

cladoceran tests, are expensive and impractical, the MARA could provide a cost-effective solution

for routine ecotoxicological testing. The performance of the MARA was evaluated to ascertain its

capability and potential scope. Sensitivity to toxicants and different environmental samples was

assessed. Evaluation included comparison with other tests: namely Microtoxs, invertebrate

(Daphnia magna and Thamnocephalus platyurus) microbiotests, and respiration-inhibition and

nitrification-inhibition tests. The most sensitive invertebrate test was found to be the T. platyurus

microbiotest for three of the four metals tested. The LC50 values for this test for Cd(II), Cr(VI)

and As(III) were 0.2, 0.018 and 0.3 mg l�1, respectively; and the corresponding most sensitive

MARA species MTC values were 4.4, 2.8 and 17 mg l�1, respectively.

Introduction

Ecotoxicity testing

The extent of contamination in the environment has

historically been assessed using chemical analysis. Comparison

of the analytical data has then provided a means to assess the

levels of pollutants present.1 This approach is likely to

result in erroneous interpretation owing to the fact that the

determination of bioavailability of chemicals in the environ-

ment is a complex matter.2 A better approach is considered

to be the use of a joint chemical and ecotoxicity testing

regime.

Interestingly, the tests (bioassays) that were originally

developed to characterise the toxicity of chemicals have

proved to be of beneficial use to assess the toxicity of

environmental samples.3,4 It was the application of these

biological assays to measure the effects of substances on

living organisms that gave rise to the term ‘bioassay’.

Bioassays provide the means to measure the direct

toxicity of samples incorporating evaluation of all the sample

components and the myriad of interactions that may be

additive, antagonistic or synergistic. In view of the potential

benefits of protecting indigenous species using ecologically

relevant organisms, bioassays are now utilised globally both

for non-regulatory and regulatory purposes.5,6 In essence,

only single representative species of producers and

consumers from these trophic levels are utilised for phyto-

toxic and zootoxic assessment. Commonly used freshwater

species include Pseudokirchneriella subcapitata for the algal

test and Daphnia magna in the case of an invertebrate test. A

battery of single-species tests provides a useful and practical

ecotoxic evaluation.7–9 These conventional tests in the con-

text of the Water Framework Directive (WFD)10 are effective

for the ecotoxic assessment of environmental samples, but

the cost of carrying out these tests imposes financial con-

straints in the regulatory framework to industry, thus limit-

ing the extent of usage for routine purposes. There are also

cost implications on utilisation for non-regulatory monitor-

ing purposes.

A potential solution to the cost issue may lie in using

bacterial tests.

Bacterial

Utilisation of bacteria in ecotoxicity tests has significant

benefits. The relative size of the microorganisms means that

aNCIMB Ltd, Craibstone Estate, Bucksburn, Aberdeen, UK AB21
9YA. E-mail: k.wadhia@ncimb.com. E-mail: t.dando@ncimb.com;
Fax: +44 (0)1224 711299; Tel: +44 (0)1224 711100

bALcontrol Laboratories, Rotherham, South Yorkshire, UK S60 1BZ.
E-mail: clive.thompson@alcontrol.co.uk. E-mail:
kirit.wadhia@alcontrol.co.uk; Fax: +44 (0)1709 841011; Tel: +44
(0)1709 841078

w Presented at the Water Status Monitoring of Aquatic Ecosystems in
the context of the Water Framework Directive meeting, Lille, France
12–14th March, 2007.

This journal is �c The Royal Society of Chemistry 2007 J. Environ. Monit., 2007, 9, 953–958 | 953

PAPER www.rsc.org/jem | Journal of Environmental Monitoring



concurrent effects measured pertain to large numbers

(millions) of test organisms. The duration of the tests is

substantially reduced owing to short generation times. The

metabolic and physiological activities in bacteria are likely to

be impacted by toxicants much more rapidly than those in

higher organisms. Ethical issues, particularly associated with

vertebrate species, are not a concern, and costs associated with

bacterial tests are significantly lower than those of invertebrate

and vertebrate ecotoxicity tests.11,12

The potential use of microbial tests has been recognised with

the evident proposals submitted by regulatory and standardi-

zation organizations.13

Examples of bacterial species utilised in toxicity tests include

Pseudomonas fluorescens14 and P. putida.15Escherichia coli

features in a number of tests including: Toxi-chromotestt,

MetPADt, andMetPLATEt.16,17 Microtoxs, a test based on

bioluminescent Vibrio fischeri, has been in use for more than

three decades.18

These aforementioned bacterial tests provide results in the

form of a single-species parameter. A multi-species freshwater

biotest has been developed.19,20

Microbial Assay for Risk Assessment (MARA)

An innovative development of significant potential is the

MARA (Microbial Assay for Risk Assessment). It is a

multi-species assay which allows measurement of toxic effects

of chemicals and environmental samples. The test uses a

selection of taxonomically diverse microbial species lyophi-

lised in a microplate. Ten prokaryotic species and a eukar-

yote (yeast) constitute the biological indicators of toxicity

assessment.

The growth of the organisms exposed to a dilution series of

the test sample is determined with the reduction of tetrazolium

red (TZR). A scanned image of the microplate obtained using

a flatbed scanner is analysed using purpose-built software.

MARA evaluation

Testing was performed using the Microbial Assay for Risk

Assessment (MARA) to assess the toxicity of an extensive

range of environmental samples. Samples tested included raw

waters, effluents, sewage sludges and soil leachates. The per-

formance of the assay was evaluated with comparative assess-

ment involving pertinent tests routinely utilised for toxicity

determination. This included respiration-inhibition and nitri-

fication-inhibition tests employed to protect sewage treatment

works (STWs) from potential throughput of toxic discharges.

The evaluation was implemented to assess the application of

MARA in testing the toxicity of a spectrum of aquatic and

terrestrial environmental samples.

Initial assessment of the performance of MARA to ascertain

variability was implemented with (intra-laboratory) repeat-

ability and reproducibility studies. Sensitivity evaluation in-

cluded the use of both inorganic and organic substances. And

in order to gauge the inhibitory effects of ‘non-toxic’ matrix

components, specific chemicals with constituent selected an-

ions and cations, for example, nitrate (NO3
�), sulfate (SO4

2�)

or chloride (Cl�), were tested.

Materials and method

Sample preparation

Where necessary, samples were centrifuged (at 3000 rpm for

15 min) to remove particulate matter. Each sample was filtered

by means of a 10 ml syringe through a 0.45 mm filter into a

clean universal bottle to remove the natural flora. A total of 10

ml of sample was prepared. Phytone peptone (0.4 g) was added

to the sample. After dissolution of the solid medium, 0.2 ml

tetrazolium red (TZR, 1% w/v solution) was added. Samples

were analysed immediately after preparation.

Plate preparation prior to sample testing

All plates were allowed to equilibrate (for 2 h) to room

temperature after removal from their protective packaging.

A volume of 150 ml of medium (phytone peptone, 2% w/v) was

added to each well containing the microorganisms (row H,

columns 1–11 – see Fig. 1) and to the last well in row H,

column 12. The latter contained the freeze-dried base only and

was used as a contamination control since it was treated with

sample in the same way as the microorganisms in the plate.

Any biomass observed in wells in column 12 was attributed to

contamination since all samples were filter-sterilised. After the

addition of growth medium, all plates were incubated for 4 h

at 30 � 2 1C in a sealed plastic container containing moist

tissue paper to ensure that constant humidity was maintained.

Sample dilution series

After incubation the plates was removed from the incubator

and 150 ml of medium containing TZR (0.01% w/v) was added

to each well in rows A–F. A volume of 150 ml of sample was

added to the wells in row G. Using a 12-channel pipette, 50 ml
of sample was transferred from each well in row G to the

corresponding well in row F. The contents of the wells in row

F were mixed by filling and discharging the 12-channel pipette

into the wells. After mixing, 50 ml of the contents of the wells in
row F were transferred to the wells in row E. This procedure

was repeated to row B. The contents of the wells in row B were

mixed as before and 50 ml from each well in the row was

discarded. In implementing this procedure a concentration

gradient (in 3� steps) was obtained from row G (highest

concentration) to row B (lowest concentration). The concen-

tration gradient of the test environmental sample ranged from

100%(in row G) to 0.4% (in row B). No sample was added to

the wells in row A. This constituted the negative control.

Using the above procedure a constant reaction volume of

100 ml was obtained in all the wells in rows A–G.

Fig. 1 MARA 96-well microplate.
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Inoculation and incubation

Finally, 15 ml was transferred, after mixing, from the wells in

row H to the corresponding wells in row A, using a 12-channel

pipette; this was repeated through rows B–G. This procedure

ensured that all the wells in each column were inoculated with

the same volume of the bacterial suspension. Each plate was

then placed in a plastic container as before and incubated at

30 � 2 1C for 18 h.

Test measurements

After incubation the plates were removed from the incubator.

Any condensation on the base of the plates was carefully

removed using tissue paper, care being taken not to shake the

plates. Growth in the 96 wells on each plate was recorded

(after removal of the lid) by means of a scanner (HP Scanjet

7400c) using transmitted light and a resolution of 100. The

scans of plate images were stored and subsequently analysed

using a specially designed software package to determine,

wherever applicable, the microbial toxic concentration.

MARA toxicity determination

Evaluation of the data produced with the MARA is assessed

by examining the growth inhibitory effect on the pellet forma-

tion at each sample dilution. The assessment can be made for

each individual species or by looking at the mean software-

computed value of all the constituent species. Using the latter

the toxicity of a sample can be expressed with reference to a

threshold value or interval assigned for toxicity classification.

For example, an undiluted sample exhibiting an overall in-

hibitory effect (across 11 species) of o20% is considered to be

non-toxic. This is an effective means of obtaining a rapid

indication (or assessment) of the results.

In order to provide a comprehensive and optimal assess-

ment utilising the significant feature of the MARA as a multi-

species test, a determination referred to as the Microbial Toxic

Concentration (MTC) is computed. The MTC value is deter-

mined as follows:

MTC ¼ cmin � d Ptot=Poð Þ�1

where cmin= lowest concentration in the gradient, Po= pellet

size in the control, d= dilution factor and Ptot= six pellet

sizes down the concentration gradient.

MTC values for the MARA are generated for each species

and as a single value for the assay as a whole is also

determined. The specific species-related MTC values provide

a MARA toxic fingerprint uniquely characteristic of the test

substance and potentially indicative of the mode of toxic

action.

The MTC is a means of computing a value equivalent to the

EC50 determination. The computation uses all available points

above and below the growth curve in the 0–100% inhibition

range.

Results and discussion

Repeatability and reproducibility

In order to determine the inherent variability of the MARA

test, testing was implemented using potassium dichromate

(K2Cr2O7). Ten identical plates were simultaneously set up

using 100 mg l�1 stock solution. The MARA test mean (all 11

species) MTC value for K2Cr2O7 with replicate (n= 10)

testing was found to range from 22.4 to 27.0 mg l�1. The

species exhibiting the least variation (CV= 5.42%) was No. 6.

Five species (No. 1–5) had CV values ranging from 11.36 to

16.45%. CV values for species 7–11 ranged from 20.08 to

34.45%. ANOVA performed on the data summarised in

Table 1 indicated that the difference between plates was not

significant (p 4 0.05 – NS). The mean MTC value, 95%

confidence limit (CL) and coefficient of variation (CV) for each

species are given in Table 1.

To obtain a measure of reproducibility of MARA repeated,

testing on six different days using 3,5-dichlorophenol was

implemented.

The overall mean MTC value (of all species) obtained for

each plate is given in Table 2.

The evaluation of the MARA repeatability and reproduci-

bility investigation conveyed here represents a preliminary

intra-laboratory assessment. An international inter-laboratory

trial with 13 laboratories testing chemicals and environmental

samples has been instigated for an in-depth evaluation.

Sensitivity

Metals. The results of the testing performed using MARA

to evaluate the sensitivity to some of the selected metals is

summarised in Table 3. To allow comparison of the relative

sensitivity, comparable relevant EC50 or LC50 values obtained

in previous studies using different ecotoxicity tests are in-

cluded.

Organics. The MARA (n= 6) MTC results obtained with

testing performed using the organic reference toxicant 3,5-

dichlorophenol are presented in Table 4. Mean EC50/LC50

values obtained with other ecotoxicity tests are given.

Gabrielson et al., using pentachlorophenol, reported results

as in Table 5:21

Table 1 Mean MTC (in mg l�1), 95% CL and CV (%) for testing performed using 3,5-dichlorophenol

Species

1 2 3 4 5 6 7 8 9 10 11

Mean 5.73 4.59 7.70 4.51 19.83 3.80 4.41 7.35 29.17 10.53 6.21
CL (95.0%) 0.85 1.25 1.33 0.99 4.52 0.65 0.24 2.56 3.60 5.06 2.05
CV (%) 15.10 26.03 16.43 20.82 21.73 16.36 5.19 33.16 11.76 45.78 31.51

Table 2 MARA test plate MTC values (in mg l�1)

Plate 1 2 3 4 5 6

MTC 6.97 7.12 7.61 6.82 7.95 7.12
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The toxicity of a number of solvents was investigated. These

potentially have the scope for extraction of organic contami-

nants from samples prior to testing with the MARA. The

mean MTC values for solvents obtained were: acetone =

1.97%; DMSO = 2.06%; methanol = 2.35%.

Confounding variables

The results of the testing performed using the MARA to

evaluate the sensitivity to confounding variables is sum-

marised in Table 6.

Environmental samples

Raw waters. Samples of borehole water and river water were

tested using theMARA. The results presented in Fig. 2 exhibited

inhibition of pellet growth of the most sensitive species, but the

overall assessment generated with the software provided the

inference that the samples were non-toxic. Mean inhibition

values of pellet growth for all species, expressed as toxic units,

were 6.7% for river water and 9.3% for borehole water.

The samples were also tested using Microtoxs and the

results indicated inhibition values below the limit of detection

of this test.

Effluents. A number of different effluents were tested using

the MARA and a broad range of toxicity values were ob-

tained. Histograms of MTC values of two samples for indivi-

dual MARA species are given in Fig. 3 and 4. The MTC mean

value of all species and that of the most sensitive species are

shown as the horizontal lines on the graphs.

Sample 060005677. For sample 060005677 (scan presented

as Fig. 5) the MARA mean EC50 value obtained was 16.5%.

Using Microtoxs an EC50 value of 42.1% was recorded; thus

for this sample the MARA exhibited better sensitivity than

Microtoxs. Respiration inhibition tests performed using sam-

ple 060005677 resulted in a �1.54 dilution (65% sample

concentration) giving 45.7% inhibition. A sample concentra-

tion of 17.5% (�5.7 dilution) was required to give an EC50

value with the nitrification inhibition test. Thus the MARA

shows potential scope for utilisation for the protection

of Sewage Treatment Works (STWs) against toxic effluent

discharge.

Sample 060001181. The sample 060001181 tested was an

industrial effluent of potential concern to a sewage treatment

works and required regular monitoring. The source of the

effluent was a chemical manufacturing plant. Mean MTC

values obtained for the MARA species ranged from 1.1 to

10.3%; the sample mean MTC value was determined to be

3.9%.

The results of the testing with other ecotoxicity tests gave

the following EC50 values:

Respiration inhibition test: 8.6%

Nitrification inhibition test: 0.4%

The results showed that the MARA test for this sample was

more sensitive than the respiration inhibition test. Also, the

latter is routinely employed to assess the toxicity of this

effluent because of its ecological or operational relevance.

Sewage sludges. The difference in toxicity of raw and treated

sewage samples was evident with the testing performed. A raw

sewage exhibited mean (all species) inhibition of pellet growth

of 53% in the neat sample, whereas with a treated sewage

sample, inhibition recorded was 3.8%.

Soil leachates. Soil samples were tested using 10 : 1 aqueous

leachate (BS EN 12457-2:2002) preparations. MARA results

showed that low leachable levels of toxicants, confirmed with

chemical analysis, did not result in significant (o20%) toxi-

city. Some of the soil leachates affected the growth of specific

species in the MARA array. Further work is in progress to

develop extraction techniques that will allow a more definitive

assessment of contaminant bioavailability.22

Table 3 Summary of MARA results and other ecotoxicity tests used in this study

D. magna T. platyurus Microtoxs
MARA

24 h EC50 24 h LC50 30 min EC50 Lowest MTC Mean MTC

Metal
Concentration/
mg l�1

Cd(II) (CdCl2 � 5H2O) 0.7 0.2 8.0 4.4 17
Cr(VI) (K2Cr2O7) 0.35 0.018 15.0 2.8 11
Sb(III) (SbCl3) 5.27 11.2 3.3 14
As(III) (Na3AsO3) 0.3 1.3 1.4 30

Table 4 Sensitivity comparison of MARA with other ecotoxicity tests using 3,5-dichlorophenol

NIa RIa Microtoxs (5 min)

D. magna
T. platyurus

MARA

24 h 48 h Lowest MTC Mean MTC

Concentration/mg l�1 0.31 6.8 4.1 2.6 2.5 3.7 3.8 7.3

a RI = Respiration inhibition; NI = nitrification inhibition.

Table 5 Comparison between MARA and also other tests for
pentachlorophenol

D. magna Microtoxs
MARA

EC50

Lowest
MTC

Mean
MTC

Concentration/mg l�1 0.6 0.6 0.7 9.0
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Conclusions

Several conclusions may be drawn:

(1) The concept and design of the Microbial Assay for Risk

Assessment (MARA) potentially offers a significant improve-

ment on existing conventional ecotoxicity tests. The use of

multiple species in the low-cost MARA test has been found to

be a viable and robust technique. As toxicity is both chemical-

and species-specific, the use of a battery of 11 different species

gives far more information than a single species.

(2) A significant asset of the MARA is that toxicity

assessment is ascertained with reference to the most sensitive

species, and in addition the overall toxicity to a battery of

phylogenetically diverse strains. This provides a valuable

means of obtaining unique toxic fingerprints of different

chemicals.

(3) Performance results of the MARA test evaluations

indicate that the precision and consistency exhibited by the

test allows a reproducible assessment. The MARA test was

found to be as sensitive as some other established ecotoxicity

tests with reference to specific toxicants tested in this trial. The

assessment, although based on a limited number of compar-

isons both in terms of tests and toxicants, shows scope for

routine employment of the assay. The MARA is capable of

detecting inorganic and organic toxicants.

Fig. 2 Mean pellet growth in replicate (�3) wells compared to test

control of MARA species with test performed using ‘raw’ waters.

Fig. 3 MARA MTC determinations.

Table 6 Summary of MARA and other ecotoxicity tests results

D. magna T. platyurus Microtoxs
MARA

24 h EC50 24 h LC50 EC50 Lowest MTC Mean MTC
Concentration/
mg l�1

Metal

Ca(II) (CaCl2 � 2H20) 570 43 559 688
Fe(II) (FeSO4 � 7H2O) 24.5 41.5 71 (5 min) 1.4 84
K(I) (KCl) 980 410 12 501
Mg(II) (MgSO4 � 7H2O) 400 620 735
Mn(II) (MnSO4 �H2O) 10 23.3 13.7 (15 min)
Na(I) (NaCl) 400 1800 20 000 (5 min) 332 3930

Anion

Cl(I) (NaCl) 620 2500 20 000 (5 min) 708 5405
NO3(I) (NaNO3) 3800 157 2033
SO4(II) (Na2SO4) 5600 3900 17 000 (5 min) 5405 8388

Fig. 4 MARA species MTC values.

Fig. 5 MARA scan of effluent sample 060005677.
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(4) The results of the testing performed using the MARA

indicate that it is suitable for assessing the toxicity of a wide

range of environmental samples. The assay can be used for the

toxicity assessment of soil and sludge leachates, waters and

effluents. MARA as an ecotoxicity tool can potentially prove

to be a very useful and cost-effective asset in the implementa-

tion of the Water Framework Directive (WFD).
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