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HIGHLIGHTS 

● A. globiformis DHA is a sensitive endpoint for assessing the quality of solid samples 

● A. globiformis solid contact assay proved to be reproducible and repeatable 

● The assay is reliable for routine use towards soil and waste quality evaluation  

 

Abstract 

The contact assay measuring the inhibition of Arthrobacter globiformis dehydrogenase 

activity as an endpoint to evaluate the toxicity of solid samples was tested in an 

international ring-test to validate its performance for ISO standardization (ISO/CD 

18187). This work reports the results of the ring-test involving 9 laboratories from six 

countries. At least 8 valid data sets were obtained for each sample and more than three 

quarters of the participants attained the validity criteria defined in the standard. The 

coefficient of variation within (CVr) and between (CVR) laboratories was generally on 

average <15% and <30% for negative and positive controls, respectively. Regarding 

solid samples, the laboratories provided a similar ranking of the samples based on their 

toxicity, despite some variation in the LOEC values. The logarithmic within-lab 

standard deviation <0.50 for soils and <0.25 for wastes evidenced a good repeatability. 

The between-lab variability assessed by a CVR <30%, minimum-maximum factor <4 

and a reproducibility standard deviation (SDR) <0.13 for a great part of the solid 

samples, confirmed the test reproducibility. Overall, this assay proved to be robust, 

sensitive and feasible for routine use towards the quality assessment of soils and wastes.  

 

Key-words: Arthrobacter globiformis; dehydrogenase activity; soils; wastes; ISO/CD 

18187 
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Introduction 

The quality assessment of soils and wastes has been recently receiving more attention, 

given the relevance of soil ecosystem services and their protection for different uses, as 

well as the need for a sustainable management of the increasingly produced solid 

wastes. Under this context, the evaluation of solid materials, which might be 

contaminated with a mixture of unknown compounds, has been broadening beyond the 

regular physical and chemical characterization as to include their ecotoxicological 

characterization [1]. This requires the development of new, easy-handled, cost-effective, 

rapid and sensitive methods to cover ecologically relevant terrestrial organisms that are 

yet to be considered for assessing the quality of solid samples. Soil microorganisms, for 

instance, are a key group in the terrestrial trophic chains, since they are responsible for a 

wide range of ecosystem functions, such as organic matter degradation, assimilation and 

dissimilation of N and plant-growth promotion [2,3,4]. Therefore, soil microorganisms 

have been often viewed as possible bioindicators of soil functioning and health [5,6]. 

Until now, most microbial parameters monitored in soils using ISO standards are at the 

community level [7], like microbial diversity [8,9], biomass [10,11], metabolic activity 

(e.g., enzymatic activities, respiration curves [12], ammonium oxidation [13], 

mineralization and nitrification [14]), and abundance of microbial genes [15].  

Despite the relevance of these endpoints to estimate possible impacts of stressors in the 

composition and normal functioning of the soil microbial community, they may provide 

misleading sensitivity due to community shifts, namely associated with the  

disappearance of sensitive populations and the dominance of  tolerant ones [16]. In 

addition, the methods used are expensive, time-consuming and effort-demanding. 

Thereby, the development of standard methods to quickly assess the quality of solid 

samples on specific microbial populations can be an excellent and reliable alternative. 

Indeed, such methods are not constrained by the functional redundancy occurring at 

microbial community level, besides being usually rather simple, cost-effective and 

easily standardized. As such, they are valuable tools to support risk assessment and 

hazard characterization schemes applied to soils [e.g.,17,18] and wastes [19], as often 

required by risk managers, industry and academics. 

In particular, Arthrobacter globiformis is a ubiquitous and non-pathogenic aerobic soil 

bacterium that synthesizes an extracellular enzyme during different metabolic processes 

[20], which activity was suggested to be a potential indicator of the effect of 
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contaminants on solid samples [21]. As such, a solid contact test based on the 

measurement of A. globiformis dehydrogenase activity (DHA) was preliminary 

purposed [21,22]. The principle of the assay relies on the reduction of resazurin into 

resorufin that is fluorimetrically detected and used as a proxy of DHA. Whenever a 

solid sample inhibits the A. globiformis DHA, the level of resorufin production and, 

hence, the emitted fluorescence is reduced, indicating that the sample is toxic or 

presents reduced quality. Several studies confirmed the bacterium sensitivity to different 

pollutants [e.g.,22,23,24], which was often more pronounced comparatively to other test 

methods and terrestrial test organisms [25,26]. Therefore, due to the short life-cycle, fast 

response, sensitivity and easy maintenance of A. globiformis, as well as the high 

surface-to-volume ratio and the requirement of small amounts of test sample, this solid 

contact assay was proposed for standardization to the International Organization for 

Standardization (ISO).  

A relevant step in the standardization process is the validation of the test procedures 

through an international ring-test (IRT) at the Committee stage (CD) to reach the 

Enquiry stage (DIS) [7]. Therefore, this work aims to evaluate the within- and between-

laboratories variability of the method ‘Solid contact test using the dehydrogenase 

activity of Arthrobacter globiformis, ISO/CD 18187’ [27], as requested by the ISO/TC 

190/SC4 ‘Soil quality – Biological methods’. The IRT joined 9 laboratories from 6 

countries to evaluate and validate the test method in what regards (i) its 

understandability and practicability, (ii) achievement of the validity criteria, (iii) 

suitability of the reference substance, (iv) sensitivity and responsiveness of the assay to 

different soil and waste samples, (v) repeatability of the assay, (vi) reproducibility and 

applicability of the assay for routine use in different laboratories and countries. 

 

2. Material and methods 

2.1. Organization and participants  

The organization, scientific coordination, development of practical procedures and 

statistical analyses were carried out at the Department of Biology of the University of 

Aveiro (DBio-UA) (Aveiro, Portugal), in collaboration with ECT Oekotoxikologie 

GmbH (ECT). A total of 9 participants from 6 different countries: France (2 labs), 

Germany (2 labs), Czech Republic (2 labs), Australia (1 lab), Spain (1 lab) and Portugal 

(1 lab) joined the IRT held in 2014. Each participant was provided with an IRT kit 

constituted by vials with lyophilized A. globiformis, the reference substance, the control 
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substrates and the solid samples for testing (i.e., soils and wastes). Upon reception of 

the IRT kit, the participants had to prepare the appropriate dilutions of the solid samples 

(cf. section 2.3) and perform the contact test as described in the draft ISO 18187. The 

final results were sent to DBio-UA for further treatment and analysis. 

 

2.2. Test organism 

A. globiformis (Conn 1982) Conn and Dimmick 1947 was obtained from Deutsche 

Sammlung für Mikroorganismen und Zellkulturen (DSMZ) GmbH and cultured under 

30±1ºC and 150 rpm into liquid media as described in the draft ISO 18187 [27]. Fresh 

bacterial cultures were then lyophilized into individual vials, ready to use into contact 

test trials. The viability of the bacterial lots prepared in Portugal was first confirmed 

before being sent to the participants (see section 2.4).  

 

2.3. Solid samples, characterization and dilutions 

Different soil and waste samples were used to perform the IRT (Table 1). Soil samples 

were collected from: a low-contaminated site (S1), a construction site (S2), an 

abandoned uranium mine in Portugal (S3), and a phosphogypsum deploying site in 

Tunisia (S4). The soils were collected, handled and stored according to the procedures 

outlined in ISO 10381-6 [28] and in the draft ISO 18187 [27]. The pH, conductivity 

[29], water holding capacity [30], organic matter [31] and silt/clay [32] contents were 

determined according to the respective standard procedures. Pseudo-total metal 

concentrations were quantified by ICP-MS (inductively coupled plasma mass 

spectrometry; Thermo S-quadrupole ICP-MS apparatus) after extraction in aqua regia 

[24]. 

The four representative waste types used were: wood waste (WOO) treated with wood 

preservatives containing copper (W1; [33,34]), dredge material from a harbor (W2; 

waste code 17 05 06); fluidized bed ash from a coal plant (W3; waste code 10 01 17); 

crushed glass material (W4; waste code 19 12 05). The waste samples were previously 

characterized, stored and prepared according to EN 14735 [35], being their main 

physical and chemical properties and the content of contaminants either determined by 

ICP-MS (following the method mentioned above), though some values were retrieved 

from Becker et al. [33] and the ABANDA database (organized by the German state of 

North-Rhine-Westphalia) [36].  
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The 2-mm particle size fraction of both soil and waste samples was obtained for metal 

analysis and/or to conduct the contact tests, being stored at 4ºC in the dark for no longer 

than 2 weeks, until being sent to the participants for performing the A. globiformis 

contact assay. 

Since the soil and waste samples presented different levels of toxicity, a range of 

dilutions were prepared by each participant, by adding the appropriate mass of the 

respective control substrates [i.e., Lufa 2.2 natural soil (Speyer, Germany) and quartz 

sand (QS), respectively]. For soils, the geometric dilutions series considered were G1 

(100%), G2 (50%), G4 (25%), G8 (12.5%) and G16 (6.3%), except for soil S1, which 

was only tested at G1 since it presented low contamination/toxicity. For wastes, the 

evaluated dilutions in terms of sample dry mass were G2 (50%), G4 (25%), G8 

(12.5%), G16 (6.3%), G32 (3.1%), although one laboratory (L4) also tested two lower 

dilutions [G64 (1.6%) and G128 (0.8 %)].  

 

Table 1  

 

2.4. Chemicals 

The reference substance benzyldimethylhexadecylammonium chloride (C16-BAC; CAS 

#122-18-9) belonging to the family of quaternary ammonium compounds was 

purchased from Sigma-Aldrich, Germany. The C16-BAC solution was prepared in 

distilled water and used to spike Lufa 2.2 soil at 600 mg C16-BAC kg-1
, in order to 

obtain the positive control substrate. At this concentration, C16-BAC induces between 

30 and 80% inhibition of A. globiformis DHA. All other chemicals used for preparing 

culture media and phosphate buffer were of high quality (microbiology-grade; 80 to 

>99% purity) and purchased from Sigma-Aldrich and Merck. 

 

2.5. The contact assay  

The test procedures followed those outlined in the draft ISO 18187. In brief, the test was 

conducted in 24-well microplates, being considered 4 replicates (i.e., wells) per sample 

dilution, negative (Lufa 2.2 and QS) and positive control (C16-BAC-spiked Lufa 2.2) 

substrates. In order to validate the test for the three negative control substrates 

suggested in the draft ISO 18187 [27] (i.e., Lufa 2.2, QS, OECD artificial soil 

hereinafter referred as OECD soil), additional 4 replicates for the OECD soil [37] were 
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also prepared. Each replicate/well contained 600 mg of pre-moistened sample/substrate. 

The potential DHA of native microbial community in solid samples is deactivated by 

keeping the microplates at 85ºC for 10 min. 

A. globiformis inoculum was obtained after reconstituting the lyophilized bacterial vials. 

The inoculum was added to each well and the plates were incubated at 30ºC for 2 h (the 

contact reaction). Afterwards, the resazurine dye was added per well, being 

fluorimetrically followed the kinetics of its transformation into resorufin through DHA 

during 1 h. At the end, the test was validated if:  

(i) the absolute value of the average relative fluorescence of the negative control 

increased by a factor ≥5, 

(ii) the percentage inhibition of DHA in the positive control was between 30 and 80%, 

(iii) the coefficient of variation of the relative fluorescence in the control soil was <15% 

(ISO 18187).  

 

2.6. Statistical analyses 

The datasets generated by each laboratory were carefully checked for their validity and 

were only accepted for further statistical analysis if at least one validity criterion was 

fulfilled, and if the procedures followed by the laboratories were within those outlined 

in the draft ISO 18187 [27].  

The results were expressed both as slope of the relative fluorescence readings and 

percentage of A. globiformis DHA inhibition relatively to the negative control [24]. 

These data were then used to assess the variability of the assay in terms of its 

repeatability (i.e., within laboratory variation) and reproducibility (i.e., between 

laboratory variation). Such approach was conducted for the negative and positive 

controls, as well as for the soil and waste samples. 

2.6.1. Assessing assay variability in negative and positive controls 

The within-laboratory variation of A. globiformis response to the negative control 

substrates (QS, and Lufa 2.2 and OECD soils) was evaluated by the coefficient of 

variation (CVr) of the slope values obtained from DHA kinetics for each laboratory and 

substrate.  

For the positive control, the assay variability was analyzed by the CV calculated from 

the average % inhibition of DHA, either within (CVr) and between (CVR) laboratories. 
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2.6.2. Assessing assay variability in soil and waste samples 

A one-way ANOVA followed by the Dunnett’s test was used to determine the LID 

(lowest ineffective dilution) and LOEC (lowest observed effect concentration) of A. 

globiformis DHA for each test substrate (p < 0.05). Whenever the one-way ANOVA 

assumptions were not fulfilled after data transformation, it was applied the non-

parametric Dunn’s test to detect significantly different substrates from the control (p < 

0.05). The minimum detected difference (MDD) was determined for the standard 

deviation of the average response corresponding to the LOEC value, and expressed as a 

percentage of the respective negative control. The EC20 and EC50 values and respective 

95 % confidence limits were estimated by fitting the least-squares regression model to 

the data. The tests in which the ECx or LID/LOEC could not be calculated were 

disregarded from the downstream statistical analyses.  

The presence of outliers, as well as the repeatability and reproducibility of the A. 

globiformis contact test were evaluated according to ISO 5725-2 [38] procedures, 

though some amendments were done. The assay repeatability was evaluated by the 

logarithmic within-laboratory standard deviation (WLSD), using the log-transformed 

95%-confidence limits of the ECx. Reproducibility was assessed by different statistical 

approaches based on the ECx values calculated: (i) standard deviation (SDR) of the 

average ECx values computed for all the laboratories per test substrate, (ii) CVR, (iii) 

warning limits approach, and (iv) min-max factor. 

 

3. Results & Discussion 

The sensitivity of A. globiformis to discriminate contaminated soils [e.g., 24] and waste 

[e.g.,19] samples, together with the test system simplicity, cost-effectiveness and short 

time required for attaining reliable results, were major driving forces for its approval for 

standardization. Within this process, an IRT was organized and carried out for 

completing the validation of the assay, being estimated its repeatability and 

reproducibility for routine use towards quality assessment of solid samples with distinct 

properties and/or contamination patterns.  

 

3.1 Validity criteria and IRT data consistency 
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More than 78% of the participant laboratories were able to fulfill at least two of the 

validity criteria set in the draft ISO 18187 [27] (Table 2), being each criterion attained 

in more than 80% of the tests performed. Such outcome highlights the practicability and 

understandability of the standard procedures to the participants, who did not mention 

particular difficulties or constraints to perform the test.  

The scrutiny for data consistency (H and K statistics) and presence of outliers 

(Cochran’s and Grubb’s tests) [38] showed that some test values were out of the range 

reached by most laboratories, being thereby discarded from the statistical analysis 

(Table 2). L6 presented out-of-range data variability between replicates in negative 

(CVr’s of 92-98%) and positive (CVr’s of ~99%) controls, besides obtaining discrepant 

responses for A. globiformis DHA relatively to the other laboratories. For this reason, it 

was dismissed from some analyses as well. No plausible explanation was found for this 

discrepancy, since no inappropriate procedure or bacterial damage was noticed by the 

participant. Notwithstanding, at least 8 (over a total of 9) valid datasets (tests) for soils 

or wastes were selected to evaluate the variability of IRT results concerning the testing 

of solid samples (Table 2). Overall, only 7% outliers were identified (i.e., 5 in 72 tests), 

suggesting a generally high data consistency.  

 

Table 2  

 

3.2 Variability of the test method - controls  

3.2.1 Negative controls  

Negative controls are required to estimate the percentage of inhibition of A. globiformis 

DHA under contaminated matrices [39]. In compliance with the draft ISO 18187 [27], 

two standard soils (Lufa 2.2 and OECD soil) and one substrate (quartz sand) were used 

as negative controls to analyze the inherent variability of the test system. Such analysis 

will also serve to confirm the CV established in the third validity criterion (cf. section 

2.5,), and to define an internal quality control for each laboratory.  

The average CVr values obtained by participant laboratories were below 15%, 

irrespectively of the negative control (Figure 1). These results showed that for all 

laboratories the within-variability in A. globiformis DHA was low for the three 

substrates. They further confirmed the suitability of the selected substrates as negative 

controls and the good repeatability of the contact-test procedure. 
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Nevertheless, it is noticeable a higher variability on A. globiformis response under the 

OECD soil (Figure 1C), being recorded for 4 laboratories (L2, L4, L5 and L8) a CVr 

higher than 15%. Such within-lab variability can be explained by the heterogeneous 

OECD soil matrix due to the high peat content (10%) and presence of peat particles 

with varied size (up to 2 mm).  

 

Figure 1  

Consequently, small discrepancies during soil weighing and distribution into the 

microplate wells might induce an observable variance in the results. This is further 

constrained by the fact that certain types of organic compounds in peat may promote 

fluorescent light quenching effects, therefore affecting the measured enzymatic 

activities [22]. As such, it is recommended to use a lower amount of peat (e.g., 5%) as 

to reduce variability in the test outcome. 

 

3.2.2 Positive control – suitability of C16-BAC 

Regarding the test performance under the reference substance C16-BAC at 600 mg Kg-

1, it was clearly demonstrated that all the laboratories achieved DHA inhibitions 

between 30 and 80% (Figure 2), which is within the range required to fulfill the second 

validity criterion of the contact assay [27]. 

 

Figure 2 

Hence, the confirmed sensitivity of A. globiformis, either within or between 

laboratories, reinforces the adequacy of C16-BAC to be used as a reference substance 

for evaluating the responsiveness of the test method and of the bacterium, being in 

agreement with previous works [e.g.,22]. Moreover, a good repeatability and 

reproducibility of the contact test was proved, given the CVr values broadly below 30% 

(except for L3) and CVR = 26%, respectively (Figure 2).  

 

3.3 Sensitivity and variability of the contact assay for solid samples 

Two major approaches were followed for evaluating the effects of soils (S1/S2 to S4) 

and wastes (W1 to W4) on A. globiformis response: (i) the use of a threshold of 30% for 

DHA inhibition, above which the microbial metabolic function might be compromised 
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[27], and (ii) the application of statistical analysis (ANOVA) for determining the LID 

and LOEC values. The toxicity outcomes provided by both approaches were quite 

coherent for most laboratories, reinforcing the adequacy of the threshold for DHA 

inhibition defined in the standard (Figures 3 and 4, Table 3).  

The ranking of the different soils according to the average DHA inhibition of A. 

globiformis was generally consistent between laboratories: S1 (only the threshold-based 

approach was used since no concentration range was tested, hence preventing the 

calculation of LID/LOEC values) and S2 induced lower inhibitions comparatively to S3 

and, especially, to S4 (Figure 3). Similarly, the EC20 and EC50 mean values calculated 

for all laboratories were also ranking soils S4>S3>S2=S1 into a decreasing order of 

DHA inhibition. In fact, S3 and S4 are originally from two areas of mine tailings 

deposition, being characterized by an acidic pH and a high metal content (Table 1). The 

considerably high organic matter content in soil S4 might have also affected the 

fluorescence readings due to quenching effects (see above), therefore overestimating the 

real level of fluorescent light emitted by the reduced resorufin produced by DHA [24]. 

The response of A. globiformis to waste samples was more variable between 

laboratories, though based on the 30% threshold all laboratories identified W1 and W3 

as being the most inhibitory of DHA. However, based on statistical methods (i.e., on 

LOEC and ECx values), W1, W2 or W3 (Figure 4, Table 3) induced higher depletions 

of DHA. W4, in turn, was generally the least inhibitory waste for A. globiformis DHA.  

 

Figure 3  

 

The metal levels in W1 (Cu, Cr) and W3 (Cu, Pb, As, Zn) were above the soil 

benchmark values defined for soil organisms or microbial processes in USA [40], which 

together with the respective acidic and alkaline pH of W1 and W3 might have 

significantly depleted DHA. In W2, however, the Cr and PHA contents could have been 

responsible for the small number of recorded inhibitions [40]. Moser et al. [34] also 

reported the extremely high toxicity of W1 (WOO) for this bacterium, which proved to 

be more sensitive than other terrestrial organisms and test methods/endpoints, such as 

earthworm avoidance and reproduction, and enchytraeidae and collembolans 

reproduction. Similarly, Römbke et al. [25] observed that A. globiformis DHA 

(LID<16) was more sensitive than the avoidance behavior of Eisenia fetida under W3 
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(LID = 16) and equally sensitive as Brassica napus growth (LID<16). Notwithstanding, 

the authors confirmed that the three endpoints/test species were not that responsive to 

W2 or W4 (LID = 4), what is in agreement with the lower inhibitions herein observed.   

 

Although a wide range of LOEC/LID values could be determined among laboratories 

either for soils or wastes, it was noticeable that ≥50% of laboratories were achieving the 

same or only two different LOEC values. The greater variability in S4, W3 and W4 

could be attributed to the contamination pattern or the type of solid sample (i.e., metal 

contamination, ash waste and crushed glass, respectively), which may induce some 

variation in A. globiformis and/or fluorescence readings.  Even though, for hazard 

assessment purposes regarding the HP14 property of wastes, a LID of 8 was suggested 

as the threshold above which wastes can be considered toxic [cf. 19]. Hence, the range 

of LOEC values herein obtained for wastes would not affect the decision about the 

ecotoxicological status of the waste samples.  

EC20 and EC50 values, in turn, resulted from the fitting of the least-squares regression 

model to the experimental data. Hence, a more accurate toxicity value can be estimated, 

which is not constrained by the concentration range under testing, as for LOEC/LID 

values. Therefore, and particularly the average EC50 values obtained for all laboratories 

were seemingly less variable (cf. Figures 3 and 4, Table 3) than the LOECs/LIDs. 

Notwithstanding, both point estimates should still be applied, for example for HP14-

waste-property classification purposes, as to get more robust and feasible decisions and 

/or quality evaluations. 

 

 

Table 3 

 

The variability of the contact assay for testing the quality of solid samples was 

evaluated through the determination of repeatability (MDD, WLSD) and reproducibility 

(i.e., upper and lower warning limits, CVR and SDR). MDD provides an estimation of 

the power of the hypothesis test to discriminate a variation in the endpoint provoked by 

a sample relatively to the control [41,42].  

For the four evaluated soils, the average MDD values varied between 1.36 and 9.98% 

(Table 2), whilst for wastes it was between 0.12 and 24.41%. The maximum MDD 
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value was observed by one laboratory (L6) for W4, although >90% of the waste tests 

resulted in MDD < 7%. 

 

Figure 4  

 

Notwithstanding, the wider range of MDD values for wastes might also be associated 

with the heterogeneity of some sample matrices (e.g., W1, W2 and W4) (cf. Table 1), 

either in terms of density (W1 - wood material), contamination with oils (W2 - dredged 

material from a harbor) or particle size (W4 - glass-based waste), therefore constraining 

the consistency on the fluorescence readings. In spite of this, most MDD values were in 

conformity with the ones determined by Höss et al. [43] (7.9%) and Marques et al. [24]  

(2.5-4.7%) for A. globiformis exposed to different sediment and soil samples, 

respectively. The consistency in MDD indirectly reinforced the sensitivity of the A. 

globiformis contact assay to indicate changes in the bacterium response upon exposure 

to the test samples.  

The logarithmic within-lab standard deviations (WLSD) were below 0.50 for soils and 

0.25 for wastes, being most of them (76% of the WLSD’s per laboratory) below 0.07, 

thereby showing a generally high accuracy and a good repeatability of the IRT results 

for solid samples. 

Concerning the between-lab variability of the assay, all EC20 and EC50 values computed 

for soils and wastes were within the respective lower and upper warning limits, as well 

as the min-max factors were generally <4.0, which is the maximum threshold 

acceptable for the variation of the ECx values between laboratories (Table 3) [44]. In a 

general view, the EC50-based min-max factors were lower for soils, whilst for wastes 

they were lower for EC20-based parameters. From the average ECx’s for soils and 

wastes, it was verified that five tests presented a CVR  30% (Table 3), three were 

between 30 and 50%, and two were >50%. The CVR-based variability trend was 

confirmed by the reproducibility standard deviation. Once CV and SD values should be 

up to 30% and 0.132 (EC [45]), the outcome achieved for soil and wastes indicated a 

satisfactory reproducibility of the test.  
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4. Conclusion 

The analysis of the IRT comprising at least 8 datasets generated by 9 laboratories led to 

the conclusion that the A. globiformis solid contact assay is valid to assess the quality of 

soils and wastes with good repeatability and reproducibility. Overall, no constraints or 

difficulties in assay practicability were referred by the participants, which generally 

attained the assay validity criteria, as well as reproducible and comparable results, either 

for the reference substance, control substrates and solid samples tested. Therefore, the 

A. globiformis contact test proved to be sensitive, robust and feasible for routine use 

towards the quality assessment of solid samples. Once the IRT was completed and 

succeeded to demonstrate the valuable applicability of the assay, the standard was hence 

published into a final document (ISO 18187:2016 [46]). At the light of the above, we 

recommend its inclusion in test batteries for the ecotoxicological characterization of 

soils and wastes.  
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FIGURE CAPTIONS 

 

Figure 1. Coefficient of variation within (CVr) laboratories (L) for the slope values 

obtained for the dehydrogenase activity (DHA) of A. globiformis exposed to quartz sand 

(A; dark blue circles), Lufa 2.2 (B; green circles) and OECD soil (C; purple circles). 

The average of CVr values for 8 laboratories (L) is shown by the continuous lines, 

whilst the dashed lines highlight the upper and lower limits of the respective standard 

deviation. The number of different tests performed by each laboratory in which the 

calculated CVr values were based on is shown on the top of the respective symbols.  
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Figure 2 – Average inhibition of the dehydrogenase activity (DHA) of A. globiformis 

attained by 8 participant laboratories (L) for the reference substance at 600 mg C16-

BAC Kg-1. The error bars indicate standard deviation (n=4) and the numbers on the top 

represent the coefficient of variation within (CVr; %) laboratories based on the 

following number of tests: 5 for L1, 1 for L2, 3 for L3, and 2 for L4 to L9. CVR is the 

coefficient of variation between laboratories. 
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Figure 3 – Average inhibition of dehydrogenase activity (DHA) of A. globiformis 

recorded by the participant laboratories (L) in response to different dilutions of the soil 

samples S1 to S4. The dashed line indicates the 30% inhibition threshold (ISO 18187). 

The dilutions on the top of the bars highlight the LOEC value (p < 0.05). The error bars 

represent standard deviation values. The orange circles represent the EC50 values and 

upper confidence limit calculated for DHA for each laboratory [EC50 <6.3% (S4: L3) or 

>100% (S2: all labs; S3: L3 and L4) are not represented].  
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Figure 4 – Average inhibition of dehydrogenase activity (DHA) of A. globiformis 

recorded by the participant laboratories (L) in response to different dilutions of the 

waste samples W1 to W4. The dashed line indicates the 30% inhibition threshold. The 

dilutions on the top of the bars highlight the LOEC value (p < 0.05). The error bars 

represent standard deviation. The orange circles represent the EC50 values and upper 

confidence limit calculated for DHA for each laboratory [EC50 <3.1/6.3% (W1: all labs; 

W3: L8) or >50.0% (W2: all labs; W4: L1-L5 and L7) are not represented].  
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TABLES 

Table 1 - Physical and chemical characterization and metal content of the soil and waste samples. *Data retrieved from ABANDA database [37]. 

  Soils Wastes 

Test Items S1 S2 S3 S4 W1 W2 W3 W4 

Waste code - - - - WOO  17 05 06 10 01 17 19 12 05 

Description Control soil 
Construction 

site 

Uranium 

mine  

Phosphogypsum 

deploying site 

Cu-treated 

Wood 

Dredged 

harbor 

material 

Fluidized bed 

ash 

Crushed glass 

material 

pH-value 6.23 6.93 4.25 4.14 5.18 6.89 * 9.96 * 9.06 * 

Conductivity (µS cm-

1) 
271 159 293 2723 n.d. n.d. n.d. n.d. 

OM content (%) 2.93 4.20 2.36 5.39 46.4 3.91 6.54 1.04 

Texture Silty clay Sandy loam Loamy sand Sandy loam 

n.d. n.d. n.d. n.d.    Sand (%) 9.9 55.2 85.9 69.1 

   Silt/clay (%) 99.1 44.8 14.1 24.9 

Metals (mg Kg-1)                 

   Cu 3.06 24.32 22.83 11.46 1057.31 92.7 254.1* 5.69* 

   Pb 1.36 35.47 32.01 20.88 14.30 162.2 2187* 148.2* 

   Cd 0.38 0.34 21.81 0.11 0.27 2.1 8* 0.76* 

   Cr 8.67 14.71 33.36 9.86 298.16 171.8 n.d. 3.37* 

   U <dl <dl 169.2 1.63 n.d. n.d. n.d. n.d. 

   Zn 50.72 155.15 118.83 89.51 43.50 582.2 4049* 1222.09* 

   Fe 742.37 1631.71 2413.54 10870.4 n.d. n.d. n.d. n.d. 

   Ni 1.88 6.36 32.96 17 n.d. n.d. n.d. n.d. 

   As n.d. n.d. n.d. n.d.  n.d.  52.5 99.8* n.d. 
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PAH (µg Kg-1) n.d. 8.5 n.d. n.d. n.d.  6.1 n.d. n.d. 

 

dl – detection limit; n.d. – not determined. 

 

 

 

Table 2 - Summary of the ring-test results and interval of minimum detected difference (MDD) values determined for A. globiformis response 

under soil and waste samples (data also presented in [45]). 

Solid 

sample 

Control 

substrate 

≥ 2 validity 

criteria met 

(%) 

Total # 

tests 

# tests with 

outliers 

# accepted 

tests 

# tests for 

MDD 

calculation 

Mean 

MDD 

(%) 

SD 

S1 Lufa 89 9 0 9 0 nd nd 

S2 Lufa 89 9 0 9 5 3.8 1.78 

S3 Lufa 78 9 1 8 6 5.5 2.86 

S4 Lufa 89 9 1 8 4 7.1 1.23 

W1 QS 89 9 1 8 8 1.2 2.18 

W2 QS 89 9 1 8 6 6.0 3.81 

W3 QS 78 9 1 8 5 2.9 2.08 

W4 QS 78 9 0 9 6 6.8 8.88 

S – soil; W – waste; # – number; Lufa – Lufa 2.2 natural soil; QS – quartz sand; n.d. – not determined.
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Table 3 - Outcome of the ECx-based repeatability (given by WLSD) and reproducibility 

(given by LWL/UWL, CVR, SDR, Min-Max factor) analysis of A. globiformis contact 

assay for soil and waste samples (data also presented in [45]). 

  
Waste 

number 

No. 

of 

tests  

Mean ECx 

(%) 

WLSD 

(min-max) 
LWL UWL 

CVR 

(%) 
SR 

Min-Max 

factor 

S
o
il

s 

E
C

2
0

 

S1 0 nd nd nd nd nd nd nd 

S2 5 69.5 0.03-0.27 38.08 119.4 26 0.12 2.1 

S3 6 40.5 0.04-0.14 10.98 114.16 52 0.25 4.6 

S4 3 32.5 0.04-0.11 12.37 74.16 47 0.19 2.4 

E
C

5
0

 

S1 0 nd nd nd nd nd nd nd 

S2 0 >100.0 nd nd nd nd nd nd 

S3 6 67.4 0.02-0.07 35.41 119.17 29 0.13 2.2 

S4 7 46.9 0.02-0.50 11.01 144.59 55 0.28 4.5 

W
a
st

es
 

E
C

2
0

 

W1 0 <1.6/3.1/6.31 nd nd nd nd nd nd 

W2 4 24.8 0.06-0.25 15.92 37.32 19 0.09 1.6 

W3 6 5.6 0.002-0.05 2.68 10.15 33 0.14 2.2 

W4 5 37.9 0.02-0.06 20.85 64.54 30 0.12 1.9 

E
C

5
0

 

W1 0 
< 

1.6/3.1/6.31 
nd nd nd nd nd nd 

W2 0 >50.0 nd nd nd nd nd nd 

W3 7 6.9 0.002-0.03 3.37 12.85 30 0.14 2.5 

W4 3 62.1 0.008-0.03 27.80 125.69 40 0.16 2.0 

WLSD – logarithmic within-lab standard deviation; LWL/UWL – lower and upper 

warning limits; CVR – reproducibility coefficient of variation; SDR, – reproducibility 

standard deviation determined from the average of the logarithm of ECx values; Min-

Max factor – factor determined from the minimum and maximum values of ECx’s; n.d. 

– not determined; 1 the minimum dilution tested by some laboratories was G64 (= 1.6% 

waste), G32 (= 3.1% waste) or G16 (= 6.3% waste). 
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