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Abstract  16 

Background: Persistence is a key criterion for the risk assessment of chemicals. In degradation tests, 17 

microbial biodegradation of labeled test chemicals leads to the incorporation of the label in microbial 18 

biomass, resulting in biogenic non-extractable residues (bioNER), which are not considered as harmful in 19 

persistence assessment. The amount of bioNER can be estimated using the Microbial Turnover to Biomass 20 

(MTB) model. MTB estimates the biomass growth during productive degradation of a compound from 21 

theoretical growth yield and CO2-formation and gives an upper and a lower value for bioNER formation. 22 

Results: We collected experimental data in order to test accuracy and precision of this estimation method. 23 

In total, 16 experimental studies were found in literature where bioNER was experimentally quantified. 24 

Hereof, 13 studies used the amount of label recovered from total amino acid (tAA) content as proxy for 25 

bioNER. Unfortunately, the comparison with experimental data was difficult due to the variety of 26 

employed methods. A conversion factor is required to extrapolate from tAA on bioNER, and this factor 27 

may vary during the experiment and between experiments. The bioNER formation for all compounds 28 

tested was calculated with the MTB method, and the outcome was compared to measured tAA as proxy 29 

for bioNER. The relation between predicted and measured bioNER was significant, but no better 30 

correlation was obtained than with CO2 to tAA. The mean absolute error of the prediction (low MTB versus 31 

tAA) was 5% (unit applied label, %aL). Large deviations between experimentally determined bioNER and 32 

the calculated result for some compounds may indicate problems in the experimental determination of 33 

bioNER. Conclusions: MTB thus provides a robust model for determining of the potential amounts of 34 

biomass and bioNER formed from the degradation of organic chemicals.  35 

 36 

Key words: persistence; biodegradation; PBT assessment; REACH; bound residues; NER  37 

38 
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1 Introduction  39 

Persistence is a key criterion in chemical risk assessment, and high persistence of any substance is of major 40 

concern[1, 2]. In chemical regulation, persistence is assessed in environmental simulation tests according 41 

to OECD guidelines, e.g. OECD biodegradation tests for soil (OECD TG 307), water and sediment (OECD TG 42 

308), or for inherent degradation in surface water with suspended sediment (OECD TG 309)[3-54]. Studies 43 

of the fate of pesticides in these tests are commonly made with radioactive 14C-labeled compounds to 44 

detect unknown transformation products and metabolites. Nevertheless, in most if not all degradation 45 

studies of pesticides, only a part of the initially applied radiolabel can be recovered, and often non-46 

extractable residues (NER) of the label remain in the matrix in significant amounts. In soil, up to 90% of 47 

the applied radioactivity may remain non-extractable in the soil matrix [6]. Hence, NER are often the main 48 

outcome of a biodegradation test. The problem of NER occurs not only for pesticides but is a critical issue 49 

in the general persistence assessment of chemicals under REACH [7], hence the question arose "Is NER 50 

formation a safe sink or should it be considered as a hidden hazard?“[8]. 51 

For decades, non-extractable residues have been considered a "black box" of unknown chemical identity. 52 

Due to their non-extractability, the nature of NER has been almost impossible to characterize. Recent 53 

scientific progress with stable isotope labels showed that NER is not one single product, but is composed 54 

of fractions of quite different hazard potential[9]. The scientific state of the art about NER was 55 

summarized in a discussion paper prepared for the European Chemicals Agency (ECHA)[10]. Accordingly, 56 

NER is classified into three types: NER type I are strongly sorbed, entrapped and/or sequestered parent 57 

substance or early transformation and degradation products, with release potential [10, 11]; NER type II 58 

are covalently bound transformation and degradation products, considered to be slowly released if at all; 59 

NER type III are biogenic NER, i.e. derived from living or dead biomass (bioNER) for soil organic matter 60 

formed from this necromass, with no hazard potential [9]. This biogenic NER or bioNER can thus be 61 

considered as a ‘safe sink’. 62 

ECHA recently has changed paradigm and switched to a more conservative view on NER. Thus, in the 63 

recent updates of the ECHA REACH Guidance documents on chemical risk assessment [12, 13] and for the 64 

PBT assessment [14], NER are considered as derived from parent substances and as bioavailable, if no 65 

other data are showing evidence for degradation or irreversible binding. For existing studies, a recent note 66 

released by ECHA [7] states that "by default NER should be regarded as non degraded".  67 

NER can be characterized and differentiated between remobilisable (therefore still of potential concern) 68 

and irreversibly bound fractions, hence of low or no concern [7]. The characterisation of NER succeeds by 69 

different extraction steps [11]. However, biogenic NER can also be calculated from microbial yield and 70 

CO2-evolution with the MTB ("Microbial Turnover to Biomass") method[15]. The theoretical yield can be 71 

calculated from thermodynamic (Gibbs energy of formation and reaction) and structural data, hence, does 72 

not require additional experimental input data. If total NER (type I, II, and III) have been measured and 73 

bioNER (type III) has been calculated, the amount of potentially hazardous “xenoNER” (type I and II) can 74 

be estimated from the difference. Moreover, yields calculated with the MTB method can also serve as 75 

input to dynamic simulation models for metabolism and growth of microbes in biodegradation tests, 76 

reducing the number of unknown input parameters and hence also the uncertainty of the model 77 

predictions [16] Several growth-yield estimation methods were developed for various purposes [17-21]. 78 

The Thermodynamic Electron Equivalent Model (TEEM2) developed by McCarty, the Expanded 79 

Thermodynamic True Yield Prediction Model (ETTYM) of Xiao and VanBriesen  and the Microbial Turnover 80 
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to Biomass MTB were previously tested and compared by [22]for the accuracy to predict the yield from 81 

degradation of xenobiotics, with slight advantages for the latter. 82 

Recently, the microbial growth yields of 40 organic chemicals of environmental concern (hereof 31 83 

pesticides) were estimated [22]. The results were compared to experimental values and the results of 84 

other methods for yield assessment that are available in the literature. The MTB method performed best 85 

for xenobiotics and pesticides. The MTB bioNER estimation method is rather new, and few validation data 86 

have been available at the time of publication. Kästner et al. [10] therefore recommended MTB as a 87 

screening approach but did not consider it “as definitive proof for bioNER formation”, due to the little 88 

experience gained with this method. However, “once sufficient (positive) experimental data have been 89 

gained it may be possible to rely on the calculated bioNER alone”. The ECHA considers the MTB method 90 

as a helpful tool for the interpretation of degradation data, “in particular for existing cases, where 91 

information on NER types is usually not available. The likelihood of NER being biogenic (bioNER) or not 92 

could be very useful in the interpretation of the results” [7]. On the virtual workshop Proposal to 93 

standardise the analysis and persistence assessment of non-extractable residues (NER) 17 – 18 Februar 94 

2021 on behalf of the German Environment Agency (Umweltbundesamt Dessau-Roßlau, Germany), the 95 

question was raised whether MTB estimates alone can serve for the interpretation of degradation data 96 

and for decisions about persistence of substances. Hence, this prospective bioNER assessment method 97 

may be of practical relevance in chemical risk assessment, if its reliability is shown and documented. 98 

Since the publication of the mentioned methods for NER characterization have been published, new data 99 

on NER characterization has appeared. In this study, we collected available experimental data for bioNER 100 

from literature, calculated the theoretical bioNER formation with the MTB tool, and confront the 101 

calculated results to the measured outcome. The goal is to test the bioNER estimation method, to critically 102 

evaluate the results in comparison to experimental data, and to conclude about validity, accuracy and 103 

precision of the MTB method as new tool in persistence assessment. 104 

 105 

2 Methods 106 

2.1 Microbial Turnover to Biomass estimation method for microbial yield and bioNER formation 107 

Microbial Turnover to Biomass (MTB) approach. The MTB method is based on the relation between 108 

released CO2 (as indicator of microbial activity and mineralization), microbial growth yield, and bioNER 109 

formation [15]. The growth yield, Y, is defined as the amount of biomass, X, (in g biomass, or in g labelled 110 

C) formed from the mineralised substrate, S, (in g substrate, or in g labeled C):  111 

dS

dX
Y 

   (Eq. 1) 112 

The microbial growth yield is defined as the mass of microbial biomass formed per mass of substrate 113 

consumed (g cells per g substrate, or g C per g C) [23]. Both measured and estimated microbial yields can 114 

be applied in these equations, but very few measured data of xenobiotics can be found [22]. The MTB 115 

method is based on the method provided by [18], with the main modification that only electron transfers 116 

from C-H bonds can be used by microbes to gain catabolic energy [15]. In this method, the yield can be 117 

limited by the available energy, and by the available carbon.  118 
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Once the growth yield is known, the formation of bioNER is estimated from the carbon balance. When the 119 

substrate is mineralised, the carbon of the substrate forms either biomass (anabolism) or CO2 120 

(catabolism). Thus, if the unit g labelled C is used, the ratio of microbial biomass, X, to CO2 is 121 

 2
(1 )

bioNER

Y
high MTB X CO

Y
 


  (Eq. 2) 122 

Labelled C fixed in biomass is considered bioNER, hence this relation gives the upper amount of labelled 123 

C turning into bioNER, named “high MTB” or XbioNER. Microorganisms decay, and during longer 124 

experiments, microbial necromass is digested in the microbial food web, under formation of non-living 125 

soil organic matter (SOM), new microbial biomass and more CO2 [15]. Empirical data indicate that in long-126 

term experiments, about 40% of the labelled carbon in biomass (mainly the protein fraction) turns into 127 

SOM, 10% remains within living biomass and f = 50% forms CO2[24], formalised (all units g labeled C): 128 

 2
(1 ) (1 )

f Y
low MTB CO

Y f Y


 

   
  (Eq. 3) 129 

where "low MTB" stands for the lower limit of bioNER formed. The calculations thus give an upper value 130 

(high MTB) representing living biomass, and a lower value (low MTB) representing the outcome of label 131 

turnover in the microbial food web.  132 

 133 

2.2 Experimental data from literature 134 

The scientific literature was screened for experimental bioNER data determined in OECD 307 (soil), 308 135 

(sediment) or 309 (surface water) degradation studies [2-4]. The experimental results stem from a variety 136 

of sources and the reported bioNER data was quantified by various methods. Table 1 shows references to 137 

the collected studies and the methods employed. Most studies were made with soil as medium, one study 138 

was done with sediment. Various types of soil were used, and occasionally, amendments such as compost 139 

or litter were added [25, 26]. Both results for radiolabeled substances (14C) and from stable isotopes labels 140 

(13C) were found. The initially applied amount of test substance was in average 10 times higher with the 141 

stable isotope 13C than with 14C tests, which is due to the much higher natural 13C background and is thus 142 

conflicting with OECD test guidelines (OECD 307). Aside from inhomogeneity of the test method, also a 143 

variety of test durations can be observed, ranging from 28 to 400 days. Hence, few studies were strictly 144 

following OECD 307 test guidelines, which would require 120 d duration for the soil degradation test. 145 

The majority of studies employed acidic extraction of NER by 6 M HCl with subsequent determination of 146 

selected amino acids (AA) and calculation of total amino acids (tAA) from the typical composition of 147 

microbial biomass (Table 1) as proxy for bioNER. Two studies, Cao et al. (2020) [27] and Luks et al. (2021) 148 

[26] , measured total NER and, by silylation, the fraction of NER I and II. NER III (bioNER) was then 149 

calculated as bioNER = total NER – NER I – NER II. Since there may be bioNER among the radioactivity that 150 

remains bound in the solid matrix after the silylation process which is hereby included as NER II, this 151 

method likely underestimates the true bioNER[10]. Zhu et al. (2018) [28] measured "apparent NER" by 152 

hydrolysis of soil samples with trifluoroacetic acid and named the released fraction bioNER. Additional 153 

data were provided by a research project funded by the German EPA (Project FKZ 3718 65 407 0 154 

Consideration of non-extractable residues (NER) in the PBT assessment, German Environment Agency, 155 
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2018-2021, see [28]). Within this project, total amino acids (tAA) hydrolyzed from proteins were analyzed 156 

as proxies for microbial biomass in the extracted soil fraction. The analysis was performed by acidic 157 

hydrolysis with subsequent purification was performed in accordance with [30]. Major deviation was the 158 

direct analysis by radio-TLC without derivatization that is required for subsequent HR-GC-MS analysis. In 159 

addition, the pre-cleaned extract termed “amino acid extract (AAE)” was used instead of individual amino 160 

acids as an easy to measure proxy for the total amino acid content (for details see[29]).  161 

 162 

Table 1. Studies with experimental bioNER quantification found in literature with brief description of 163 

methods.  164 

Substance t (d) Label Test Method  Comment Reference 

2,4-D 64 13C soil tAA  [15, 30, 31] ,  

Ibuprofen 90 13C soil tAA  [15, 30, 31] 

Glyphosate 80 13C, 
15N 

sediment tAA co-label C and N [16, 32]  

Bisphenol S 28 14C soil silylation bioNER calculated 

from measured 

NER I and II 

[27] 

DP 84 14C soil tAA Cinit 1 mg/kg [33] 

DS 84 14C soil tAA same  [33] 

DA 84 14 

C 

soil tAA same [33] 

Bromoxynil 120 13C, 
14C 

soil AAE Cinit = 4 mg/kg 14C, 

40 mg/kg 13C 

[29] 

Bromoxynil 32 13C soil tAA Cinit 50 mg/kg [33] 

Bromoxynil 56 14C soil tAA Cinit 16.5 mg/kg [35] 

Isoproturon 46 14C soil unique unique method [28] 

Isoproturon 120 13C, 
14C 

soil AAE Cinit = 4 mg/kg 14C 

and 40 mg/kg 13C 

[29] 

MCPA 65 13C soil tAA with/out litter [25] 

Metamitron 80 13C soil tAA  [36] 

Pendimethalin 

(compost 

added) 

204, 

400 

14C soil silylation bioNER calculated 

from measured 

NER I and II  

[26] 

Sulfadiazine 121 13C, 
14C 

soil AAE Cinit = 4 mg/kg 14C 

and 40 mg/kg 13C 

[29] 

Substance No. 4 120 14C soil AAE Cinit = 1 mg/kg [37] 

DP is dodecylphenol, DA is dodecylbenzyl trimethylammonium chloride, DS is dodecylbenzene sulfonic 165 

acid.  “AAE” means amino acid extraction by 6 M HCl and subsequent clean-up by cation exchange SPE-166 

Dowex column; tAA (total amino acid) determination was by 6 M HCl for protein extraction and 167 

subsequent determination of selected amino acids. 168 

 169 

2.3 Detailed data available for three chemicals  170 
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Three chemicals with varying potential for NER formation, namely bromoxynil, isoproturon and 171 

sulfadiazine, were selected in the aforementioned German EPA project. For those, experiments with 14C-172 

labels (and 13C-labels, not shown) have been performed and detailed, time-continuous data are available 173 

[28]  174 

Bromoxynil (3,5-dibromo-4-hydroxybenzonitrile, CAS no. 1689-84-5) is a widely applied nitrile herbicide, 175 

which forms both bioNER and xenoNER[34, 35[.  176 

Sulfadiazine (4-amino-N-pyrimidin-2-ylbenzenesulfonamide, CAS no. 68-35-9) is a sulfonamide antibiotic, 177 

commonly used both in humans and in livestock. It is not readily metabolized in humans nor in animals 178 

and is introduced onto agricultural fields with livestock manure and/or wastewater sludge. It has a low 179 

tendency to be biodegraded and as such is not expected to lead to the formation of considerable amounts 180 

of bioNER, instead, it is expected to form high amounts of NER type I and II[38]. Fast dissipation of 181 

sulfadiazine was found in Chen et al. (2019) [39], however, without quantification of mineralization.  182 

Isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea, CAS no. 34123-59-6) is a phenylurea herbicide. The 183 

herbicide is banned in the European Union due to the toxicity of its metabolites and endocrine disrupting 184 

properties, it is however still detected in the environment. A recent study showed that isoproturon has a 185 

high tendency to form bioNER if the soil is inoculated with an isoproturon degrading community  [28].  186 

 187 

2.4 Chemical Input Data for the MTB method 188 

The estimation of microbial growth yields with the MTB method requires as input: i) the balanced chemical 189 

reaction; ii) Gibbs energy of formation of products and educts (∆Gf); iii) the molar mass M; iv) the number 190 

of carbon atoms in the molecule; and v) the number of C-H bonds.  191 

Unless indicated otherwise, the reaction is always assumed to occur under aerobic conditions, with 192 

oxygen O2 as electron acceptor and CO2 and H2O as products. Nitrogen and sulfur moieties are assumed 193 

to keep the oxidation status they had in the substrate (e.g., amines are released as NH3).  194 

Gibbs energies of formation (∆G0
f) for xenobiotics are rarely measured, and the values were estimated by 195 

the Weizmann equilibrator [40] (http://equilibrator.weizmann.ac.il). If the target compound was not 196 

listed, the value for a structurally similar compound was taken. Usually, the Gibbs energy of the educt 197 

contains far less energy than that of the products (mostly CO2 and H2O), it is thus not a sensitive input 198 

data, and omitting the ∆G0
f value (setting it equal to 0 kJ mol−1) of the xenobiotic compound does in most 199 

cases not lead to more than 5% error[22]. For the products, measured ∆G0
f values were chosen where 200 

available[18, 22]. The values for the Gibbs energy ∆G0
f were taken for standard conditions (pH 0 and I = 1 201 

M). Values for other conditions (e.g., pH 7 and I = 0.01 M, physiological conditions) can be chosen but the 202 

resulting Gibbs energy of the reaction (∆Gr) is almost identical (≤ 2% difference, tested for bromoxynil, 203 

isoproturon and sulfadiazine), provided the same conditions are chosen for all reaction partners and H+ is 204 

corrected for pH. Table 2 lists the postulated chemical reactions and the ∆G0
f for the compounds studied. 205 

 206 

Table 2. Postulated chemical reaction and the Gibbs energy for the studied compounds. O2 (∆Gf = 0 kJ 207 

mol−1) not shown.  208 

http://equilibrator.weizmann.ac.il/
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compound ∆Gf
0 kJ/mol                             Reaction  

2,4-D -443.5 C8H6O3Cl2 + 7.5 O2 → 8 CO2 (g) + 2H2O (l) + 2HCl 

Ibuprofen -184.0 C13H18O2 + O2 → 13 CO2 + 9 H2O 

Glyphosate -1480 see  [16] C3H8NO5P → 3 CO2 

Glyphosate → 

AMPA 

- 268 see [16] C3H8NO5P → CH6NO3P + 2 CO2 

Bisphenol S -145.4 C12H10O4S → 12 CO2 + 5H2O + (S ignored) 

dodecylphenol 1200 C18H30O → 18 CO2 + 15 H2O  

DS, DA  same yield taken as for dodecylphenol 

Bromoxynil 147.8 C7H3Br2NO + 6 O2 + OH−  → 7 CO2 + 2 Br− + NH4
+ 

Isoproturon 64.2 C12H18N2O → 12 CO2 + 7.5 H2O + 2 NH3 

MCPA -443.8 C9H9ClO3 → 9 CO2 + 4 H2O + HCl 

Metamitron 414.8 C10H10N4O → 10 CO2 + 3 NH3  (NH3 disregarded) 

Pendimethalin 944.3 C13H19N3O4 → 13 CO2 + 8 H2O (+ NH3 + 2NO2 disregarded) 

Sulfadiazine 270.3 C10H10N4O2S + 2H2O → 10 CO2 + 4 NH3 +H2SO4 

Assumptions: N and S keep the oxidation state they have in the parent molecule. In the ∆Gr of 209 

pendimethalin and metamitron, formation of NH3 and NO3 was disregarded in the calculation of ∆G0
r. 210 

Furthermore, it was assumed that in the unit gC/gC, DA is dodecylbenzyl trimethylammoniumchloride 211 

(DA) and dodecylbenzene sulfonic acid (DS) have the same yield as dodecylphenol, because the 212 

functional group is removed in the degradation chain. Glyphosate has two degradation pathways, one 213 

leading to complete mineralisation, and one where AMPA is formed [16]. 214 

 215 

2.5 Quality assessment 216 

The accuracy of the prediction method was assessed using the absolute error (AE) in the unit % aL 217 

(applied label) which includes radio and stable isotope label. 218 

(% )
i

AE aL y x    (Eq. 4) 219 

where y is the predicted value (MTB-bioNER) and x is the measured value. The mean absolute error 220 

(MAE) (% aL) is then  221 

1

(% )

(% )

n

i

i

AE aL

MAE aL
n




  (Eq. 5) 222 

 223 
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where i = 1, ..., n is the experimental data and n is the total number of data (n = 13).  224 

The absolute error relative to the measured value AEi(x) is defined by: 225 

 ( )
i

y x
AE x

x


   (Eq. 6) 226 

The mean absolute error related to the measured value of x MAE(x) is then  227 

1

( )

( )

n

i

i

AE x

MAE x
n




  (Eq. 7) 228 

Moreover, the correlation r and the coefficient of determination r2 between estimated bioNER and 229 

measured tAA was calculated and plotted. All calculations were made in Microsoft Excel. 230 

 231 

3 Results  232 

 233 

3.1 Comparison of MTB-predicted bioNER to measured results  234 

Table 3 shows the calculated yields and the measured CO2-release used as input data to the MTB-bioNER 235 

estimation (Eqs. 2-3). Moreover, it shows the calculated high MTB-bioNER (Eq. 2) and the low MTB-bioNER 236 

(Eq. 3), and the measured label recovered from amino acids (total amino acids tAA in the unit % aL). In 237 

four studies, bioNER was determined by other methods, see Tab. 3. The duration of the experiment is also 238 

given. If results for multiple sampling times were given, the experimental result from the sampling closest 239 

to 120 days is given.  240 

Variation of measured tAA. The tAA of bromoxynil has been determined three times, each time with a 241 

different method, and the observed variance in replicate determinations is high: % aL in tAA or AAE at the 242 

end of the experiment is 3.1%, 12% and 14.5%. Similarly, the measured bioNER of isoproturon by Zhu et 243 

al. (2018) [28] is far higher (24.8%) than the % aL in AAE derived by Hennecke et al. (5.3 % aL). Nowak et 244 

al. (2020) [25] found very different tAA of MCPA when litter was added as co-substrate. Without litter, a 245 

maximum of 1.2% of aL was recovered from tAA, and mineralisation was low (4.2% CO2). Addition of litter 246 

increased the mineralisation (27% CO2) and NER formation (21%), hereof 13.8% bioNER. It can be 247 

concluded that the experimental conditions have a very decisive impact on the formation of tAA and 248 

bioNER. The only parameter in the MTB assessment that reflects experimental conditions is the CO2 249 

release. Other relevant factors, such as initial degrader biomass, temperature, co-substrate and 250 

competing reactions (NER I and II formation) may also affect the outcome. This deserves further 251 

investigation.   252 

Different methods to quantify tAA. For the determination of tAA, proteins in NER were extracted by 6 M 253 

HCl, and the extract was cleaned up by a cation-exchange solid-phase extraction (SPE). In all studies, 254 

except those of Hennecke et al. (2021) [29], selected amino acids present in the extract were analysed, 255 

and from the expected ratio of amino acids in microbiota, the tAA was calculated [35]. Hennecke et al. 256 

(2021) [29] calculated the amino acid fraction directly from the radioactivity in the cleaned cation 257 



10 

 

exchange eluate (AAE). Later, amino acids were determined for some samples, and the amount of 258 

radioactivity in amino acids (tAA) was somewhat lower than that in AAE [29]. Additionally, Claßen et al. 259 

(2019) [32] provided data for the comparison of the two methods, and in average, AAE was 1.37 times 260 

tAA, with a range between 0.51 to 2.6, while for substance No 4 [36] the ratio AAE/tAA was in average 261 

1.43, ranging from 1.39 to 1.54. However, these preliminary results stem from only two studies, and in 262 

the following statistical evaluation, no difference was made between the two methods. 263 

 264 

265 
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Table 3. Measured and calculated bioNER. Units of yield gC/gC; units of bioNER and tAA is % applied label 266 

(%aL).  267 

Compound Day CO2 

% 

Yield low 

MTB 

high 

MTB 

Meas. 

tAA 

Meas. 

bioNER 

Reference 

2,4-D a 64 57.6 0.28 9.31 22.2 23.3  [15, 31] 

Ibuprofen a 90 45.2 0.43 12.4 34.1 28.4  [15, 31] 

Glyphosate 80 50.9 0.19 12.4 24.7 10.3e  [16] 

Dodecylphenol 84 43.4 0.51 14.9 45.7 14.8  [33] 

DS 84 67 0.51b 23.1 70.6 19.6  [33] 

DA 84 24.2  0.51b 8.35 25.5 4.8  [33] 

Bromoxynil 120 28.8 0.164 2.6 5.7 3.1 f  [29] 

Bromoxynil a 32 25 0.164 2.3 4.9 12  [34] 

Bromoxynil 56 19 0.164 1.7 3.7 14.5  [35] 

Isoproturon 120 17.0 0.46 5 14 5.3 f  [29] 

MCPA a 70 4.3 0.35 0.89 2.26 1.2d  [25] 

Metamitron 80 60 0.34 12.5 31.5 15.0  [36] 

Sulfadiazine 121 1.7 0.36 0.4 0.9 7.0 f  [29] 

Substance no. 4 120 63.4 0.27 9.9 23.5 5.5  [37] 

Bisphenol S 28 53.6 0.30 8.9 21.7  5.6 [27] 

Isoproturon 46 55.9 0.46 16.4 46.5  24.8 [28] 

MCPA a 65 27 0.35 9.62 14.2  13.8 [25] 

Pendimethalin 204 11.1 0.50 3.8 11.4  22c  [26] 

Abbreviations: tAA is total amino acids; DA is dodecylbenzyl trimethylammoniumchloride, DS is 268 

dodecylbenzene sulfonic acid. Footnotes: a is experiment with 13C-label. b is same yield as 269 

dodecylphenol; c is sum of NER II and NER III; d is experiment “no litter” in Nowak et al. (2020) [25]; e tAA 270 

derived from 13C-label; f %aL in AAE. 271 

 272 

3.2 Statistical evaluation 273 

Correlation. Despite the high variance in experimental data, the correlation between measured tAA and 274 

MTB is significant both for the low MTB (r = 0.56) and the high MTB (r = 0.54) (with n = 14, rcrit is 0.53 at a 275 

level of significance, α = 0.05). There is no significant correlation between CO2 formation and yield (r = 276 

0.07), but the correlation between CO2 and tAA is also significant (r = 0.55, R2 = 48%), while that of the 277 

yield to tAA is much lower (r = 0.15, not significant). Hence, it is the variation in CO2, which determines 278 

the variation of tAA. This makes sense as CO2 is the descriptor of the microbial activity, and for the given 279 

data set it varies far more (factor 39) than the yield (factor 3.1) (Table 3). 280 
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Plot of MTB-bioNER versus tAA. Figure 1 shows the plot of the measured tAA versus low, high and average 281 

MTB with the trend line forced through the origin and depicted slope. Living biomass consists of about 282 

50% of amino acids[41], which might be the reason that high MTB (which predicts living biomass formed) 283 

has a slope of 1.7 to tAA. However, during turnover of biomass in the microbial food web, these other 284 

biomolecules are respired, while amino acids are rather stable [24]. In long-term experiments, bioNER is 285 

approaching tAA (both living and dead tAA and proteinaceous material fixed in soil organic matter). The 286 

experiments were conducted over different time periods (from 32 to 121 days, Table 1), and it can be 287 

expected that the relation between tAA and bioNER in these experiments is between factor 1 and 2.  288 

Mean Absolute Error. The low MTB has an absolute error in the prediction of tAA of, on average, 5.5 %aL, 289 

high MTB 13.9 %aL, and average MTB 9.0 %aL. Low MTB has the smallest deviation from tAA because it is 290 

comparable to tAA, while high MTB is predicting living biomass, of which only 50% is amino acids. 291 

  292 

Figure 1. Calculated bioNER (low, high, average MTB) versus measured tAA or AAE for 14 substances listed 293 

in Tables 2 and 3. High MTB (Eq. 2, blue triangles and blue trendline); low MTB (Eq. 3, red circles and red 294 

trendline) and average MTB (= (low MTB + high MTB)/2) (black diamonds and black trendline).  295 

 296 

3.3 Calculated MTB-bioNER and measured %aL in amino acid extract over time 297 

Due to the dynamic nature of the relation between bioNER and amino acids during a degradation 298 

experiment, the relation between measured AAE and predicted bioNER over time is shown for two 299 

substances. Data for this comparison were derived in the research project of the German Environment 300 

Agency (Umweltbundesamt) Project FKZ 3718 65 407 0 Consideration of non-extractable residues (NER) 301 

in the PBT assessment.  302 

Figure 2 shows the measured AAE and the CO2 –release for the degradation study with 14C-isoproturon at 303 

five sampling events (7, 14, 29, 59 and 120 days). The ratio of measured CO2 to AAE is continuously 304 

increasing over time, from 1.4 at day 7 to 3.2 at day 120. This is consistent with the process of biomass 305 
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turnover leading to up-concentration of amino acids and release of new CO2. In sterile samples, very little 306 

AAE was found (≤ 0.4% aL). The calculated low MTB-bioNER is very close to the measured AAE for all five 307 

samples. In fact, the lower MTB predicts bioNER after the initial biomass has been degraded, and mostly 308 

amino acids remain (Eq. 3, [15]), thus represents a value close to the amino-acid content in bioNER. 309 

However, it is not possible that the initial bioNER consists only of amino acids – it is mostly living biomass, 310 

and thus contains more biomolecules than just proteins. Therefore, the high MTB (Eq. 2) should be a 311 

better descriptor for the living biomass formed from the productive microbial degradation of the 312 

compounds. Multiplying tAA (or AAE) by a factor 2 gives values above high MTB for all times except the 313 

last two samples at t = 59 d and 120 d. Factor 1.8 gives values above but close to the high MTB until day 314 

14, later on approaching the calculated low MTB.  315 

Microbial biomass consists of about 50% w/w proteins[41], which justifies an initial factor 2 to calculate 316 

bioNER from tAA. The factor also depends on the composition of the amino acids ([16], SI). A typical half-317 

live of microbes is 2 weeks[15, 42] , and this means that after 120 days (the usual length of an OECD 307 318 

degradation study) only 0.3% of the initial biomass would still be present. Only the degrader community 319 

takes up the label, and later those microbes that decompose decaying degrader cells. It depends thus on 320 

the lag phase, on the growth velocity of the degraders, and how much of their biomass is alive in the long 321 

run up to 120 days. When microbes decay, the bulk biomass is quickly metabolised in the microbial food 322 

web, whereupon CO2 and new biomass forms (this is the reasoning behind equation 3) [43]. However, the 323 

most stable fraction of the biomass is the proteins, which remain often unchanged as soil organic matter 324 

(SOM) [24]. This is also why total amino acids are higher than amino acids from living organisms and are 325 

analyzed as a proxy for bioNER. However, the longer the test operates and the faster the initial degrader 326 

strains were growing, the less living biomass remains, until the label finally can dominantly be found in 327 

proteins (of biomass and in SOM). It was thus postulated that the ratio bioNER to tAA decreases from the 328 

maximum value 2 to lower ones and ultimately approaches 1. Figure 2 shows AAE x 1.8 (grey triangles), 329 

which ranged most of the time between low and high MTB and can thus be considered a “reasonable 330 

average factor on tAA to derive real bioNER for most of the time” in this isoproturon degradation 331 

experiment.  332 

Figure 3 shows for bromoxynil the measured radiolabel (% aL) in the cleaned column extract (AAE), also 333 

in sterile samples, and measured CO2 at five consecutive sampling times (7, 14, 27, 62 and 120 days). 334 

Already in the first sample at t = 7d, measured AAE is rather high (2.4% and 2.5% of aL). In the second 335 

sample, t = 14 d, 3.4% and 3.6% were found in AAE. Also, in sterile controls a similar amount (1.7% and 336 

2.4% aL) is found in AAE. The label in AAE remains at this level over all sampling times, and is similar in 337 

sterile probes at t = 120 d. This pattern is different from the measured CO2 and the calculated MTB-338 

bioNER, which both increase with time. Thus, even though there is a good numerical agreement between 339 

calculated MTB-bioNER and measured AAE at t = 120 d, and with measured AAE in between lower and 340 

higher MTB, there seems to be a disturbance of the measurement that leads to a high background, and 341 

that makes this result doubtful.  342 

A similar pattern occurred for the compound sulfadiazine. Here, measured AAE was consistently high, up 343 

to 7.0 % aL at t = 120 d, and also in sterile controls (3.6 % at t = 120 d), despite very low CO2-development 344 

(< 2% at t = 120 d). The radioactivity recovered from AAE cannot be considered valid for bioNER (not 345 

shown). 346 
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 347 

Figure 2. Measured %aL in cleaned-up column extract (AAE “amino acid extract”, black line and crosses) 348 

and CO2 (%aL, red circles and red dotted line), AAE in sterile samples (%aL, red squares), AAE times factor 349 

b = 1.8 (grey line and triangles), in comparison to low (dotted violet line and empty violet triangles) and 350 

high calculated MTB-bioNER (filled violet triangles and dashed violet line) for isoproturon at five 351 

consecutive sampling times (7, 14, 29, 59 and 120 days).  352 

 353 

 354 

Figure 3. Measured %aL in cleaned-up column extract (AAE “amino acid extract”, black line and crosses) 355 

and CO2 (%aL right axis, red circles and red dotted line), AAE in sterile samples (%aL, black diamonds), AAE 356 
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times factor b = 1.8 (grey line and triangles), in comparison to low (dotted violet line and empty violet 357 

triangles) and high calculated MTB-bioNER (filled violet triangles and dashed violet line) for bromoxynil 358 

at five consecutive sampling times (7, 14, 27, 62 and 120 days). Replicate samples are shown (n=2).  359 

 360 

For Substance no. 4, measured radioactivity in the column extract AAE) and in CO2 increase together. 361 

Additionally, amino acids in the extract have been determined at three time points (14, 28 and 58 d). 362 

Accordingly, between 65% and 72% of the label in the column extract is amino acids in this case. The low 363 

MTB-bioNER is close to the measured column extract. Multiplied with factor 1.8, the value is between 364 

low and high MTB, with the final value at t = 120 d rather close to the low MTB.   365 

 366 

Figure 4. Measured %aL in cleaned-up column extract (AAE “amino acid extract”, black line and crosses) 367 

and CO2 (%aL right axis, red circles and red dotted line), AAE times factor b = 1.8 (grey line and triangles), 368 

in comparison to low (dotted violet line and empty violet triangles) and high calculated MTB-bioNER (filled 369 

violet triangles and dashed violet line) for Substance no. 4 at seven consecutive sampling times (3, 7, 9, 370 

14, 28, 58, 120 days). Replicate samples are shown (n=2).  371 

 372 

4 Discussion  373 

The MTB growth yield method has been tested earlier versus available data and also versus alternative 374 

growth yield estimation approaches[22]. MTB performed best for xenobiotics but still had a mean average 375 

error of 49% with both over- and underestimations; the high deviation was due to failure for a few 376 

substances, and the reasons for failure could be identified in more detail in this study by comparing mass 377 

balance data from various sources. 378 

4.1 Assumptions and limitations of the MTB growth yield and bioNER estimation 379 

Assumptions of the MTB method. The MTB yield calculation method is based on earlier work of Thauer et 380 

al. [23] and Diekert [18]. It gives the potential growth or the theoretical yield of microorganisms (pure 381 

strains or mixed cultures) on a defined substrate using it as sole source of carbon and energy. However, if 382 
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the microorganisms grow on multiple substrates, as often seen at low substrate concentrations 383 

(starvation metabolism, sometimes mixed with the term co-metabolism) [44-46] and in soils or sediments, 384 

MTB still predicts the potential yield for a target substrate used for catabolism and anabolism in the same 385 

amount as in single substrate metabolism. However, if a substrate is preferably used for energy (ATP 386 

generation under CO2-release) and another preferably for biomass formation, the growth yield cannot be 387 

predicted reliably by this method if this carbon distribution is known beforehand. The method assumes 388 

that catabolism and anabolism occur at the same time from the same substrate, which means that CO2 is 389 

formed and immediately released while biomass is formed with no storage of intermediates. In addition, 390 

MTB assumes that either energy or carbon is limiting the yield, and slightly modified, the method allows 391 

also to consider nutrient limitation, e.g., by phosphorous or nitrogen [16]. Growth yield estimates can be 392 

performed with oxygen as terminal electron acceptor (aerobic degradation), but also with nitrate or 393 

sulfate (anaerobic degradation) [22]. Due to thermodynamic reasons, the yield is highest with oxygen and 394 

lowest with sulfate. Hence, the method is rather flexible and can be adapted to a variety of redox couples 395 

and environmental conditions, if they are described sufficiently.  396 

The MTB growth yield estimation is less sensitive to uncertain ΔG input data than other yield estimation 397 

methods [22], nonetheless uncertainties of the input values, e.g., the ΔG values and the reaction schemes, 398 

can lead to variations in the calculated yield. We can show this for the example of bromoxynil. For the 399 

yield given in Table 3, the underlying reaction equation was assumed to be: 400 

C7H3Br2NO + 6O2 + OH   ̅--> 7CO2+2Br  +̅NH4
+    401 

with the Gibbs energy of the reaction (standard conditions, units kJ/mol, [18])  402 

ΔG0
r = [7(-386) + 2(-105.19) + (-79.4)] – [+147.8 + 0 +(-157.2)] kJ/mol  = -2982.6 kJ/mol   403 

The yield of bromoxynil is then 0.164 gC/gC using the tabulated ΔG-values in Diekert (1997) [17], 0.166 404 

gC/gC with ΔG-values derived from Thauer et al. (1977) [23] or 0.174 gC/gC with ΔG-values from Alberty 405 

(2003) [47], corresponding to 0.09 to 0.10 g biomass per g bromoxynil (showing that small differences in 406 

∆G have little influence on the calculated result).  407 

Under reductive conditions, a dehalogenation of bromoxynil may occur, leading to the metabolite 4-408 

hydroxy-benzonitrile (www.envipath.org) by replacing the bromine atoms by hydrogen. This may increase 409 

the energy available for microbes upon mineralization, and the estimated yield increases to 0.26 gC/gC 410 

(∆G-values from Diekert (1997) [18]). A partly anaerobic test environment can thus change the microbial 411 

yield quite significantly, and hence also the formation of bioNER. This may explain the large variation in 412 

measured amounts of the bioNER of bromoxynil (Table 3).  413 

Known limitations of the MTB yield assessment. In degradation studies, microorganisms may not use the 414 

full potential of a substrate because the enzymes are not adapted to a degradation pathway or not present 415 

at all, or if an appropriate electron acceptor is not present in sufficient concentrations; this can lead to 416 

accumulation of intermediate metabolites and lower yields. In mixed cultures (natural inocula) and 417 

environmental samples from simulation tests[2-4], growth of multiple strains on multiple substrates is 418 

likely in particular in soils, sediments, and sludges. A selection process among the microorganisms of a 419 

degrader population selecting for the most efficiently growing strain (which have the highest possible 420 

yield, i.e. close to or at the theoretical yields) will take place more likely if the substrate is the only growth 421 

substrate and carbon source. This again is much more likely to be the case at higher initial concentrations 422 
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and MTB is developed particularly for these metabolic conditions. The consumption of other substrates 423 

contributes to the metabolism of the degrader organisms and thus the bioNER values may even be lower 424 

than the low MTB values. 425 

In addition, with current analytical techniques, stable isotope (13C) labeling requires higher initial 426 

concentrations than radio-labeling (14C). Hence, non-adapted microbial communities with lower yield (and 427 

higher CO2-formation) are more likely for tests with 14C label, and in this case the MTB assessment may 428 

overestimate bioNER formation.  429 

In case of incomplete metabolism with accumulation of metabolic products, the yield assessment can 430 

still be made if these products are known and quantified [16]. However, yield estimates by MTB are not 431 

defined and may not be valid for non-growth supporting co-metabolism[48], for the use of parts of the 432 

molecule as biomass building block, and for use of the target substrate as electron acceptor. In these 433 

cases, the substrate is depleted, but microorganisms do not or only slowly grow on it, and also CO2 434 

development is none or small.  435 

Flaws of the MTB and bioNER assessment. From the assumptions and limitations of the MTB method 436 

follows that deviations from the predicted range of bioNER may occur  437 

- if the degradation is incomplete, i.e., transformation/degradation products accumulate and are 438 

not considered in the calculation or are used directly as building blocks for biomass formation. 439 

- if the degradation is (partly or fully) anaerobic, and methane (CH4) is formed instead of CO2; for 440 

nitrate and sulfate as the electron acceptors, the yield is lower due to lower Gibbs energy of the 441 

reaction [22].  442 

- if there is significant storage of carbon within the cell, e.g., in form of carbohydrates, poly-ß-443 

hydroxy acids, or polyphosphates. In this case, the release of CO2 by mineralisation is delayed. 444 

The equations for the bioNER assume, however, immediate release of CO2. In consequence, the 445 

true bioNER may be higher than predicted from released CO2 and potential yields.  446 

- if the natural inoculum does not contain microorganisms with enzymes for efficient and 447 

complete mineralisation of the substrate, the resulting experimental data may differ from the 448 

theoretical result.  449 

- if the substrate is applied in concentrations toxic to microorganisms, or inhibiting enzyme 450 

reactions[20, 49], the actual yield can be lower than expected by MTB. This is more likely if 13C-451 

label is used because this requires higher initial concentrations.  452 

In degradation experiments, any of these limitations may occur, but they may not always be noticed, 453 

and it is difficult to prove their occurrence. Therefore, careful assessment of the interfering processes is 454 

needed and these limitations may explain the large deviations between estimated growth yield or 455 

bioNER and experimentally determined values.  456 

 457 

4.2 Uncertainties in the experimental data  458 

The correlation between estimated MTB-bioNER and measured proxies for bioNER such as tAA or AAE is 459 

significant, but in several cases (in particular for hardly degradable compounds) there are large differences 460 
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between estimated and experimental bioNER, in average about 5 % aL (low MTB) to 14 % aL (high MTB). 461 

It is not possible to define the source of this disagreement yet. However, given the high variance and the 462 

difficulties of the experimental determination in different soils, this disagreement ,presumably, partly 463 

origins from the (im-)precision of the measured data. From the assumptions and limitations underlying 464 

the MTB method, a number of reasons could be identified for deviations from experimental results, 465 

although there is no proof that any of these short-comings did happen. Considering the large variations 466 

of NER formation of chemicals in different soils and under different conditions[5], the difference of 467 

measured and calculated bioNER amounts is relatively minor in most cases.  468 

Table 3 also lists four data sets where bioNER was not determined via protein mass but by alternative 469 

methods. The result for bisphenol A [27] is below the estimated bioNER range. The results for isoproturon 470 

[28] and MCPA [25] was within the predicted range, and the result for pendimethalin [26] is above. The 471 

reason for the latter may be that the given number is for the sum of experimentally determined NER II 472 

and III.  473 

 474 

Conclusions 475 

Productive microbial biodegradation of labelled test chemicals leads to the incorporation of the label in 476 

the microbial mass. As a result, biogenic NER, which is not harmful and without environmental relevance, 477 

is formed. The amount of bioNER formed can be estimated using the MTB approach. It needs minimum 478 

input data, all of them readily available without additional experimental effort. The MTB approach can 479 

thus be employed to discriminate between potentially remobilisable (thus harmful) NER, and irreversibly 480 

bound (not harmful) NER without additional experimental efforts. This is very useful in the context of the 481 

new paradigm of the ECHA (2019) [13], which suggests to consider unidentified NER as equivalent to 482 

parent substance in the P assessment.  483 

The particular advantage of the MTB approach is that it provides a tool to assess the actual biomass 484 

formation by relating it to the microbial activity via the CO2 formed. Predicted growth yields vary much 485 

less than experimental CO2, thus, the variance in bioNER estimations can mostly be contributed to the 486 

variance in CO2 (CO2 alone is a good predictor for biological activity, and thus also for bioNER formation, 487 

as can be seen from the correlation to tAA). Hence, inconsistent or unreliable measurements can be 488 

identified by comparison to CO2. Unreliable results may also be detected by degradation experiments 489 

under sterile conditions, and by comparison to MTB results. 490 

The comparison with experimental data was faced with difficulties. There is currently no established 491 

experimental standard procedure for the determination of NER and bioNER, and a variety of methods 492 

have been reported in scientific literature, accompanied by a large variety of experimental conditions, 493 

such as test duration, soil type, concentrations etc. Experimental data showed considerable scatter for 494 

those cases where the bioNER formation of the same compound was studied in replicates or in different 495 

soils. Further harmonization of experimental methods and additional studies are thus necessary to 496 

decrease the variance of the experimental outcome and disagreement between calculated and measured 497 

bioNER. Large deviations between experiment and calculation may thus also indicate, for the results 498 

shown, the limitations of the experimental bioNER quantification. We found a significant correlation 499 

between predicted and measured results, which means that the MTB-bioNER usually gives high results 500 

when the measured bioNER is high. However, the estimated bioNER values in average differed only 501 
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between 5% aL (low MTB) to 14% aL (high MTB) from the measured tAA. If the tAA-values are multiplied 502 

with a factor to consider the difference between amino acid and biomass, the difference is reduced. 503 

However, that factor is not a constant but may vary with experimental set-up and duration and ranges 504 

from 1.8 to 1.0. Factor 1.8 (55% protein content in biomass) seems to be a reasonable default value.  505 

The particular advantage of the MTB approach is that it provides a tool to assess the biomass formation 506 

by relating it to the microbial activity via the CO2 formed. It can thus indicate those studies where the 507 

NER is formed partly or mostly from bioNER, and where additional experimental efforts may lead to 508 

lower half-lives in the P assessment.  509 
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