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Preface 

The thesis is organised in two parts: the first part puts into context the findings 

of the PhD in an introductive review; the second part consists of the papers 

listed below. These will be referred to in the text by their paper number written 

with the Roman numerals I-III. 

 

I Brock, A. L.; Kästner, M.; Trapp, S. Microbial Growth Yield Estimates 

from Thermodynamics and Its Importance for Degradation of Pesticides 

and Formation of Biogenic Non-Extractable Residues. SAR QSAR Environ. 

Res. 2017, 28 (8), 629–650. 

 

II Trapp, S.; Brock, A. L.; Nowak, K. M.; Kästner, M. Prediction of the 

Formation of Biogenic Nonextractable Residues during Degradation of 

Environmental Chemicals from Biomass Yields. Environ. Sci. Technol. 

2018, 52 (2), 663–672. 

 

III Brock, A. L.; Rein, A; Polesel, F. Nowak, K. M.; Kästner, M.; Trapp, S. 

Microbial turnover of glyphosate to biomass: utilization as nutrient source, 

formation of AMPA and biogenic NER in an OECD 308 test Environ. Sci. 

Technol. 2019, Accepted. 10.1021/acs.est.9b01259 

 

 

In this online version of the thesis, paper I-III are not included but can be 

obtained from electronic article databases e.g. via www.orbit.dtu.dk or on re-

quest from DTU Environment, Technical University of Denmark, Miljoevej, 

Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk.  
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In addition, the following publications, not included in this thesis, were also 

concluded during the PhD thesis:  

Ramin, P.; Libonati Brock, A.; Polesel, F.; Causanilles, A.; Emke, E.; de 

Voogt, P.; Plósz, B. G. Transformation and Sorption of Illicit Drug 

Biomarkers in Sewer Systems: Understanding the Role of Suspended 

Solids in Raw Wastewater. Environ. Sci. Technol. 2016, 50 (24), 13397–

13408. 

 

Ramin, P.; Brock, A. L.; Causanilles, A.; Valverde-Pérez, B.; Emke, E.; 

De Voogt, P.; Polesel, F.; Plósz, B. G. Transformation and Sorption of 

Illicit Drug Biomarkers in Sewer Biofilms. Environ. Sci. Technol. 2017, 51 

(18), 10572–10584. 

 

Ramin, P.; Polesel, F.; Brock, A. L.; Plósz, B. G. The Impact of 

Temperature on the Transformation of Illicit Drug Biomarkers in 

Wastewater. Sci. Total Environ. 2018, 644, 1612–1616. 
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Summary 

The ability to identify hazardous substances before they are, either purpose-

fully or inadvertently, emitted into the environment is of high priority. Com-

plete removal of xenobiotic chemicals from the environment entails transfor-

mation into innocuous products such as biological components (biomass) or 

complete mineralisation (CO2 and inorganic salts). Consequently, regulatory 

assessment is based on biodegradability experiments. The experiments are per-

formed in a tiered manner with increasing complexity, where failure to meet a 

certain threshold in a simpler test triggers further testing. The more complex 

simulation tests are designed to emulate biodegradation in specific environ-

mental compartments (for example, soil, sediment, and surface water). These 

tests commonly involve the application of chemicals labelled with stable or 

radioactive carbon isotopes (13C, 14C). In these tests, a significant portion of 

the carbon (up to 90%) remains unidentified as non-extractable residues 

(NER). For many years, NER have been considered a ‘black box’ as NER are 

commonly quantified from combustion (complete oxidation) of the sample. 

How NER are formed and the risks they pose have been topic of research for 

more than 60 years. Experimental insights of the past decade have unequivo-

cally shown that microorganisms incorporate the carbon label into bio-mole-

cules and use the chemical as a source of energy and nutrients . Thus, a con-

siderable fraction of NER is in fact of biogenic origin (bioNER) posing no risk. 

The key parameter relating biodegradation to the growth of microorganisms is 

the growth yield, which is defined as the mass of microorganisms formed per 

mass of substrate consumed. The parameter can be determined experimentally, 

however, due to its widespread application in environmental biotechnology, 

fermentation and reactor design in wastewater treatment; many methods based 

on thermodynamic considerations have been developed and are routinely ap-

plied to estimate this parameter without resorting to experimentation. The 

scope of the PhD thesis was to develop predictive equations to estimate the 

formation of bioNER and develop a method to estimate the microbial growth 

yields using thermodynamic considerations and a minimum of information.  

Predictive equations, able to estimate the formation of biogenic non-extracta-

ble residues, were derived from carbon mass balances. Only information of the 

microbial growth yield and measurements of the evolved CO2 are needed as 

input.  In order to estimate the microbial growth yield, the Microbial Turnover 

to Biomass (MTB) method was developed and used to estimate the growth 
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yield on common carbon substrates and on xenobiotics. The MTB method con-

siders the nutritional value of the substrate – i.e. how much substrate is needed per 

mass of microorganism, and relies only on knowledge of the Gibbs energy of re-

action and the carbon content of the chemical.  The reduction in complexity com-

pared to other methods reduces the number of confounding factors and amount of 

information needed while increasing the method flexibility. The MTB method 

outperformed two other yield estimation methods when estimating the growth 

yields on pesticides, but was outperformed when used to estimate the growth 

yield on common carbon substrates.   

Coupling biodegradation to microbial growth and formation of bioNER using the 

growth yield provides a powerful tool in degradation models. The ‘unified model 

for biodegradation and sorption’ was successfully used as the fundamental frame-

work to model the competing processes of biodegradation and NER formation. 

The model employs a two-compartment-sorption model calculating rapid (adsorp-

tion) and slow (sequestration) kinetics combined with Monod kinetics for micro-

bial metabolism and growth. The developed modelling approach was shown able 

to capture complex phenomena such as competing transformation pathways 

and water-sediment mass transfer in a water-sediment simulation test (OECD TG 

308) with incomplete transformation of glyphosate. The MTB method could pro-

vide additional insights into possible explanations for observed shifts of mi-

crobial degradation of glyphosate and accumulation of its main metabolite ami-

nomethylphosphonic acid (AMPA), as these experiments employed multiple 

isotope labels in a single substrate.  

Based on the findings presented in this PhD thesis, it is now possible to eluci-

date the nature of NER by combining novel analytics, first principles, and dy-

namic model simulations. The PhD thesis provides a theoretical foundation that 

can be used to predict bioNER formation prospectively but also retrospec-

tively, as it can be used to interpret NER data obtained in already performed 

biodegradability experiments. Consequently, the methodology is recom-

mended to be included in the coming update of the technical guidance docu-

ment describing how to assess the persistent, bioaccumulative and toxic (PBT) 

properties of chemicals by the European Chemicals Agency (ECHA).  How-

ever, the methodology is new and should be tested in further experiments (pref-

erably using OECD tests relevant for persistence assessment).  

As there is a need for standardised models to infer kinetic values needed to 

comply with the chemical regulation, it is envisioned to provide the MTB 

method and the dynamic model as a tool available to registrants and regulators.  
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Dansk sammenfatning 

Det har høj prioritet at kunne identificere problematisk stoffer før de, enten 

tilsigtet eller utilsigtet, udledes til miljøet. Komplet nedbrydning og fjernelse 

af miljøfremmede stoffer kan ske ved at stoffet omdannes til uskadelige pro-

dukter såsom biologisk materiale (biomasse) eller komplet mineralisering 

(CO2, uorganiske salte). Et kemikalies miljømæssige persistens vurderes på 

baggrund a bionedbrydelighedsforsøg. Forsøgsstrategien er tilrettelagt med sti-

gende kompleksitet, hvorved manglende overholdelse af en bestemt tærskel-

værdi i en simplere forsøgsmetode afstedkommer krav om yderligere forsøg. 

De mere komplekse testmetoder er designet til at efterligne bionedbrydning i 

miljøet (f.eks. jord, hav-/sø-sediment og overfladevand). Disse tests involverer 

almindeligvis anvendelse af kemikalier mærket med stabile eller radioaktive 

kulstof isotoper (13C, 14C). I disse test forbliver en betydelig del (op til 90% af 

kulstoffet) uidentificeret som ikke-ekstraherbare rester (non-extractable resi-

dues, NER). I mange år har kompositionen af NER været ukendt, da NER al-

mindeligvis kvantificeres ved forbrænding (komplet oxidering) af prøven. 

Hvordan NER dannes og dets miljømæssige relevans og risici har været et 

forskningsemne i mere end 60 år. Eksperimentelle resultater i det seneste årti 

har utvetydigt vist, at mikroorganismer indarbejder de mærkede kulstofatomer 

i biomolekyler og derved anvender kemikaliet som en kilde til energi og næ-

ringsstoffer (mad). Således har en betydelig del af NER faktisk biogen oprin-

delse (bioNER), som ingen risiko udgør for miljøet eller mennesker. Nøglepa-

rameteren der sammenkæder den observerede bionedbrydelighed til dannelsen 

af mikroorganismer er det mikrobielle vækstudbytte (microbial growth yield). 

Denne parameter defineres som massen af mikroorganismer dannet pr. masse 

kemikalie forbrugt. Parameteren kan bestemmes eksperimentelt, men grundet 

dets omfattende anvendelse i for bioteknologi og reaktordesign i spildevands-

rensning mv., er mange metoder blevet udviklet og anvendes rutinemæssigt til 

at estimere denne parameter uden eksperimenter. Metoderne er typisk baseret 

på en termodynamisk beskrivelse af mikrobiel vækst. Formålet med dette 

ph.d.-studium var at udvikle matematiske ligninger, som kan anvendes til at 

estimere dannelsen af bioNER samt udvikle en metode til estimering af det 

mikrobielle vækstudbytte ved hjælp af termodynamiske overvejelser og et mi-

nimum af information. Ved at tage udgangspunkt i en kulstofmassebalance var 

det muligt at udlede en matematisk sammenhæng mellem CO2-udledningen, 

det mikrobielle vækstudbytte og dannelsen af bioNER. Kun information om 

det mikrobielle vækstudbytte og målinger af CO2 er nødvendig som input. For 
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at estimere det mikrobielle vækstudbytte blev Mikrobiel Omsætning til Bio-

masse-metoden (Microbial Turnover to Biomass, MTB) udviklet og anvendt 

til at estimere vækstudbyttet på simple kulstofsubstrater og miljøfremmede 

stoffer. MTB-metoden tager udgangspunkt i kemikaliets (substratets) nærings-

værdi - dvs. hvor stor en mængde substrat er der behov for pr. mængde bio-

masse. Metoden er kun afhængig af kendskabet til Gibbs reaktionsenergi og 

kulstofindholdet i det pågældende kemikalie. Reduktionen i kompleksitet i for-

hold til andre metoder reducerer antallet af sammenvævede faktorer og mæng-

den af information, der er nødvendig, samtidig med at metodens fleksibilitet 

øges. MTB-metoden var bedre til at estimere vækstudbyttet på pesticider end 

to andre estimeringsmetoder, men var dårligere til at estimere vækstudbyttet 

på simple kulstofsubstrater. Ved hjælp af MTB-metoden kan bionedbrydning 

af kemikalier kobles til mikrobiel vækst og dannelse af bioNER. Kombinatio-

nen af dynamisk modellering og MTB-metoden er et kraftfuldt værktøj til si-

mulering af bionedbrydning og bioNER-dannelse. Den ”Unified model for bio-

degradation and sorption” udgjorde den grundlæggende ramme for modelle-

ring af bionedbrydning og NER-dannelse. Modellen anvender en to-rums-sorp-

tionsmodel, der beregner hurtig og langsom sorption kombineret med Monod 

kinetik for mikrobiel metabolisme og vækst. Den udviklede modelleringstil-

gang var i stand til at indfange komplekse fænomener, såsom konkurrerende 

transformationsveje og vand-sediment masseoverførsel i et nedbrydningsfor-

søg i med ufuldstændig omdannelse af glyfosat. Anvendt i kombination med 

eksperimenter med flere isotoper i et enkelt substrat, kunne MTB-metoden til-

vejebringe yderligere indsigt i mulige forklaringer for observerede forskydnin-

ger af mikrobiel nedbrydning af glyfosat og dannelsen af aminomethylphosho-

nic syre (AMPA).  

På baggrund af resultaterne præsenteret i denne ph.d.-afhandling, er det nu mu-

ligt at belyse NER's natur ved at kombinere nye analysemetoder, første prin-

cipper og dynamiske modelsimuleringer. I ph.d.-afhandlingen er præsenteret 

et teoretisk fundament, som kan bruges til at forudsige bioNER-dannelse pro-

spektivt, men også retrospektivt, da det kan bruges til at fortolke NER-data 

opnået i allerede udførte bionedbrydelsesforsøg. Følgelig anbefales metoden 

inkluderet i den kommende opdatering af Det Europæiske Kemikalieagenturs 

tekniske vejledningsdokument vedrørende vurdering af kemikaliers persi-

stente, bioakkumulerende og toksiske (PBT) egenskaber. Metoden er imidler-

tid ny og den bør undersøges nærmere og verificeres eksperimentelt. Da der er 

behov for standardiserede modeller til at udlede kinetiske værdier, nødvendige 

for at overholde gældende lovgivning, stilles MTB-metoden og den dynamiske 
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model til rådighed som et værktøj for producenter og tilsynsførende myndig-

heder. 
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1 Introduction 

Anthropogenic chemical substances (or xenobiotics) are present in every as-

pects of our lives. Notwithstanding the societal benefits, chemicals emitted to 

the environment can have unwanted detrimental effects and pose a risk for both 

human health and the environment. The ability to identify hazardous sub-

stances before they are, inadvertently, emitted into the environment, is of high 

priority. Consequently, one of the cornerstones of chemical regulation and 

chemical risk assessment is to evaluate the environmental fate of chemicals. 

Of particular interest is chemical persistence (Cousins et al., 2019).  Given the 

fact that persistence arises from resistance to degradation, the continued dis-

charge of a persistent chemical will lead to increasing environmental concen-

trations. Persistent chemicals will remain in the environment for a substantial 

time and can pose considerable risks to both the environment and human 

health, especially if the chemical also has potential to be toxic and bioaccumu-

lative (Matthies et al., 2008; Scheringer, 1996; Webster et al., 1998). Concerns 

that high environmental concentrations also imply higher likelihood of both 

known and unknown effects, a “P-sufficient approach” has recently been sug-

gested to be implemented in regulation in order “to prevent poorly reversible 

future impacts” from the release of organic chemicals (Cousins et al., 2019).   

Chemicals that are considered persistent, bioaccumulative and toxic (PBT) are 

of special concern, which is reflected in the regulations (ECETOC, 2011; 

ECHA, 2017; Matthies et al., 2016). Environmental persistence can be ascribed 

to the physicochemical properties of the chemical and the environmental con-

ditions (Boethling et al., 2009; Katayama et al., 2010). Persistence may arise 

from limited bioavailability due to sorption, since strongly sorbed chemicals 

are seldom available to the microorganisms and not susceptible to biodegrada-

tion (ECETOC, 2003; Kästner et al., 2014; Katayama et al., 2010; Rein et al., 

2016). Complete removal of a (xenobiotic) chemical from the environment en-

tails transformation into innocuous products such as biological components or 

complete mineralisation to CO2, H2O, inorganic salts etc. Depending on the 

chemical, the dominating transformation/degradation processes might be 

purely abiotic (e.g. photolysis, hydrolysis, oxidation and reduction) or driven 

by microbial activity (bacteria, fungi etc.). The biocatalytic capacity of the mi-

croorganisms can be evolved over time due to selective pressure induced in the 

laboratory (adaptive laboratory evolution) or environment (Dvořák et al., 

2017; Ingerslev et al., 1998). Another reason for persistence may be toxic ef-

fects of the chemical or metabolites, thus effectively reducing the viability of 
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the microorganisms and hampering biodegradation (Honeycutt et al., 1996; 

Won et al., 1976). 

In the European Union, chemical substances are regulated according to the 

REACH regulation (Registration, Evaluation, Authorisation and Restriction of 

Chemicals) (European Commission, 2006). To comply with the regulation, 

producers or importers must assess the persistent, bioaccumulative, and toxic 

properties (PBT) of the chemical as part of the chemical safety assessment 

(CSA), which is mandatory for substances imported or produced in amounts 

≥10 tonnes per year to obtain authorisation (ECHA, 2017). Additionally, sub-

stances regulated under the Biocidal Product Registration (EU, 2012), Plant 

Protection Products regulations (European Council, 2009) and human and vet-

erinary medicinal products are also subjected to degradation tests and PBT as-

sessment (Rauert et al., 2014). In general, assessing the bioaccumulation and 

toxic potential of a chemical have been considered relatively straightforward 

when using standardised test protocols, whereas persistence is generally con-

sidered more difficult to quantify (Webster et al., 1998).  

Regulatory assessment of environmental persistence is based on biodegrada-

bility experiments performed in a tiered manner with increasing complexity. If 

the chemical substance fails ready biodegradability tests (RBT) (e.g. OECD 

TG 301 (OECD 1992; Junker et al. 2016; Martin et al. 2017)) and screening 

information, such as inherent biodegradability tests (OECD TG 302) or quan-

titative structure-activity relationship (QSAR) models, does not clarify the po-

tential persistence (P) of the chemical, more complex simulation tests designed 

to emulate biodegradation in specific environmental compartments (for exam-

ple, soil, sediment, and surface water) must be conducted (ECHA, 2017). Ad-

ditionally, the RBTs have been shown to be highly variable (Nyholm et al., 

1984) and efforts has recently been made to ameliorate the lack of reproduci-

bility and to reduce the amount of false negatives invoking the need for costly, 

higher-tiered simulation tests (Kowalczyk et al., 2015; Martin et al., 2017). 

These tests commonly involve the application of chemicals labelled with stable 

or radio-active isotopes (13C, 14C) to trace unknown metabolites and formation 

of CO2. In these tests, a significant portion (up to 90% of the carbon label) 

remains unidentified as ‘bound residues’ or non-extractable residues (NER) 

(Barriuso et al., 2008). NER can be formed in all environmental matrices and 

has been subjected to intensive scrutiny and research for the past 60 years to 

understand its formation processes and possible risks (Barraclough et al., 2005; 

Craven, 2000; ECETOC, 2013; Fomsgaard, 2004; Gevao et al., 2003; Kästner 

et al., 2016; Northcott and Jones, 2000; Y. Wang et al., 2017; Weiss et al., 
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2004). It is well known, that the formation of NER generally decreases the 

bioavailability of the chemical and is a function of both the physicochemical 

properties of the chemical and its interactions with the solid phase (Alexander, 

2000; Kästner et al., 2014; Katayama et al., 2010). NER are, preferably, quan-

tified by combustion (complete oxidation) of the solid matrix, after exhaustive 

extraction, and retrieval of the isotope in CO2 providing limited information 

about the NER speciation (Kästner et al., 2018). Evidently, the formation of 

NER is dependent upon the extraction method, thus recent efforts have been 

made to unify and harmonise the extraction methods as well as the regulatory 

view and classification (ECETOC, 2013; Ortega-Calvo et al., 2015; Schäffer 

et al., 2018). Depending on the regulatory framework, NER are either consid-

ered a removal (‘safe sink’ in pesticide regulation)  or cause for potential risk 

(‘hidden hazard’) (Schäffer et al., 2018). NER has for many years been con-

sidered a ‘black box’, however, experimental findings of the last decade have 

made it possible to categorise NER into three distinct types (Kästner et al., 

2014):  

- Type I NER are formed by sequestration or entrapment of parent chem-

ical or early transformation products in solid phases such as soil or sed-

iment. 

- Type II NER are formed due to covalent bonding of the parent chemical 

or early transformation products to the soil organic matter. 

- Type III (bio)NER are formed after incorporation of isotope label into 

microbial biomass. 

bioNER are thus of biogenic origin. Information of bioNER makes it possible 

to estimate the amount of type I and II NER (collectively termed xenoNER) 

(Kästner et al., 2014; Schäffer et al., 2018). In the widely accepted NER defi-

nition of Roberts (1984), only parent compounds and primary metabolites in 

the NER are defined as NER. Carbon label incorporated into natural bio-com-

ponents (bioNER) is explicitly excluded. However, NER assessment based on 

combustion always include bioNER thus resulting in an overestimation of the 

potential risks and persistence. While bioNER is innocuous, xenoNER may 

pose a risk. Recently, experimental and analytical efforts have elucidated the 

composition of NER and shown that bioNER make up a considerable fraction 

of the total NER (Nowak et al. 2011; Nowak et al. 2013; Wang et al. 2016; 

Poßberg et al. 2016; Nowak et al. 2018; Wang et al. 2017; Zhu et al. 2018; 

Brock et al. 2017). These findings unequivocally show that microorganisms 

incorporate the carbon label into biomass and use the (xenobiotic) chemical as 
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a growth substrate. If the chemical is used as a source of energy and/or nutri-

ents (carbon, nitrogen, phosphorous etc.), the key parameter, relating the chem-

ical energy and atoms released in the transformation to growth of biomass, is 

the growth yield. The microbial growth yield is defined as the mass of micro-

organisms formed per mass of substrate consumed. Thus, a chemical that does 

not provide sufficient energy, carbon or nutrients under specific environmental 

conditions can be expected to be persistent, as it may only be transformed co-

metabolically, since enzymes necessary for degradation are less likely to 

evolve (Dvořák et al., 2017). The ability to predict the microbial growth yield 

on an arbitrary substrate is of high value in biotechnological applications such 

as wastewater treatment (Christensen and McCarty, 1975; González-Cabaleiro 

et al., 2019; Tchobanoglous et al., 2003), in the design of  fermentation systems 

or cell factories (Cueto-Rojas et al., 2015; Heijnen and Dijken, 1992; Villadsen 

et al., 2011; von Stockar, 2010). Consequently, many methods exist and re-

views and comparisons abound in literature (Heijnen, 1991; Heijnen and 

Dijken, 1992; Kleerebezem and Van Loosdrecht, 2010; Liu et al., 2007; 

VanBriesen, 2002). Furthermore, thermodynamic analyses can be used to eval-

uate the biodegradability potential and driving force of the transformation re-

action(s), while also making it possible to quantify the microbial growth yield 

(Alberty, 2003, 2002; Bar-Even et al., 2014; Brock et al., 2019, 2017; 

Desmond-Le Quéméner and Bouchez, 2014; Finley et al., 2009a; Flamholz et 

al., 2012; Heijnen, 1991; Heijnen and Dijken, 1992; Kleerebezem and Van 

Loosdrecht, 2010; Maskow and von Stockar, 2005; Milo et al., 2012; Smeaton 

and Van Cappellen, 2018; Tijhuis et al., 1993; Trapp et al., 2018; VanBriesen, 

2002).  

 

1.1 Research objectives 
The aim of the PhD thesis is to study the environmental fate of organic chem-

icals and develop predictive equations to estimate the formation of bioNER. 

The specific objectives of this PhD thesis are to: 

 Develop and introduce a method to estimate microbial growth yields from 

thermodynamics with a minimum of information needs and compare it to 

existing approaches (Paper I). 

 Develop predictive equations for the estimation of biogenic non-extractable 

residues (bioNER) (Paper II and Paper III), and apply them to retrospec-

tively assess biodegradation studies (Paper I). 
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 Extend the growth yield method to also capture the formation of accumulat-

ing metabolites due to competing transformation pathways (Paper III). 

 Set up and extend mathematical models able to capture the dynamics of 

standardised simulation test systems in order to elucidate the dynamic for-

mation of non-extractable residues (Paper II and Paper III). 
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2 State-of-the-art in persistence 

assessment and non-extractable residues 

Chemical persistence is in the European Union based on the degradation half-

life of the chemical. A chemical is considered persistent (P), if its degradation 

half-life exceeds the thresholds defined in Annex XIII of REACH (summarised 

in Guidance of Information Requirements and Chemical Safety Assessment 

Chapter R.11 (ECHA, 2017)). These thresholds are: more than 60 days in ma-

rine water, and more than 180 days in in marine sediment; more than 40 days 

in fresh or estuarine water, and more than 120 days in fresh or estuarine sedi-

ment, or more than 120 days in soil. Persistence of chemicals is thus evaluated 

based on the removal from an environmental compartment. Specifically, only 

(bio)degradation is considered a removal process (Boethling et al., 2009). 

Transfer from one environmental compartment to another, such as sorption, is 

not a removal process, and, if metabolites are formed, they also need to have 

their PBT properties assessed (ECHA, 2017). In order to assess the P properties 

of a chemical, the OECD TG 307-309 simulation tests are explicitly mentioned 

as suitable biodegradation simulation tests (OECD, 2004, 2002a, 2002b). For 

proper evaluation of these tests, the degradation half-life is inferred from the 

mineralisation rate (measurement of 14CO2-formation). If the mineralisation 

half-life for the whole system is not below the P criteria, a full mass balance 

must be performed and any metabolites determined. This also entails determi-

nation of the amount of non-extractable residues formed.  

The P criterion is, by definition, a half-life and only degradation half-life can 

thus be used to evaluate the persistence of a chemical (ECHA, 2017). The tech-

nical guidance document recommends using single-first order (SFO) kinetic 

models; however, these can only be used if the kinetics are indeed first order. 

If the degradation kinetics deviate from first order, bi-phasic models are sug-

gested, though these can only be used to predict the DT50 (dissipation) (ECHA, 

2017). Dissipation lumps together all losses, e.g., degradation, volatilisation 

and sorption processes. In order to evaluate the applicability/usability of a ki-

netic degradation model, the guidance documents relies on the work carried 

out by the Forum for the Co-ordination of pesticide fate models and their USe 

(FOCUS) in order to develop guidance for the modelling of pesticide degrada-

tion (FOCUS, 2014). In here, only removal of the parent chemical and for-

mation of metabolite(s) are modelled, no information regarding the formation 

of NER or CO2 is obtained as these are treated as a lumped sink (removal pro-

cess). Thus, the recommended models are only able to capture dissipation and 
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primary degradation and not complete mineralisation (ultimate degradation). 

This is in clear contradiction to the demands in the REACh guidance docu-

ments (ECHA, 2017). 

Consequently, Matthies et al. (2008) presented a first-order kinetic approach 

to determine the degradation of the parent chemical, formation of metabolites, 

NER, and CO2 in aerobic soil degradation experiments. This made it possible 

to distinguish between dissipation and degradation half-lives (DTx and DegTx, 

where x denotes the % removal, i.e. the degradation half-life is DegT50) by 

inverse modelling. For first-order kinetics, DT50 and DegT50 can be determined 

as: 

DegT50 =
ln(2)

𝑘deg 
 

DT50 =
ln(2)

𝑘deg + 𝑘ner + 𝑘other

 

(1) 

where kdeg can either be the first-order reaction rate constant leading to a me-

tabolite (primary degradation) or CO2 (ultimate degradation, mineralisation) 

[d−1]; kner is the first-order reaction rate constant leading to NER [d−1], and kother 

is the first-order loss rate due to, for example, volatilisation [d−1]. In general, 

DegT50 were found to be higher than DT50 (Loos et al., 2012; Matthies et al., 

2008). Loos et al. (2012) concluded that both NER and metabolite formation 

could be ascribed biological activity. As previously mentioned, the work of 

Nowak et al. (2011) showed that a considerable fraction of NER is of biogenic 

origin. bioNER (‘biogenically bound’) is considered a potential removal path-

way, and it should be differentiated from the potentially hazardous ‘remobilis-

able fraction (heavily sorbed, physical inclusion)’ (ECHA, 2017). In Kästner 

et al. (2018) it was suggested to add the measured bioNER to the measured 

CO2 when deriving the DegT50-value, which will reduce the determined half-

life. However, this will necessitate the quantification of bioNER at each meas-

urement point, since DegT50 is obtained using a curve fit procedure.  

Water-sediment simulation tests, such as the OECD TG 308, have been criti-

cised as the interpretation and analysis of data is especially difficult due to the 

competition between phase transfer and biotransformation (e.g. Rauert et al. 

(2014), Honti & Fenner (2015), Ter Horst & Koelmans (2016), Shrestha et al. 

(2016) and references therein). This is also reflected in the FOCUS (2014) 

guidance document. Honti & Fenner (2015) presented models of four different 

levels of detail. The authors showed that the calculate transformation rates in 

the sediment were affected by the model structure, whereas the calculated 



8 

 

transformation rate constants in water was only negligibly affected.  Following 

up on this, Honti et al. (2016) sought to bridge the information obtained in an 

OECD TG 308 test with that of the OECD TG 309, a surface water simulation 

test, to infer a biotransformation parameter valid across different experimental 

systems (Honti et al., 2016; Shrestha et al., 2016). Although NER formation 

was modelled, explicit consideration of microbial growth was not included. 

Interestingly, when treating the possibility of alternative models, the FOCUS 

working group concludes (page 68): ‘Preferably, the model should not include 

a description of microbial population dynamics in order to limit its complexity’ 

(FOCUS, 2014), thus explicitly precluding bioNER modelling. Nonetheless, 

modelling efforts targeted at describing the environmental fate of an organic 

(xenobiotic) chemical have to take microbial activity explicitly into account to 

model the formation of bioNER. Also the explicit consideration of biomass 

should be done to avoid overestimation of the transformation rates (la Cecilia 

et al., 2018; Ramin et al., 2016). A unified modelling approach linking sorption 

and biodegradation was suggested by Kästner et al. (2014). This modelling 

approach was used in Paper II (Trapp et al., 2018) and Paper III (Brock et 

al., 2019). 

Existing computational tools, such as quantitative structure-biodegradation re-

lationship (QSBRs) models, are able to predict the biodegradation pathways 

(Gao et al., 2009; Hatzimanikatis et al., 2005; Wicker et al., 2016a) and can 

also carry out thermodynamic feasibility analysis (Hadadi et al., 2016). These 

tools can predict half-lives or susceptibility to biodegradation based on their 

chemical structure (Mamy et al., 2015; Pavan and Worth, 2006; Rücker and 

Kümmerer, 2012; Sabljic and Nakagawa, 2014)  or be used in the screening for 

PBT properties (Papa and Gramatica, 2010; Sangion and Gramatica, 2016). 

However, due to limited applicability domain and accuracy, they are not ex-

tensively used in risk assessment and only in a weight-of-evidence approach. 

In addition, the endpoint is typically the DT50-value and not the DegT50 (Fenner 

et al., 2006; Kühne et al., 2007; Latino et al., 2017). Moreover, QSARs, such 

as the BIOWIN from EPISuite, which are recommended in the technical guid-

ance document, are mainly trained on ready biodegradability tests, or rely on 

expert judgement (ECHA, 2017), thus providing no insights into formation of 

NER or bioNER in simulation tests. The lack of QSAR approaches to predict 

NER formation was recently identified (Mamy et al., 2015). In Paper II (Trapp 

et al., 2018), a process-based theoretical background relating CO2 formation to 

bioNER was developed and extensively applied in Paper I (Brock et al., 2017).  
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3 bioNER formation and carbon budget 

As previously mentioned, the guideline for simulation tests recommend the use 

of isotope labels in order to close the mass balance and quantify the amount of 

NER formed. In these tests, the fraction of NER, CO2 and metabolites at the 

end of the experiment are commonly reported (ECHA, 2017).  A mass balance 

of the applied labelled carbon (in units mol C) can be formulated as (Trapp et 

al. 2018, Paper II): 

𝐶init − 𝐶rp − 𝐶met − xenoNER − 𝐶metabolised = 0 (2) 

where Cinit is the initial amount of carbon label applied, Crp is the remaining 

(extractable) parent, Cmet is the remaining (extractable) metabolites, xenoNER 

is the amount of type I and II NER (non-extractable residues due to sequestra-

tion and covalent binding), and Cmetabolised is the amount of carbon metabolised 

at the end of the experiment. The sum of biomass formed from metabolism is 

per definition the growth yield, hence: 

𝑋 = 𝑌 × 𝐶metabolised (3) 

The remaining carbon is released as CO2: 

CO2 = (1 − 𝑌) × 𝐶metabolised (4) 

Taking the ratio of biomass, X, to CO2: 

𝑋

CO2 

 =
𝑌 × 𝐶metabolised

(1 − 𝑌) × 𝐶metabolised

=
𝑌

1 − 𝑌
 (5) 

An underlying assumption is that the carbon is not recycled in the food web. 

However, long-term studies (224 days) have shown that decayed biomass, i.e. 

necromass, is s significant source of soil organic matter (Kindler et al., 2009, 

2006; Miltner et al., 2009) and approximately 40% of the bulk carbon in bio-

mass was recovered in the soil organic matter (necromass). 10% was recovered 

in living biomass, and the remaining 50% was released as CO2. Both living 

biomass and dead biomass (necromass) are classified as bioNER (Kästner et 

al., 2014; Trapp et al., 2018). For the limiting case of 𝑡 → ∞, approximately 

50% (fraction f) is turned into bioNER and 1-f is released as CO2. The factor 

is purely empirical. The sum of CO2 is: 

CO2 = [(1 − 𝑌) + (1 − 𝑓) × 𝑌] × 𝐶metabolised (6) 

and the amount of bioNER formed by the decay of biomass is: 

𝑏𝑖𝑜𝑁𝐸𝑅 = 𝑓 × 𝑋 =  𝑓 × (𝑌 × 𝐶metabolised) (7) 

their ratio is then: 
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𝑏𝑖𝑜𝑁𝐸𝑅

CO2

=
𝑓 × 𝑌

(1 − 𝑌) + (1 − 𝑓) × 𝑌
  (8) 

If there is negligible formation of CO2 from the decomposition of biomass car-

bon due to, for example, short experimental time, f approaches 1. Thus, when 

the growth phase is over and no biomass carbon has been oxidised to CO2, Eq. 

(8) reduces to Eq. (7). Knowledge of Y enables the retrospective estimation of 

the formation of bioNER from measurements of CO2 from standardised simu-

lation tests (e.g. OECD TG 307 and 308). Additionally, 𝑌 ∈ ]0; 1[ and 𝑓 ∈

 ]0; 1]. Importantly, where Y is dependent on the substrate, f is function of the 

turnover processes in the food web and independent of the chemical substrate.  

In Paper III (Brock et al., 2019), this carbon budget was further expanded to 

take into account biotransformation via competing pathways and the formation 

of accumulating metabolites. However, to apply the expanded method qualita-

tive and quantitative knowledge of the transformation product(s) accumulating 

is a prerequisite. Online resources such as enviPath, ATLAS or a similar tool 

could assist in the identification of possible metabolites (Dvořák et al., 2017; 

Finley et al., 2010, 2009b; Hadadi et al., 2016; Wicker et al., 2016b).   

In Paper I (Brock et al., 2017), the bioNER formation of 40 organic chemicals 

of environmental concern was estimated using the carbon mass balance. An 

example of the results for 21 chemicals is shown in Figure 1.  

It can be seen that experiments with considerable formation of CO2 are ex-

pected to also have a considerable formation of bioNER. The influence of Y 

and f on the estimation of bioNER is shown in Figure 2. Evidently, a high 

degree of recycling in the microbial food web will lead to a substantial for-

mation of CO2 leaving behind low amounts of bioNER. A higher Y will lead to 

a more bioNER.  
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Figure 1. Prediction of bioNER (biogenic NER) formation for 21 chemicals using Eq. (8) 

and f = 0.5. The data was taken from (Barriuso et al., 2008) and the Y was calculated using 

the MTB method (Trapp et al., 2018, Paper II).  

 

  

Figure 2: Contour plot of bioNER calculated from Eq. (8). bioNER is shown as a function 

of f, CO2 and Y. (a) Y = 0.3 and CO2 is varied from 0-100% and f from 0-1. (b) f = 0.5 and 

CO2 is varied from 0-100% and Y from 0-0.6. 

 

3.1 Effects of decay and regrowth on bioNER 

determination 
The factor f  was derived for the recycling of bulk carbon, however, the major-

ity of the stabilised necromass is composed of proteinaceous compounds, i.e. 

amino acid polypeptides (Kindler et al., 2009, 2006; Miltner et al., 2012). The 
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formation of bioNER has predominately been estimated by measuring the in-

corporation of the isotope label into amino acids (Kästner et al., 2016; Nowak 

et al., 2013, 2011; Poßberg et al., 2016; S. Wang et al., 2017a, 2017b; Wang et 

al., 2016). Recognising that a microorganism consists of more than amino acids 

and proteins, the textbook knowledge that proteins make up 45%-55% of the 

microbial dry weight has been used to convert measurement of amino acids 

into bioNER using a conversion factor of 1.82-2 (Nowak et al., 2011; Poßberg 

et al., 2016). However, as highlighted in Brock et al. (2019, Paper III) and 

Trapp et al. (2018, Paper II), two issues arise with this approach: 

1) As shown by Miltner et al. (2012), Kindler et al. (2009), and Kindler et 

al. (2006) amino acid polypeptides (proteins), are rather stable in soil 

and are mineralised to a lower extent than other cell constituents. In fact, 

the 13C in amino acids only decreased to 95% of the initial value after 

224 days incubation.  Assuming that amino acid polypeptides are not 

easily susceptible to mineralisation, only the other cell constituents are 

available for mineralisation in the food web. This means that the con-

version factor is only valid if the cell constituents are not recycled 

(Trapp et al., 2018). Thus, when converting the measured content of la-

belled carbon in amino acids to that of the total biomass, one should not 

multiply with 2 but rather with 1 as only negligible amounts of the ap-

plied carbon are isotopes stored in other cell constituents than amino 

acids after a few turnovers (Trapp et al., 2018).  This was also acknowl-

edged recently in a discussion paper from the European Chemicals 

Agency (ECHA) (Kästner et al., 2018). 

2) The factor of 1.82-2 is taken from knowledge related to the mass fraction 

of proteins to that of the dry cell. However, what is essentially measured 

is how much of label that is incorporated into amino acids and not the 

biomass dry weight. Thus, the difference in the C and N contents of the 

specific amino acids together with their cellular abundance should be 

taken into account, when deriving this factor. This was done in Brock et 

al. (2019, Paper III), and for carbon the factor was found to be similar 

to the factor already employed (2.3 mol Ccell dw (mol Camino acids)−1). A 

factor for nitrogen in amino acids was also derived (1.7 mol Ncell dw (mol 

Namino acids)−1). 

 

In the absence of a preferred metabolic pathway, the conversion factors can be 

regarded as the likelihood of an isotope to be incorporated into amino acids 
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and not other biomolecules. For example, a factor of 2.3 corresponds to a 

43.5% likelihood that the carbon will end up in an amino acid. Similarly, the 

growth yield can be thought of as a likelihood measure, e.g., Y = 0.42 mol C 

(mol C)−1 corresponds to a 42% likelihood of ending up in biomolecules and 

58% of becoming CO2. The overall likelihood of ending up as carbon in an 

amino acid is then 0.42 x 0.435 = 18.3%. However, the position of the isotope 

label directly influences the amount of label recovered as CO2, NER, and in 

different biomolecules (Kästner et al., 2014; Sharma et al., 2016; Shinabarger 

and Braymer, 1986). For example, highly oxidised carbon moieties have a 

higher likelihood of being released as CO2 (Kästner et al., 1999; Struthers et 

al., 1998). This shows that the C atoms do not have the same likelihood of 

ending up in CO2 or biomass. With the advent of more exhaustive databases 

and informatics tools, it might be possible to assess the likelihood of a label to 

end up in various end products based on when then chemical will enter the 

central metabolism of the microorganisms (Hadadi et al., 2017). Importantly, 

the kinetics of the reaction is also affected by the isotopic fractionation 

(Desmond-Le Quéméner and Bouchez, 2014). 

Evidently, knowing the microbial growth yield is crucial when analysing 

bioNER formation. Fortunately, methods based on thermodynamics are avail-

able, which makes it possible to estimate the growth yield without having to 

resort to extensive experimentation. 
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4 Thermodynamic description of microbial 

metabolism 

Life is driven and maintained by thermodynamic non-equilibrium conditions 

(Kleerebezem and Van Loosdrecht, 2010; von Stockar and Liu, 1999). As it 

was succinctly written by Schrödinger (1944):  

“How does the living organism avoid decay? The obvious answer is: by eating, 

drinking, breathing and (in the case of plants) assimilating. The technical 

term is called metabolism.” 

Recognising that the overall objective of a living organism is to proliferate 

(stave off thermodynamic equilibrium, i.e., death) and multiply, thermody-

namic considerations can be used to describe microbial growth. Metabolism 

can be reduced to two processes: catabolism and anabolism (Figure 3). Nutri-

ents and energy must be available to the organism in order for it to grow; cat-

abolic energy is needed to drive the necessary anabolic reactions.  

The synthesis of new biomolecules and biomass is associated with a positive 

change in Gibbs energy as the formation of new biomass entails production of 

matter with higher Gibbs energy (and lower entropy) (Heijnen, 1991; McCarty, 

1965; von Stockar et al., 2006). In order for this to proceed, it must be coupled 

to a reaction with a negative change in Gibbs energy. The catabolic energy is 

normally obtained by oxidation of an electron donor and reduction of an ap-

propriate electron acceptor. This fuels the synthesis of adenosine triphosphate 

(ATP) thus converting the potential energy into biochemical energy (Villadsen 

et al., 2011). Anabolism and catabolism can therefore be considered coupled 

through the consumption and production of ATP (McCarty, 1965). The amount 

of energy made available can be quantified from the change of Gibbs energy: 

Δ𝐺0 = Δ𝐻0 − 𝑇Δ𝑆0 (9) 

where T is the absolute temperature [K], ΔG is the change in Gibbs energy [kJ 

mol−1], ΔH is the change of enthalpy [kJ mol−1], and ΔS is the change of en-

tropy [J K−1 mol−1] in the system. The Gibbs energy quantifies the amount of 

energy able to do work under the assumption of constant pressure and temper-

ature (isobaric and isothermal conditions). The values are normally taken at 

standard conditions (superscript 0), where gasses are assumed to have a pres-

sure of 1 atm, and dissolved species have concentrations (chemical activities) 
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of 1 mol L−1 and the ionic strength is 0. Values of ΔG0, ΔH0, and ΔS0 are tab-

ulated and can be found in literature, e.g. Thauer et al. (1977); Goldberg 

(2014). For xenobiotics the Gibbs energies of formation are seldom known. 

Instead, group contribution methods (GCM) or component contribution meth-

ods (CCM) can be used to estimate the Gibbs energy of formation of these 

chemicals (Mavrovouniotis 1990; Mavrovouniotis 1991; Jankowski et al. 

2008; Milo et al. 2012; Hukkerikar et al. 2012; Marrero & Gani 2001; Joback 

& Reid 1987; Noor et al. 2013; Flamholz et al. 2012).  

 

 

Figure 3: Metabolism subdivided into catabolism (energy yielding, ΔGcata < 0) and anabolism 

(energy demanding, ΔGana > 0). The two processes are coupled by ATP hydrolysis/synthesis. 

Inspired by von Stockar et al. (2008); Xiao and VanBriesen (2006); McCarty (1965); 

Kleerebezem and Van Loosdrecht (2010). 

 

A thermodynamic frame of reference must be defined prior to any calculations 

to allow for correct and consistent calculation of the Gibbs energy of formation 

of educts and products (normally this is 0 in the elemental state and standard 

phase (Kleerebezem and Van Loosdrecht, 2010)). Moreover, the biomass com-

position and macro-chemical equation should be defined a priori. In Paper I 

(Brock et al., 2017) and Paper II (Trapp et al., 2018) the reference state was 

defined as chemical activities of 1 mol L−1, T = 25°C and P = 1 atm and a pH 

of 7 (chemical activity of 10−7 mol L−1). In Paper III (Brock et al., 2019),  the 

reference state was changed to better approximate the metabolic conditions of 

the cell. Instead, the chemical activities were 1 mmol L−1, T = 25°C and P = 1 

atm, an ionic strength of 0.1 mol L−1 and pH of 7 (Flamholz et al., 2012).The 
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two conditions are interrelated, and one can be found from the other (Alberty, 

2003, 2002; Finley et al., 2009a; Maskow and von Stockar, 2005).  The Gibbs 

energy of reaction can be corrected for experimental temperatures using the 

Gibbs-Helmholtz equation, which also necessitates knowledge of the enthalpy 

change of the reaction (Alberty, 2003; Smeaton and Van Cappellen, 2018). 

The Gibbs energy of a reaction is calculated from the difference in the Gibbs 

energies of the products and the educts: 

Δ𝐺r
0 = Δ𝐺f,products

0 − Δ𝐺f,educts
0  (10) 

 

For negative ΔG0
r, the reaction is thermodynamically feasible as the end state 

has a lower energetic potential than the starting state (exergonic reactions).  A 

positive ΔG0
r means that the reaction needs external energy input (endergonic), 

and a ΔG0
r of 0 describes a system in thermodynamic equilibrium. The prod-

ucts (P) and educts (or substrates, S) are typically known from a hypothetical 

reaction:  

𝑆1 + 𝑆2 → 𝑃1 + 𝑃2 (11) 

 

The actual change of Gibbs energy of the reaction is determined from the ac-

tual chemical activities of the substrates and the standard state of the reaction: 

Δ𝐺r = Δ𝐺r
0 + 𝑅𝑇 𝑙𝑛𝑄 

Δ𝐺r = Δ𝐺r
0 + 𝑅𝑇 𝑙𝑛 ∏ 𝑎𝑖

𝑣𝑖  

𝑁

𝑖=1

 
(12) 

 

where R is the ideal-gas constant [= 8.314 J (K mol)−1], T is the absolute tem-

perature [K], Q is the reaction quotient, N is the number of reactants, and a and 

v describe the activity and stoichiometric coefficient of component i, respec-

tively. For educts the stoichiometric coefficient is negative. In general, micro-

bial growth occurs far from equilibrium and the chemical activity term only 

changes the Gibbs energy of reaction (a very high negative value) negligibly 

(von Stockar et al., 2006). Considerations of these are mainly relevant in reac-

tions with a strong electron donor and a weak acceptor where the ΔGr is close 

to equilibrium (Paper I), and is relevant when analysing individual transfor-

mation steps, especially in the central metabolism of microorganisms (Bar-

Even et al., 2013, 2012; Flamholz et al., 2013; Kleerebezem and Van 

Loosdrecht, 2010; Maskow and von Stockar, 2005; VanBriesen and Rittmann, 
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2000; Vojinović and von Stockar, 2009). The fact that each individual enzy-

matic reaction in the transformation must have a negative change Gibbs energy, 

as constrained by the 2nd law of thermodynamics, is fundamental in Thermo-

dynamic Feasibility Analysis (Finley et al., 2009a; Henry et al., 2007; Niebel 

et al., 2019; von Stockar, 2018; von Stockar et al., 2006).  

 

Catabolism 

As previously noted, microorganisms need external supply of energy to grow. 

Chemoorganoheterotrophs can obtain energy from oxidation of an electron do-

nor and reduction of an electron acceptor. The electron donor is also the carbon 

source. In order to describe the oxidation of arbitrary substrates consistently, 

the reaction products are defined. Likewise, the reduction reaction of any elec-

tron acceptor is formulated. The reactions are formulated as half-reactions as 

this makes it easy to combine the reaction of the electron acceptor with a half-

reaction of an arbitrary electron donor (McCarty, 2007, 1965; Rittmann and 

McCarty, 2001; Xiao and VanBriesen, 2006). Eq. (13) describes the oxidation 

half-reaction of a generic organic substrate: 

CcHhOoPpNnXxSs
z → 𝑣CO2CO2 + 𝑣H2OH2O + 𝑣PO4PO4

3− +

𝑣NH4NH4
+ + 𝑣XHX + 𝑣SO4SO4

2− + 𝑣HH+ + 𝑛𝑒𝑒−  
(13) 

where C is carbon, H is hydrogen, O is oxygen, P is phosphorous, N is nitrogen, 

X is halogens (chlorine, bromine, fluorine etc.), and S is sulphate, v describes 

the stoichiometric coefficients. z denotes the charge of the organic substrate 

The eight unknown stoichiometric coefficients can be found using elemental 

and charge conservation balance (von Stockar, 2013). 

The average oxidation state of the carbon atoms in the substrate is calculated 

from the assumed oxidation state of the other atoms species in the substrate  

(the reference state). To simplify matters, the atomic species will be released 

in a molecule allowing them to retain their oxidation state, e.g. N will have an 

oxidation state of −3 in the substrate and will thus be released as ammonium 

(Table 1).  

Table 1. The oxidation states and electronegativity of atomic elements important in biochem-

ical reactions and microbiology (Kleerebezem and Van Loosdrecht, 2010).  

Atom Oxidation state Electronegativity, χ 

 min max Pauling scale 

Hydrogen, H 0 (H2) +I (H+) 2.20 

Carbon, C -IV (CH4) +IV (CO2) 2.55 
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Oxygen -II (H2O) 0 (O2) 3.44 

Sulfur, S -II (HS−) +VI (SO4
2−)  2.58 

Nitrogen, N -III (NH4
+) +V (NO3

−) 3.04 

Chlorine, Cl -I (HCl) 0 (Cl2) 3.16 

Bromine, Br -I (HBr) 0 (Br2) 2.96 

Fluorine -I (HF) 0 (F2) 3.98 

 

The average oxidation state of C can thus be calculated: 

𝑂𝑋C =
(2 × O + 3 × N + +2 × S + 1 × X) − (3 × P + 1 × H)

C
  (14) 

where OXC is the average oxidation state of the C atoms, and the letters refer 

to the elements as previously defined. The oxidation state and the degree of 

reductance are related (γ). The degree of reductance is a measure of the number 

of electrons per carbon atom relative to the valence of carbon (4), i.e.: 

𝛾s = 4 − OXC   (15) 

where the subscript s means substrate. The number of electrons released in the 

mineralisation of C (formation of CO2, oxidation state 4) can be calculated by 

multiplying the degree of reductance with the number of C atoms in the sub-

strate:  

𝑛𝑒 = 𝛾s × 𝐶   (16) 

If the oxidation reaction described in Eq. (13) is normalised to one mole car-

bon, then ne is equal to γs. The half-reaction in Eq. (13) must be coupled to an 

electron acceptor reaction, e.g. reduction of oxygen to water: 

 O2 + 4H+ + 4𝑒− ⇌ 2H2O  (17) 

 

Anabolism 

The catabolic reaction describes the energy releasing reaction. The energy and 

elements are subsequently used to produce new cell mass. Many stoichiometric 

descriptions of the cell exist, and its definition affects the calculations of the 

microbial growth yield estimations (Brock et al., 2017, Paper I; Xiao & 

VanBriesen, 2008). The different stoichiometric descriptions affects the as-

sumed carbon content, molar mass and degree of reduction of the cell 

(McCarty, 1965; Xiao and VanBriesen, 2008). This has implications for the 

Gibbs energy needed to produce new cell materials (Brock et al., 2017, Paper 

I; Xiao & VanBriesen, 2008). In the methods used to estimate the growth yield, 
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an explicit reaction is needed to describe microbial growth (Kleerebezem and 

Van Loosdrecht, 2010): 

𝑣CS CcHhOoPpNnXxSs
z → CccHhhOooNnn + 𝑣PO4PO4

3− +

𝑣NH4NH4
+ + 𝑣SO4SO4

2− + 𝑣XHX + 𝑣H2OH2O + 𝑣HH+ + 𝑛𝑒𝑒−  
(18) 

However, these considerations are not necessary in the Microbial Turnover to 

Biomass method, presented in the following chapter. 

  



20 

 

5 Microbial Turnover to Biomass 

Existing yield estimation methods are either dependent upon empirical equa-

tions with a limited applicability domain (Heijnen, 1991) or require some in-

formation of the metabolic pathway of the chemical (McCarty, 2007; Xiao and 

VanBriesen, 2006). Information that often is not known for xenobiotics. There-

fore, the MTB method was based on the yield estimation method of Diekert 

(1997). The MTB method considers the nutritional value (N) of the substrate – 

i.e. how much substrate is needed per mass of biomass [g substrate (g bio-

mass)−1] (elsewhere called the cost of growth (von Stockar, 2014)), and relies 

only on knowledge of the Gibbs energy of reaction and the carbon content of 

the chemical.  The reduction in complexity compared to other methods reduces 

the number of confounding factors and amount of information needed, which 

significantly increases the method flexibility.  

The chemical is the source of energy and carbon and used for catabolism (cata) 

and anabolism (ana):  

𝑁 = 𝑁ana + 𝑁cata (19) 

where N is the nutritional value and has the units gram substrate needed per 

gram microorganism formed.  This is the inverse of the definition of the growth 

yield (Trapp et al., 2018, Paper II): 

1

𝑌
= 𝑁 (20) 

1

𝑌
=

1

𝑌ana

+
1

𝑌cata

 (21) 

The amount of microorganisms formed from a substrate depends on the carbon 

content and the energy released in the mineralisation. Importantly, the carbon 

being oxidised to CO2 cannot be used for cell synthesis (except in the special 

cases of CO2 fixation, which are not accounted for in the method (Kästner et 

al., 2014)). The catabolic yield, Ycata, is determined from the amount of energy 

captured and stored in ATP: 

𝑌cata =
𝑛bio

𝑛𝑒

Δ𝐺r × 𝑌ATP

Δ𝐺ATP

×
1

𝑀S

 (22) 

where Δ𝐺r is the Gibbs energy of the reaction [kJ mol−1], ΔGATP is the Gibbs 

energy of hydrolysis of adenosine triphosphate (ATP) taking cellular effi-

ciency of 40% into account [~80 kJ mol−1] (McCarty, 1965; Trapp et al., 2018; 

Xiao and VanBriesen, 2006), YATP is the microbial yield on ATP [g cell dw 

(mol ATP) −1], MS is the molar mass of the substrate [g mol−1]. YATP has been 



21 

 

shown to be substrate and concentration dependent (Diekert, 1997; Heijnen and 

Dijken, 1992; Tempest and Neijssel, 1984), however, for xenobiotics it is as-

sumed to be YATP = 5 g cell dw (mol ATP)-1. Ycata has the units g cell dry weight 

(g substrate)−1. A systematic approach to determine YATP was presented in Pa-

per II (Trapp et al., 2018). Moreover, the concept of bio-available electrons 

(nbio) using the Nernst equation was introduced to reproduce the observations 

that the energy released from a reaction is not fully available to the microor-

ganism (Trapp et al., 2018). For example, energy is “lost” in the case of reac-

tions involving oxygenases or other reactions which are not coupled to cellular 

ATP synthesis (Heijnen, 1991; Helbling et al., 2014; McCarty, 2007; 

VanBriesen, 2001; von Stockar, 2014; von Stockar et al., 2006). The Nernst 

equation states that the Gibbs of reaction is proportional to the number of elec-

trons transferred and the redox potential of the reaction (E [V]): 

Δ𝐺r = −𝑛𝑒 × 𝐹 × 𝐸   (23) 

where F is the Faraday constant [= 96,485 C mol−1] and ne is the number of 

electrons released in the reaction. 

When (CH2O) compounds are oxidised to CO2 and H2O, the electrons trans-

ferred are readily available for energy gain (2e- per C-H bond) (this is further 

discussed later). Thus, the number of bio-available electrons is

2 bondsH -C of no. bion . 

Mineralisation of chemicals can require many steps, be carried out by different 

(and competing) microorganisms through different transformation pathways, 

or lead to the accumulation of (recalcitrant) metabolites (Brock et al., 2019, 

Paper III; Chong, Tsai, & Le, 2010; VanBriesen & Rittmann, 2000; Yuan & 

VanBriesen, 2008). In order to estimate partial growth yields of different trans-

formation pathways, the fluxes of macroelements, energy and electrons need 

explicit consideration. For stepwise transformation, Δ𝐺r is the Gibbs energy of 

the transformation step, and nbio is calculated from the number of C-H bonds 

present in the chemical minus the number of C-H bonds in the formed metab-

olite (Brock et al., 2019, Paper III). 

A compound is typically a source of carbon for the microorganisms but it may 

also be the source of other macronutrients, such as nitrogen. The anabolic 

yield, Yi
ana, can be found from the ratio of the carbon or nitrogen content in the 

substrate and that of the cell: 

𝑌ana
𝑖 =

𝑛i𝑀i

𝜎i𝑀S

 (24) 
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where σi is the fraction of carbon (C) [g C (g cell dw)−1] or nitrogen (N) in dry 

cell [g N (g cell dw)−1], Mi is the molar mass of carbon or nitrogen [g mol−1], 

ni is the number of carbon [mol C (mol substrate)−1] or nitrogen atoms [mol N 

(mol substrate)−1] acquired by the microorganisms in the transformation.If 

there is no step-wise transformation ni is equal to the number of carbon or ni-

trogen atoms in the substrate. Yana has the units g cell dry weight (g substrate)−1.  

Using C5H7O2N as the cell stoichiometry (Christensen and McCarty, 1975), σC 

= 0.531 g C (g cell dw)−1and σN = 0.124 g N (g cell dw)−1. 

If a compound provides the microorganisms with C and/or N, as in the case of 

glyphosate (Brock et al., 2019, Paper III), the anabolic yield conditioned on 

either macronutrient can be used to evaluate which of these are limiting micro-

bial growth: 

- if 𝑌ana
N < 𝑌ana

C  the growth is likely to be N limited, and 

1

𝑌
=

1

𝑌ana
N

+
1

𝑌cata

 

- if 𝑌ana
N > 𝑌ana

C  the growth is likely to be C limited and  
1

𝑌
=

1

𝑌ana
C

+
1

𝑌cata

 

The underlying assumption is that the chemical is the major source of energy, 

carbon and/or nitrogen.  

 

5.1.1 Comparison of yield estimation methods 

The performance of the MTB method was compared to the Thermodynamic 

Electron Equivalent Model 2 (TEEM2) (McCarty, 2007, 1965; Rittmann and 

McCarty, 2001) and the Expanded Thermodynamic True Yield Model (ET-

TYM) by Xiao and VanBriesen (Xiao and VanBriesen, 2008, 2006). These 

methods have previously been used to estimate the microbial growth yield of 

xenobiotic compounds (Helbling et al., 2014; Yuan and Vanbriesen, 2002; 

Yuan and VanBriesen, 2008). The methods are thoroughly described in the 

supplementary information of Paper I (Brock et al., 2017).  Both methods re-

quire (some) information related to the metabolic pathway of the chemical 

(e.g., number of oxygenase reactions, nitrogen source), which is rarely known 

when assessing the biodegradation of xenobiotic chemicals. Also, the estima-
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tions are affected by the oxidation state of the chosen stoichiometric descrip-

tion of the cell, since they employ an electron balance (Brock et al. 2017, Paper 

I), which the MTB method does not. 

The analysis suggested that MTB performs best when it comes to xenobiotic 

chemicals but not as well when it involves simple carbon substrates. The mean 

average error for growth yield estimation of xenobiotics was approximately 

20% after removal of the estimation of glyphosate and anthracene (Brock et 

al., 2017). In the experiment with glyphosate (Wang et al., 2016), ami-

nomethylphosphonic acid (AMPA) accumulated leading to  an observed yield 

much lower than the predicted yield. For simple carbon substrates, all three 

methods are within a factor of ±0.2 yield units (Figure 4). The growth yield 

estimation methods are all developed to predict the true yield under optimal 

growth conditions with the chemical being the only source of carbon and en-

ergy (Brock et al., 2017; McCarty, 2007; VanBriesen, 2002; Xiao and 

VanBriesen, 2008). The observed yield is a net yield, which is lower than the 

true yield, as it accounts only for the formation of biomass and removal of 

parent compound (McCarty, 2007; Tempest and Neijssel, 1984; Xiao and 

VanBriesen, 2008). The observed yield also includes energy and carbon used 

for maintenance production of soluble microbial products and formation of ac-

cumulating metabolites. As can be seen in Figure 4, all methods show a ten-

dency of overestimation which is expected.  

 

Figure 4. Parity plot showing the estimated yield values in mol C (mol C) −1 against experi-

mental values. (a) simple carbon substrates and (b) xenobiotic compounds. The solid grey 

line is the 1:1 line and the dotted grey lines delineate ±0.2 yield units. 

 

The terminal electron acceptor in the mineralisation reaction affects the amount 

of energy released from the redox reaction (Kleerebezem and Van Loosdrecht, 

2010; McCarty, 1965). The highest amount of energy is released if the electron 
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acceptor is oxygen, which was also reflected in the comparable higher yields 

obtained under aerobic conditions compared to anoxic conditions (Brock et al., 

2017). 

 

5.1.2 Sensitivity analysis 

The sensitivity of the different growth yield estimation methods was analysed 

in Paper I (Brock et al., 2017). Specifically, the impact of the YATP, chemical 

activities, the cell stoichiometry affecting both the degree of reduction and car-

bon content, and the Gibbs energy of formation of the xenobiotic were ana-

lysed. 

For all methods, YATP and the assumed carbon content of the cell were the most 

sensitive parameters. Both parameters are uncertain and have been shown to 

vary as a function of the growth state of the microbial cell (Egli, 2015; Russell 

and Cook, 1995; Tempest and Neijssel, 1984). For these reasons, a compromise 

must be found between using standard values or determining these values with 

a higher accuracy. This should preferably be done under environmentally rel-

evant conditions to reflect the growth of microbial degraders in the environ-

ment. The current values used have all shown good performance despite their 

high sensitivity. Obviously, in the TEEM2 and ETTYM methods, their good 

performance can to some extent be explained by the use of an efficiency pa-

rameter fitted to observed data. 

Notwithstanding the possibility to use group contribution methods to estimate 

the Gibbs energy of formation for xenobiotics these methods may have limited 

applicability due to certain functional groups present in the chemical but not 

in the methods. If it is not possible to estimate the Gibbs energy of formation, 

a default value of 0 kJ mol−1 can be used while only introducing a negligible 

error (6%-14%) (Brock et al., 2017). Also, the chemical activities of the reac-

tants can also be disregarded except in low-energy reactions with weak electron 

acceptors, such as SO4
2−, or electron donors such as formate (Kleerebezem and 

Van Loosdrecht 2010; Brock et al. 2017). It is important to note that this is 

only valid for the mineralisation reactions, as consideration of specific activi-

ties is needed to make a transformation step thermodynamically feasible (Bar-

Even et al., 2012; Brock et al., 2019, Paper III; Finley, Broadbelt, & 

Hatzimanikatis, 2010; Maskow & von Stockar, 2005; Nielsen, 2015; Vojinović 

& von Stockar, 2009). The fact that reasonable estimates of growth yields are 

attainable with limited information makes it possible to apply this method to 

novel xenobiotics. 
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5.1.3 Concept of bioavailable electrons 

As previously mentioned, the electrons available to the microorganisms are 

calculated from the presence of C-H bonds in the chemical. Originally, the idea 

was to use the number of hydrogen atoms in the chemical minus the number of 

electron-withdrawing moieties (for example, halogens) and dissociated hydro-

gen. However, this led to cases where nbio/n exceeded 1 (for example, glycerol 

and glyphosate), and made the method dependent on the pH. Instead, by stud-

ying the structure of simple sugars of photosynthesis, (CH2O)n, it could be seen 

that the number of C-H bonds was a better option, since this was found to 

comply with nbio/n ≤ 1 for all the compounds analysed. In total, 4 electrons are 

released from the oxidation of CH2O, or 2 per C-H bond, which formed the 

theoretical basis for nbio. The similar is observed for oxidation of methane. 

Notwithstanding this heuristic approach, biodegradation has been shown to be 

negatively affected by the degree of chlorination and degree of branching 

(Mamy et al., 2015). The C-H bond represents a non-halogenated “end” in 

which the higher electronegativity of the C atom results in a higher electron 

density (Table 1). Electron-attracting elements in an aromatic ring or in chains 

result in a lower biodegradation rate (Acharya et al., 2019; Pavan and Worth, 

2006). Martin et al. (2017) also observed that biodegradation potential for phe-

nols decreased with increasing substituent electron-withdrawing capacity on 

the meta-position. The number of halogens and unsaturated bond are known to 

enhance PBT properties and these two descriptors featured prominently in the 

PBT Index (Papa and Gramatica, 2010). Interestingly, the descriptors reducing 

the PBT Index related to the ability of the compound to form electrostatic in-

teractions with the surrounding media and the number of donor atoms for H 

bonds (Gramatica et al., 2015; Papa and Gramatica, 2010). An increased ca-

pacity to form H bonds increases water solubility. Based on the electronega-

tivity of the atoms listed in Table 1, it can be seen that the electronegativity of 

C is smaller than all other atoms than H. Thus, when a C-H bond is cleaved, 

the electrons will most likely be associated to the C atom.    
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6 Biodegradation and microbial growth 

Using the MTB method, the coupling of biodegradation to microbial growth 

and formation of bioNER can be simulated in degradation models. Degradation 

half-lives are centrally embedded in the current legislation and prominently 

featured in the persistence assessment, not just in Europe (Matthies et al., 

2016). Consequently, a mechanistic mathematical framework able to ade-

quately describe experimental observations is an essential tool to not only infer 

degradation kinetics but to comply with regulatory demands. The ‘unified 

model for biodegradation and sorption’ (Kästner et al., 2014; MAGICPAH, 

2010) was used as the fundamental framework to model the competing pro-

cesses of biodegradation and NER formation in Paper II (Trapp et al., 2018) 

and Paper III (Brock et al., 2019). The model implementation has been thor-

oughly documented in the supplementary information accompanying Paper II 

(Trapp et al., 2018) and Paper III (Brock et al., 2019), where the former de-

scribes a soil simulation test (OECD TG 307) with ibuprofen and 2,4-D, and 

the latter a water-sediment simulation test (OECD TG 308) with incomplete 

transformation of glyphosate. The model compartmentalisations are shown in 

Figure 6. The model employs a two-compartment-sorption model calculating 

rapid (adsorption) and slow (sequestration) kinetics (Brusseau et al., 1991; 

Johnson et al., 2001; Reid et al., 2000) combined with equations for microbial 

metabolism and growth. The model shares similarities with the model of 

Matthies et al. (2008), except that the growth and decay of biomass is explicitly 

included to model the formation of bioNER. Another conceptual advantage is 

that the model is based on the chemical activity.  The chemical activity is the 

driver of diffusion across phases and the chemical activity in the dissolved 

phase is approximately equivalent to the truly dissolved concentration (Lewis, 

1907). When a system is in thermodynamic equilibrium, the activity across all 

phases is identical (Figure 5(b)). The presence of microorganisms taking up 

and degrading the chemical can drive the desorption process due to a change 

of chemical activity in the dissolved phase (Figure 5(c)). The chemical activity 

and concentration are related through the apparent bulk capacity (Franco and 

Trapp, 2010; Trapp et al., 2010): 

𝑎 × 𝐵 = 𝐶  (25) 

where a is the chemical activity [mol m−3], B is the apparent bulk capacity [m3 

m−3], and C is the concentration [mol m−3]. B is the capacity of a phase or 

compartment to absorb a compound, as shown in Figure 5 (Franco and Trapp, 

2010; Trapp et al., 2010).  
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Figure 5. The relationship between chemical activities (a), apparent bulk capacities (B) and 

phase transfer  (Trapp et al., 2010). (a) When the activity in the dissolved phase (aD) is higher 

than in the solid phase (aA), the diffusive flux is towards the solid phase. (b) At thermody-

namic equilibrium, the chemical activities are equal, however, the chemical masses may be 

completely different. (c) The presence of degrader organisms can induce a diffusive flux 

from the solid phase to the dissolved phase.  

 

The specific contribution of this PhD thesis to the ‘unified model for biodeg-

radation and sorption’ is: 

- Explicit consideration of both living and dead biomass as bioNER. Orig-

inally, bioNER was considered a product of dead biomass.  

- The microorganisms initially catalysing the transformation are not en-

riched in the label isotope and must be removed from mass balance when 

applying an inverse modelling approach (SI of Paper II, (Trapp et al., 

2018)) 

- Extending the model framework to also describe water-sediment exper-

iments (Paper III, (Brock et al., 2019)) 

- Implementation and evaluation of the model in both MATLAB and Py-

thon. 

- A priori estimation of the microbial growth yield increases the identifi-

ability of the other kinetic parameters in the Monod equation. Omitting 

Y from the fit procedure greatly reduced the uncertainty in the model 

predictions in particular for NER and X (Paper II, (Trapp et al., 2018). 
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Figure 6. Overview of compartment model used to simulate degradation and NER formation 

in soil and water-sediment environments. The dashed lime delineates an accumulating me-

tabolite, the full line delineate the parent chemical. In a soil system, the water compartment 

is not included (Brock et al., 2019).  

 

6.1 Substrate consumption and microbial growth 
Microbially mediated transformation reactions lead to the formation of 

bioNER as evidenced by the incorporation of isotope label into biomolecules. 

Substrate consumption facilitated by microbial enzymatic activity is com-

monly modelled using the well-known Michaelis-Menten description of enzy-

matic kinetics (Cornish-Bowden, 1995; Kovarova-Kovar and Egli, 1998):  

d𝑚M

d𝑡
= 𝑣 × 𝑋 = −𝑣𝑚𝑎𝑥 ×

𝑎

𝐾𝑀 + 𝑎
× 𝑋 (26) 

where the left-hand term (mM) describes the mass of substrate metabolised with 

time [mol L−1 d−1], vmax is the maximum substrate consumption rate [mol sub-

strate (g biomass)−1 d−1], a is the substrate concentration [mol L−1], KM is the 

Michaelis-Menten coefficient, or affinity constant, which describes the chem-

ical activity (concentration) at which the consumption rate is half the maximum 

consumption rate [mol L−1]. Lastly, X describes the concentration of degrading 

biomass [g biomass L−1]. 
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The substrate is used by the microorganisms for growth but also to fulfil 

maintenance needs (MAGICPAH, 2010; Pirt, 1965; van Uden, 1967):  

d𝑚M

d𝑡
=

d𝑚G

d𝑡
+

d𝑚r

d𝑡
 (27) 

where mG denotes the substrate used for microbial growth and mr denotes the 

substrate used for microbial maintenance. Maintenance can be interpreted as 

the diversion of substrate to non-growth processes such as pumping out un-

wanted compounds present in the cell, replace biomolecules (proteins, fatty 

acids etc.) or simply cell death (Lipson, 2015; Pirt, 1965; Russell and Cook, 

1995; Tijhuis et al., 1993; van Bodegom, 2007; van Uden, 1967; von Stockar, 

2014, 2013). Maintenance is also known as a “static head situation” whereby 

substrate is consumed but there is no growth (Demirel and Sandler, 2002; von 

Stockar et al., 2008). It is typically described as: 

d𝑚𝑟

d𝑡
= −𝑟 × 𝑋 (28) 

where r is the maintenance requirements (substrate requirement for non-growth 

processes) [mol substrate (g biomass)−1 d−1]. Mathematically, the expression is 

similar whether the process describes cellular maintenance or cell death/decay. 

Once the maintenance requirements are fulfilled, the remaining substrate con-

sumption is used for growth, and dmG/dt can be found by re-arranging Eq.(27). 

The microbial growth and substrate consumption are linked through the growth 

yield, Y: 

d𝑋

d𝑡
= 𝑌

d𝑚𝐺

d𝑡
= 𝑌 × (𝑣max

𝐶

𝐾M + 𝐶
− 𝑟) × 𝑋 

d𝑋

d𝑡
= 𝑌 × 𝑣max

𝐶

𝐾M + 𝐶
× 𝑋 − 𝑌 × 𝑟 × 𝑋 

(29) 

where Y is the microbial growth yield and describes the amount of biomass 

formed per amount of substrate consumed (e.g. g biomass per gram substrate 

[g g−1] or mole biomass per mole substrate [mol mol−1]). Given that the maxi-

mum microbial growth rate can be found from 𝜇max = 𝑌 × 𝑣max [d−1], and 𝑏 =

𝑌 × 𝑟 is the decay or death rate [d−1], one arrives at the empirical Monod equa-

tion for microbial growth kinetics with a term for maintenance (or death) 

(Kästner et al., 2014; Monod, 1942; van Uden, 1967): 

d𝑋

d𝑡
= 𝜇max

𝐶

𝐾S + 𝐶
× 𝑋 − 𝑏 × 𝑋 = (𝜇 − 𝑏) × 𝑋 (30) 

Here, the decay rate is interpreted as the rate of formation of biomass fragments 

forming bioNER. KS  is regarded as an substrate affinity constant similar to KM 
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[mol L−1] (Kovarova-Kovar and Egli, 1998), although its mechanistic interpre-
tation is, still, the subject of on-going debate (González-Cabaleiro et al., 2015; 
Konak, 1974; Liu, 2007).  

The observed yield is always lower or equal to the true yield, since the observed 
growth rate also includes the death rate (Chang et al., 1993; McCarty, 2007). 
The observed yield can be calculated from the ratio between the observed for-
mation of biomass and observed consumption of substrate: 

𝑌𝑌 ≥ 𝑌𝑌obs =
d𝑋𝑋

d𝑚𝑚M
 (31) 

The true yield can be determined from Eq. (29) (Adam et al., 2014): 

d𝑋𝑋
𝑋𝑋 d𝑡𝑡

= 𝑌𝑌 × 𝑣𝑣 − 𝑌𝑌 × 𝑟𝑟 = 𝜇𝜇 − 𝑏𝑏 ⇔ 𝑌𝑌 =
𝜇𝜇 − 𝑏𝑏
𝑣𝑣 − 𝑟𝑟

 (32) 

From this equation, it is evident that the observed yield is not a constant but 
varies with time as it depends on the growth rate, which is concentration de-
pend, whereas the maintenance rate is not (von Stockar et al., 2008). When µ 
= b the net growth might be zero, however, new biomolecules are still formed 
to replace, for example, denatured proteins.  

The growth yield and growth rate are related whereby one can be increased by 
the expense of the other, which is described in literature as the ‘rate-yield trade-
off in growth’ (Lipson, 2015), and was shown already by Monod (1942). The 
observation has elsewhere been ascribed to the flux-force relationship between 
the Gibbs energy dissipation to drive the catabolic reaction (driving force) and 
the that dissipated to drive the anabolic reaction (Beard and Qian, 2007; Noor 
et al., 2013; Stockar, 2018).  

To convert any observed growth yields to the true growth yield, one needs to 
determine first the death rate. Evidently, knowing the microbial growth yield 
allows one to couple the biodegradation to the production of biomass. As was 
shown previously, a theoretical growth yield can be calculated using thermo-
dynamic consideration of microbial metabolism. 

 

6.2 Simulation of soil and water-sediment 

degradation tests 
The unified model was used to assess and model the fate of 13C6-2,4-dichloro-
phenoxyacetic acid (2,4-D) and 13C6-ibuprofen in soil simulation tests (OECD 
TG 307) (Trapp et al. 2018, Paper II), and the fate of 13C315N-glyphosate in a 



31 

 

water-sediment simulation test (OECD TG 308) (Brock et al. 2019, Paper III). 

For both simulation systems, the model was able to adequately capture the dy-

namics of biodegradation and NER formation. Simulation of microbial growth 

on 2,4-D and ibuprofen further suggested that towards the end of the experi-

ment, the proteins make up a considerable part of the bioNER (X and Xdead), 

thus showing that the factor used to convert AA measurements to bioNER is 

closer to 1 than 2 (Trapp et al., 2018). This is especially evident when an inde-

pendent measure of living biomass, such as phospholipid fatty acids (PLFA), 

is available (Frostegård et al., 2011; Frostegård and Bååth, 1996; Nowak et al., 

2013, 2011). In Figure 7, this is shown for the case of 2,4-D, where the living 

biomass is fitted to the PLFA (filled circles). This is also in agreement with the 

expected effects of decay and regrowth, as previously described. 

 

Figure 7: Simulations results for the growth of biomass on 13C6-2,4-D. Symbols: Phospho-

lipid fatty acids (PLFA; black circles), amino acids (tAA; dark grey squares), and total amino 

acids multiplied with a factor of 2 to yield total dead and living biomass (empty squares). 

Curves: Concentration of living biomass X (black), concentration of dead biomass Xdead (light 

grey), and concentration of living and dead biomass X + Xdead (dark grey). The dotted vertical 

line is the halftime of decay (ln 2/b) after maximum measured PLFA and indicates were 

>50% of tAA is necromass. 

 

Wang et al. (2016) used dual-labelled 13C3-15N-glyphosate in a sediment-water 

simulation test and quantified the labels in amino acids. Theoretically, the 

measured amino acids serve as a proxy for biomass growth, and converting 

either 15N-amino acids or 13C-amino acids into mass of microorganisms should 

theoretically yield the same amount of microorganisms. However, this was not 
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the case and suggested that glyphosate was predominantly incorporated into 

amino acids (Paper III). The presence of both 13C- and 15N-isotopes enabled 

their ratio to be used as fingerprints. The fact that the 13C/15N ratio measured 

in amino acids and in the NER fraction were similar at the end of the experi-

ment strongly suggest that the NER was predominately biogenic (Brock et al., 

2019, Paper III; Wang et al., 2016). In addition, it showed that a switch in 

nutrient demand, whereby a nitrogen demand over time turns into nitrogen ex-

cess and a carbon demand, might explain accumulation of AMPA in the bio-

degradation of glyphosate. The average C/N ratio of amino acids in living cells 

is 3.7:1 (Brock et al., 2019, Paper III; Kozlowski, 2017). The 13C/15N ratio 

measured in amino acids in living cells and total amino acids were initially less 

than 1 showing that 15N was incorporated into amino acids to a larger extent 

than 13C. As AMPA starts to accumulate, only 13C are incorporated into amino 

acids, and the total amino acid 13C/15N-ratio exceeds 1. Glyphosate is an ami-

nophosphonic acid analogue of the amino acid glycine, thus, a preferred meta-

bolic pathway exists thus limiting the use of amino acids as a surrogate for 

bioNER.  

 

  

 

Figure 2. 13C/15N ratio measured in the experiment. Left axis: 13C/15N ratio in the measured 

total amino acids (), living amino acids  (○), and non-extractable residues (NER) () over 

time. Right axis (blue): Measured AMPA in µmol (-□-).  
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Recently, Latino et al. (2017) updated the EAWAG curated enviPath database 

and biotransformation prediction resource (Wicker et al., 2016a) with data re-

lated to simulation tests performed on pesticides. These data include, amongst 

others, biotransformation half-lives, however; these were in the form of dissi-

pation half-lives (DT50), thus lumping together both biotic transformation pro-

cesses together with abiotic processes. Applying the combination of the MTB 

method and the unified model can help interpreting the experimental data, and 

this would allow the estimation of DegT50 values representing real biotrans-

formation, which should be used for P assessment (ECHA, 2017; Rauert et al., 

2014). 
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7 Conclusion 

The aim of the PhD thesis was to study the environmental fate of organic chem-

icals and develop predictive equations to estimate the formation of bioNER. 

The specific objectives of this PhD thesis were: 

 Introduce a method to estimate microbial growth yields from thermodynam-

ics with a minimum of information needs: 

The Microbial Turnover to Biomass (MTB) method was developed and com-

pared to two existing methods. Considering the variability of the experimental 

data, the method was better at estimating the microbial growth yield on xeno-

biotics in general and, in particular, pesticides. In the absence of information 

of Gibbs energy of formation of xenobiotics, a pragmatic solution is to assign 

the chemical with a Gibbs energy of formation of 0 kJ mol−1 was shown to 

introduce only negligible uncertainty in the estimated yield. 

 Develop predictive equations for the prospective and retrospective estima-

tion of bioNER: 

Based on a carbon mass balance, a method relying only on the growth yield 

and measurements of the evolved CO2 to estimate the formation of bioNER 

was developed and applied to 40 xenobiotic chemicals. 

 Extend the growth yield method to also capture the formation of metabolites: 

Recognising, that metabolites may accumulate in simulation tests, thus lower-

ing the overall growth yield, the MTB method and the carbon mass balance 

was extended to capture these observations, and was successfully used to de-

scribe the degradation of glyphosate in a water-sediment experiment. 

 Set up a mathematical models able in order to elucidate the dynamic for-

mation of non-extractable residues: 

The combination of dynamic modelling and the MTB method provides a pow-

erful tool for the simulation of biodegradation and bioNER formation. The 

‘unified model for biodegradation and sorption’ was used to describe soil sim-

ulation test and the more complex water-sediment simulation tests. The devel-

oped modelling approach was shown able to capture complex phenomena such 

as competing transformation pathways and water-sediment mass transfer. 

When used in combination with experiments employing multiple isotope labels 

in a single substrate, the MTB method could provide additional insights into 
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possible explanations for observed shifts of microbial degradation of glypho-

sate. It is now possible to elucidate the nature of NER by combining novel 

analytics, basic principles, and dynamic model simulations. The methods pre-

sented in this PhD thesis and the accompanying scientific articles provides a 

theoretical foundation that can be used to predict bioNER formation prospec-

tively but also retrospectively, as it can be used to interpret NER data derived 

during regulatory studies. Consequently, the methods are recommended to be 

incorporated into the upcoming update PBT assessment (Kästner et al., 2018; 

Schäffer et al., 2018). This entails the inclusion of the MTB method as an ap-

proach to estimate the potential formation of microbial biomass and bioNER. 

However, the method is new and it should be applied to more experimental 

results, preferably from OECD tests relevant for P assessment. Another possi-

bility would be to use the ready biodegradability tests as the concentration of 

the test substance is so high that it is the dominating source of carbon and 

energy (Kowalczyk et al., 2015), which makes these tests suitable to evaluate 

the MTB method. Both the MTB method and the dynamic model should be 

made into a freely accessible tool available to registrants and regulators as 

there is a need for standardised models to infer kinetic values needed for chem-

ical risk assessment. 
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