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Abstract With thousands of organic chemicals released ev-
ery day into our environment, Europe and other continents are
confronted with increased risk of health and environmental
problems. Even if a strict regulation such as REgistration,
Authorization and restriction of CHemicals (REACH) is im-
posed and followed by industry to ensure that they prove the
harmlessness of their substances, not all testing procedures are
designed to cope with the complexity of the environment.
This is especially true for the evaluation of persistence through
biodegradability assessment guidelines. Our new approach
has been to adapt “in the lab” biodegradability assessment to
the environmental conditions and model the probability for a
biodegradation test to be positive in the form of a logistic
function of both the temperature and the viable cell density.
Here, a proof of this new concept is proposed with the estab-
lishment of tri-dimensional biodegradability profiles of six
chemicals (sodium benzoate, 4-nitrophenol, diethylene gly-
col, 2,4,5-trichlorophenol, atrazine, and glyphosate) between
4 to 30 °C and 10* to 10® cells ml™' as can be found in
environmental compartments in time and space. The results
show a significant increase of the predictive power of existing
screening lab-scale tests designed for soluble substances. This
strategy can be complementary to those current testing
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strategies with the creation of new indicators to quantify en-
vironmental persistence using lab-scale tests.

Keywords Biodegradability assessment - Probability of
biodegradation - OECD screening tests

Introduction

According to the American database CHEMCATS, millions of
chemicals are commercially available and ubiquitous in our
lives. Minimizing the impact of potential pollution is a neces-
sity for environmental protection agencies, researchers, indus-
try, and society as a whole. In Europe, for example,
REgistration, Authorization and restriction of CHemicals
(REACH) regulations require a biodegradability evaluation
of high-production-volume organic chemicals (UE, 2006).
The stakes are high; in addition to the substance-specific prop-
erties, the fate of each chemical in the environment differs
according to its terms of use and mode of discharge
(Bartholomew and Pfaender 1983; Federle et al. 1997; Vink
and Van Der Zee 1997). In silico models have been developed
(Raymond et al. 2001) and are available under REACH regu-
lations (Pizzo et al. 2013), but the prediction of overall persis-
tence with multimedia fate models remains limited to existing
data and may be not adapted to assess environmental persis-
tence as a function of both chemical intrinsic properties and
environmental conditions (Howard et al. 1992; Fenner et al.
2004; Aronson et al. 2006). Indeed, the various environmental
microbial communities, which are potentially involved in the
biodegradation of chemicals, are different from each other
(Forney et al. 2001; Martiny et al. 2006) and are also subject
to the variation of environmental parameters associated with
the conditions of in situ life (Zogg et al. 1997; Ranjard et al.
2013). Faced with the impossibility to assess biodegradability
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in real conditions (Mackay and Webster 2005), microbial com-
munities are taken from a selected environment and used in
vitro under laboratory conditions (Nyholm 1991). In REACH,
Ready Biodegradation Tests (RBT) (OECD 1992) are at the
basis of the integrated testing strategy on biodegradation
(ECHA 2011; ECHA R.7B 2014). Dedicated to the screening
stage, they are individually designed to cope with the physico-
chemical properties of tested substances (e.g., poorly soluble or
volatile). They are cheap and easy to use but give point data
limited to one specific type of environment, which leads to a
variable and restricted view of biodegradation (Thouand et al.
1995; van Ginkel et al. 1995; Vazquez-Rodriguez et al. 2012;
Goodhead et al. 2014). Despite this uncertainty, a positive RBT
result can be used to classify the tested substance as readily
biodegradable (Ahtiainen et al. 2003; ECHA 2014).
Simulation tests (e.g., OECD 314 (OECD 2008)) are designed
to evaluate the long-term chemical behavior in the environ-
ment. However, these tests are expensive, technically sophisti-
cated, and time-consuming (e.g., use of several different tests
and the use of *C-labeled chemicals) (Nyholm et al. 1992;
Ericson 2010), limiting the tests’ use to a very small number
of substances. There is, therefore, a gap between ease of use
and biodegradability assessment, hence the necessity for the
community of environmental stakeholders to strike a balance
to assess biodegradation between Ready Biodegradation Tests
and simulation.

This problem has been recurrent for 60 years; assessing
chemical persistence in the environment is not straightforward
and better screening tests are needed (Boethling et al. 2009). In
all test classes, the substance-specific properties are known,
which provide indications of potential environmental behavior
(e.g., solubility, volatility). What is unknown is the number of
microorganisms that are potentially present in the environment
and competent to degrade the released molecules under in situ
conditions. If the growth of a group of bacterial species with
the tested substance as the only carbon source is the very prin-
ciple of biodegradability assessment, the environmental fate of
the molecule would be linked to the likelihood to be in contact
with these specific bacterial communities. With this in mind,
we suggest performing biodegradability assessment for soluble
substances following a stochastic approach. This new concept,
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which is denoted by ProbaBio, for Probability of
Biodegradation, connects the likelihood to inoculate specific
microbial degraders from different environments in a given
biodegradation test with the probability for a chemical to be
biodegraded. Thus, according to the ProbaBio approach
(Thouand et al. 2011), persistence is not regarded as a simple
intrinsic substance property, but as the capability of various
environmental samples to degrade a substance under realistic
exposure scenarios and conditions (e.g., regional and local
wastewater treatment plants (WWTPs), soil and water types,
climate changes). Using a screening platform and a probabilis-
tic approach, ProbaBio provides probability profiles of micro-
bial degradation that are obtained under more realistic environ-
mental conditions relative to cell density and temperature.

Materials and methods

An overview of the strategy used to provide the ProbaBio
proof of concept is presented in Fig. 1.

Sampling collection and inoculum preparation

The environmental samples were selected to be representative
of the many natural compartments in which chemicals can be
discharged (see supplementary data Fig. 1). Activated sludge,
freshwater, soils, and seawater were sampled using sterile
equipment and were stored at 4 °C during transportation to
the laboratory. An aliquot of each sample was stored at 4 °C,
and all samples were immediately prepared. Activated sludge
was first filtered through 500-pum nylon cloth, sonicated three
times (0.400 kJ), and filtered through 5-um nylon cloth.
Freshwater and seawater were centrifuged (6400g, 10 min,
4 °C) to concentrate microorganisms. Pellets were resuspend-
ed in sterile mineral medium and were filtered through 5-pm
nylon cloth. Soils were incubated in sterile phosphate-
buffered saline (PBS) solution (v/v) under agitation for 2 h at
4 °C. The mixture was then filtered through 500-um nylon
cloth, sonicated three times (0.400 kJ), and filtered through
5-um nylon cloth. Then, all inocula were washed, centrifuged,
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Fig. 1 Global overview of the ProbaBio strategy. Ten environments
are sampled. Bacteria are extracted, pretreated, and inoculated at two
different concentrations separately in duplicate in 24-well

H

microplates with non-invasive sensors for dissolved oxygen
monitoring. Microplates are incubated at two different temperatures
during 28 days
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and resuspended in sterile mineral solution (MgSQO,, 1072 M)
three times.

Total cell count

The concentrations of living cells in the environmental and
concentrated samples were measured by LIVE/DEAD
BacLight Bacterial Viability Kit for microscopy under an
epifluorescence microscope with a X400 objective according
to the manufacturer’s instructions (Invitrogen, France).

Chemical preparation

Solutions of sodium benzoate (abbreviated BNA; CAS 532—
32-1, Fluka 71,300), 4-nitrophenol (abbreviated 4-NP; CAS
100-02-7, Sigma 73,560), diethylene glycol (abbreviated
DEG; CAS 111-46-6, Sigma 93,171), 2,4,5-trichlorophenol
(abbreviated TCP; CAS 95-95-4, Sigma 36,513), atrazine
(abbreviated ATZ; CAS 1912-24-9, Sigma 45,330), and
glyphosate (abbreviated GLY; CAS 1071-83-6, Sigma 45,
521) were prepared in the culture medium for biodegradation
assessment described in the OECD 301B guidelines at a final
concentration of 10 mg of carbon per liter.

High-throughput and miniaturized system
for biodegradability assessment

The platform developed in our laboratory for biodegradation
screening tests was used (Cregut et al. 2013). The platform is
based on non-invasive sensors for dissolved oxygen monitor-
ing in 24-well plates (PreSens, Ge) filled with 2.5 ml of chem-
ical stock solutions. Inoculum samples were diluted and added
at both the environmental concentration and 10 times the en-
vironmental concentration for a maximum concentration of

a

Fig. 2 High-throughput and miniaturized system for biodegradability
assessment. a Twenty-four-well microplates with non-invasive sensors
for dissolved oxygen monitoring (2) were filled with 2.5 ml of
chemical stock solution plus inocula (®). b 4-NP can be considered as
biodegradable in only three of four cases (4-NP is yellow at 10 mg of
carbon per liter and pH = 7.4 and is clear when biodegraded). ¢
Concentration of dissolved oxygen for 28 days for 4-NP. The negative
control (bacterial inoculum + mineral culture medium) consumption of
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Dissolved Oxygen (mg.I"")

10® cells ml~'. Environmental samples with a cell concentra-
tion higher than 10® cells mI™" were diluted. All samples were
inoculated in duplicate. A control inoculum used to assess the
endogenic consumption of O, (mineral culture medium + mi-
croorganisms) was included for each condition and environ-
ment. Microplates were sealed and incubated at 12 and 25 °C.
The evolution of dissolved oxygen was measured online for
28 days. A positive biodegradation result was validated when
(i) O, consumption in the inoculum control was inferior to
0.5 mg 1! and (ii) O, consumption of the assay was greater
than 10 times the maximal value observed in the negative
control at any time point. An example is given in Fig. 2.
Note that a positive biodegradation result does not necessarily
mean that an ultimate biotransformation of tested substances
has occurred. With this high-throughput system, distinction
between primary and ultimate biodegradation is not possible.
Consequently, positive results and models discussed in this
work are based on the observation of an event of biodegrada-
tion and are not necessarily linked to a complete mineraliza-
tion of chemicals introduced in the assays.

Statistical methods

The proportions of positive results, which were observed un-
der different experimental conditions, were compared using
either the chi-squared or the likelihood ratio test, according to
the requirements for performing each of these statistical
methods. The Mann-Whitney-Wilcoxon test was used to test
the effect of the number of cells inoculated on the outcome of
each biodegradation test. Logistic regression analysis was per-
formed on the binary outcomes of the biodegradation tests to
examine the effects of the explanatory variables on the biode-
gradability. To this end, the probability of observing a positive
result for a biodegradation test was expressed as a logistic

(B4) No biodegradation activity

Inoculum control

Dissolved oxygen increase due to diffusion
from the headspace of the well

(A4, 4, D4) Biodegradation activity

0 5 10 15 20 25 30
Time in day

oxygen is very low (less than 0.5 mg 1™"). The consumption of oxygen in
the assays (carbon source (4-NP) + bacterial inoculum + mineral culture
medium) from A4, C4, and D4 is more than 10 times the negative control
and can be attributed to the biodegradation of 4-NP (validated by the
color loss in these same wells). The consumption of oxygen in the
assay B4 is equal to the inoculum control and cannot be considered as
positive (validated by the yellow color in these same wells). pH has been
checked at the end of each experiment and is equal to 7.4
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function of both the temperature and the cell density of each
sample, including an interaction term between these two var-
iables. Three-dimensional surface plots of the fitted logistic
regression models were used to profile the potential environ-
mental persistence of a chemical in terms of the probability of
biodegradation expressed as a function of the temperature and
the cell density. The volume under each surface was used as a
risk indicator of potential persistence in environmental condi-
tions. This volume is expressed as a number called the
ProbaBio Index (PBI), which can be used as an index charac-
terizing the biodegradability of a given molecule. Moreover,
calculating the variance of the estimator of the probability of
biodegradation allowed us to construct lower and upper con-
fidence 3D surface plots and subsequently compute confi-
dence limits at a predetermined probability level of the PBI
which is associated with the chemical considered. All of the
computations were performed using the statistical package R
(version 2.12.2; Bell Laboratories, Lucent Technologies;
http://www.r-project.org).

Results and discussion

Thousands of biodegradation tests were performed with five
compounds, in different environments throughout a year, at
different biomass concentrations and incubation temperatures,
providing a matrix of 4244 tests.

Sampling network and data set presentation

From November 2012 to October 2013, samples from 10
environments (3 WWTPs, 3 soils, 3 freshwater, and 1
seawater; see supplementary data Fig. 1) were collected
each month. Temperatures and the numbers of cells were sub-
ject to very large variations with differences observed intra-
and inter-environments (Fig. 3). For all of these environments,
throughout the year, the average temperature measured was

d
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12 months from January to December

13.7 °C with a maximum at 24 °C (month of June in a
WWTP) and a minimum of 0 °C (month of December in a
soil). The number of cells also evolved throughout the year
but was mainly different from one environment to another,
with a difference in the annual average of 10° cells mI™' be-
tween the most concentrated activated sludge (WWTP Nantes
2.35 x 10° + 1.88 x 107 cells ml™") and river water (Yon
1.04 x 10° + 7.18 x 10° cells ml ).

Biodegradation of BNA, 4-NP, DEG, TCP, and ATZ was
assessed in these environments in different conditions using a
1 (chemical tested in duplicate) x 10 (environments separate-
ly) x 12 (months) x 4 (variations of in vitro parameters) fac-
torial experimental design (see “Materials and methods™ sec-
tion and Fig. 1). For each molecule, more than 840 biodegra-
dation tests were analyzed (of a total of 960 tests, approxi-
mately 12 % were uninterpretable due to carbon contamina-
tion in the inoculum control). Among these five molecules
(Table 1), two are described as readily biodegradable (BNA
and DEG) by the European Chemical Agency (ECHA). Our
results are consistent with ECHA for BNA (100 % of the tests
are positive). For DEG, biodegradation activity was observed
in only 60.88 % of the tests performed. 4-NP is described as
inherently biodegradable and well known to fail RB tests,
which is consistent with an observed variable biodegradation
activity depending on the condition tested (79.02 % of the
tests were positive). Regarding ATZ and TCP, which are char-
acterized as persistent by ECHA, they were biodegradable in
4.72 and 0 % of the cases for ATZ and TCP, respectively. As
shown by these results, the biodegradation test outcomes for
certain molecules may not always be positive (DEG, 4-NP,
and ATZ) when tested in several environments under micro-
bial realistic exposure scenarios and conditions.

Influence of exposure scenarios and conditions

For the three molecules showing variable biodegradation re-
sults, 4-nitrophenol, diethylene glycol, and atrazine, the
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Fig. 3 Environmental variability of the sampled sites from November 2012 to October 2013. a In situ temperature (°C) from coldest (4 °C, green) to
hottest (24 °C, red) and b average bacterial concentration (cells ml™") in environments sampled
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Table 1  Summary of the chemicals used in the proof of concept of ProbaBio with n = ~850 tests or with n = 80 tests
Chemicals (CAS no.) Tonnage band per annum (ECHA database) Biodegradability according to ECHA database Percent of positive tests

Sodium benzoate (532-32-1)
Diethylene glycol (111-46-6)
4-Nitrophenol (100-02-7)
Atrazine (1912-24-9)

2,45 trichlorophenol (95-95-4) Intermediate use only
Diethylene glycol (111-46-6) 100,000 to 1,000,000
Glyphosate (1071-83-6) No data available

10,000 to 100,000
100,000 to 1,000,000
Intermediate use only

Intermediate use only

Readily biodegradable 100 (n = 854)
Readily biodegradable 60.88 (n = 844)
Inherently biodegradable 79.02 (n = 854)
Not biodegradable 4.72 (n = 846)
Not biodegradable 0 (n = 846)
Readily biodegradable 58.75 (n = 80)
No data available 11.25 (n = 80)

sampling location of the bacterial inoculum has a significant
impact on the success or failure of the test (Fig. 4a). Positive
test percentages are highly dependent on the inoculum sam-
pling location for 4-NP (P < 0.001) with some environments
being more efficient in degrading this compound (freshwater
Yon 95.83 %, WWTP Roche sur Yon 92.68 %, urban soil
91.66 %). These observations are the same for DEG
(P<0.001) and ATZ (P < 0.001), although the most effective
environments are different (DEG WWTP Roche sur Yon and
freshwaters; ATZ WWTP Roche sur Yon and river Yon). We
also show (Fig. 4b) for 4-NP and ATZ that the season in which
the inoculum was sampled has a significant impact on the
success or failure of a test. This impact is only slightly signif-
icant for 4-NP (P = 0.035), with a maximum of positive tests
observed in winter and spring, whereas ATZ was mostly
biodegraded in May and August (P < 0.001), with very low
percentages in other months.

Influence of temperature and cell density

The probability of the biodegradation of DEG, 4-NP, and ATZ
is related not only to the intrinsic chemical properties but also
to the environmental variables such as the geographical con-
ditions (e.g., in situ cell density and temperature). In an at-
tempt to study the effect of environmental variation on the
outcome of the biodegradation tests for these molecules, the
influence of cell concentration and incubation temperature
was evaluated in the laboratory (Fig. 4c). A statistically sig-
nificant increase of positive results was observed between the
tests performed at 12 and 25 °C for each of the three molecules
(P <0.001). Concretely, 9.66, 1.39, and 2.85 times more pos-
itive results were observed at 25 °C than at 12 °C for, respec-
tively, ATZ, 4-NP, and DEG. The number of cells inoculated
at the beginning of the tests also had a statistically significant
effect on biodegradation. The higher the cell concentration is,
the higher the probability of biodegradation is (ATZ
P =10.003, 4-NP P <0.001, DEG P < 0.001). Moreover, the
number of positive results observed with enhanced concentra-
tion of the inoculums is estimated to be 1.7, 1.17, and 1.28
times the corresponding number at the environmental concen-
tration, for ATZ, 4-NP, and DEG, respectively.

@ Springer

It is then clear that the strategies (RBT, simulation) of the
evaluation of the biodegradation process, which is a signifi-
cant part of the environmental persistence assessment, cannot
be based on the outcome of a laboratory test that does not take
into account changes in terms of bacterial diversity, quantity,
and climatic conditions. Indeed, these parameters naturally
evolve over time and space and directly impact the communi-
ties of microorganisms that are potentially degrading chemical
compounds.

Modeling biodegradability

The probability of biodegradation has been expressed as a
logistic function of the temperature and the cell density, in-
cluding an interaction term between these two variables. Thus,
the reduced fitted logistic model for the probability of biodeg-
radation, which was computed from more than 840 tests with
binary outcomes, is shown in Fig. 4d for each molecule ex-
amined. These three-dimensional surfaces plots model the
probability to obtain a positive biodegradation test as a func-
tion of the inoculated quantity of cells from 10 different sites
(effect of quantity and diversity) and the temperature (climatic
conditions). From left to the right, the surfaces shown in
Fig. 4d evolve from top to bottom according to the global
probability of obtaining a positive test for each of the
chemicals. According to the probabilities obtained from the
fitted model, BNA (used as positive control in several biodeg-
radation test guidelines) tests are positive under any experi-
mental conditions, i.e., within the range of values considered
for the temperature and the cell density. The probabilities of
biodegradation corresponding to DEG, 4-NP, and ATZ are
shown to depend on the values of the explanatory variables.
In other words, for these three chemicals, the outcome of a
biodegradability test is dependent on both the bacterial inoc-
ulum and the temperature, with the highest probabilities at
high temperature and high cell quantity. Moreover, the two
explanatory variables do not have the same impact in terms
of the probability of biodegradation according to the chemical
tested. For DEG, a 1 log variation of the cell concentration has
the same effect on biodegradability as a variation of 3.5 °C.
Similarly, for 4-NP and ATZ, a 1 log variation of cell
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Fig. 4 ProbaBio proof of concept. a, b Influence of the origin of the
inocula (wastewater treatment plans (WWTPs)) and period of sampling
on the percentage of positive biodegradation tests over all other varying
parameters. ¢ Influence of the incubation temperature (12 or 25 °C) and
cell density (environmental (EnV) test inoculated depending on the in situ
environmental concentration, enhanced (EnH) test inoculated at 10 times
environmental concentration for a maximum of 10% cells mI™") on the
percentage of positive biodegradation tests. d Three-dimensional surfaces

concentration is equivalent to 7.5 and 4 °C, respectively. For
TCP, which had no positive tests, the estimated probability of
biodegradation is uniformly equal to zero.

Surfaces and ProbaBio index to profile biodegradation
under environmental conditions

According to the fitted logistic regression models, the
probability of biodegradation calculated from various en-
vironmental samples and values of the temperature can be
extended to define a profile of microbial degradation in the
environment. For example, the potential risk for BNA to be
persistent when released in the environment is expected to
be very low because the corresponding model predicts that

plots of the fitted logistic regression models to describe the probability of
biodegradation (y) as a function of the temperature (x between 4 and
30 °C) and the cell density (z between 10? and 10°® cells ml™"). e The
estimated ProbaBio Index (PBI) varying from 1 to 0, according to
decreasing values of the probability of microbial degradation, with
95 % confidence limits. PBI values are calculated as the volume located
under the three-dimensional surface plot of the logistic regression models

all of the results of the biodegradation tests are positive.
This, however, is not the case for DEG and 4-NP because
the positive test predictions are low outside of the most
favorable conditions (no biodegradation activity predicted
in 28 days). Hence, the microbial degradation profiles of
these two molecules point toward potential environmental
persistence. This is especially true for ATZ. With very few
conditions that result in positive tests, the environmental
fate of this compound may exhibit persistence in certain
conditions. A high risk of persistence in certain environ-
mental compartments is expected. With a downward flat
surface, the profile of the microbial degradation of TCP
is the lowest, which means that this compound could be
highly persistent.
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Based on the decrease of the probability to obtain a positive
biodegradation test and consequently the lowering of surfaces,
microbial degradation profiles can be ranked. A risk indicator
of potential persistence in environmental conditions has been
determined by calculating the volume under each surface.
This volume is expressed as a number called the PBI and
can be used as an index characterizing the biodegradability
of a given molecule. This number, which can be calculated
with 95 % confidence limits, ranges from 1 to 0, according
to whether the molecule considered is potentially highly
biodegradable (low environmental persistence expected)
to potentially poorly biodegradable (high environmental
persistence expected), respectively (Fig. 4e). Thus, the es-
timated PBI is equal to 1 for BNA, 0.44 (0.38, 0.50) for 4-
NP, 0.38 (0.32, 0.44) for DEG, 0.03 (0.01, 0.06) for ATZ,
and 0 for TCP. This allows a ranking of the chemicals, in
terms of their biodegradability, from readily biodegradable
to not biodegradable in the environment, BNA > 4-
NP > DEG > ATZ > TCP.

From the proof of concept to a reduced experimental
designed tool to profile biodegradability
in the environment

The high number of biodegradation tests, which were per-
formed to establish the ProbaBio concept (more than 800
per chemical), was used to perform a global study of the ef-
fects and interactions of the environmental variables and to
ensure the reliability of the fitted regression models.
Nevertheless, this number was too high for current laboratory
applications. Therefore, to make it accessible to industry, sci-
entific community, and environmental agencies, a reduction of
the experimental design was examined. To this end, we decid-
ed to profile the biodegradation of DEG, as an example, by

0

4 6 8
10
1214 16 18 5 ,, 24 3 2
28 30

Fig. 5 Optimized ProbaBio concept applied to diethylene glycol. a
Three-dimensional surface plot of the fitted logistic regression model
(n = 80) to profile the potential environmental persistence of DEG in
terms of the probability of biodegradation expressed as a function of the
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means of only 40 tests, which were performed in duplicate
(n = 80). Thus, during the month of September 2014, the
same 10 environments were sampled to inoculate four mi-
croplates of the high-throughput and miniaturized system
for biodegradability assessment at 2 cell concentrations
and 2 incubation temperatures. Here, it is worth pointing
out that similar analyses could also have been carried out by
randomly selecting n = 80 out of the full set of test results.
Indeed, “in silico” analyses may offer a convenient way to
demonstrate how reducing the number of tests would affect
the results and their associated uncertainties. The results are
shown in Fig. 5a. With n = 80, the percentage of positive tests
was 58.75 %. This result is in close agreement and is not
statistically significantly different from the first study with
n = 844 (positive tests = 60.88 % (chi-squared test,
P =0.93)). Moreover, the coefficient of determination calcu-
lated between the corresponding results, which were obtained
from the logistic regression models with n =80 and n = 844, is
equal to 0.97. Consequently, the surface used to profile the
biodegradation of DEG with n = 80 is similar to the first
surface, thus showing the same influence of the variable tem-
perature and cell concentration on the probability of biodeg-
radation (Fig. 5b). Here, a 1 log variation of the cell concen-
tration is equivalent to 3.2 °C in terms of ProbaBio (3.5 °C
with n = 844). The ProbaBio Index with 95 % confidence is
PBI=0.32(0.18, 0.48) and PBI =0.38 (0.32, 0.44) for n =40
and n = 854, respectively. Both the environmental biodegra-
dation profiles and the PBI of the DEG, established from 80 or
more than 800 tests, describe the same risk of potential per-
sistence under certain environmental conditions. Seen another
way, it may be possible to achieve a reliable ProbaBio ap-
proach with only 40 tests, performed in duplicate. This means
that a lab-scale application of ProbaBio could be performed in
a lightweight form.
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temperature (between 4 and 30 °C) and the cell density (between 10 and
10® cells mI™"). b Comparison of the three-dimensional surface plots
characterizing the environmental profiles of DEG with n = 80 (blue
surface) and n = 844 (yellow surface)
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ProbaBio: case study with glyphosate

Glyphosate [N-(phosphomethyl) glycine] is the active in-
gredient of the world’s biggest selling herbicide. Studies
and reviews on its environmental fate have been numerous
in the last 30 years, and bibliographic findings often de-
scribe the same difficulties to assess glyphosate biodegra-
dation due to geographic and climatic influences, among
other influences, on the environmental fate of this mole-
cule (Carlisle and Trevors 1988; Giesy et al. 2000; Annett
et al. 2014). In view of these conclusions, we performed a
lab-scale application of ProbaBio on glyphosate with the
same reduced experimental design as DEG above. Of a
total of 80 tests, 11.25 % were positive (mostly, 44 %, with
an inoculum from a farm wastewater treatment plant; other
inocula were from a freshwater sample and soils).
According to the estimated probability of positive biodeg-
radation tests calculated by means of the fitted logistic
regression model (Fig. 6), the maximum probability was
0.48 at 30 °C and 10® cells mI™". Apart from these favor-
able conditions (i.e., high temperatures and high concen-
trations of microorganisms), the glyphosate biodegradation
probabilities are low. Indeed, the biodegradation profile, as
given by the three-dimensional surface plot, highlights a
potential hazardous biodegradation profile in the environ-
ment, which is highly dependent on in situ conditions. The
probability of the Biodegradation Index with 95 % confi-
dence limits is estimated at 0.036 (0.005, 0.15), which
suggest that glyphosate has the same hazardous profile as
atrazine. Our conclusions are in full agreement with those
of other scientific reviews and articles on the same subject;
glyphosate can be considered biodegradable (Imfeld et al.
2013), but its biodegradation profile can quickly change
depending on the geographical (Borggaard and Gimsing
2008) and climatic (Helander et al. 2012) variations and
can present the risk of persistence.
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Fig. 6 Microbial biodegradation profile of glyphosate according to the
optimized ProbaBio concept (n = 80)

Advantages, contributions, and limits of the ProbaBio
concept

For biodegradation tests realized according to OECD standard
procedures from the guidelines 301, assays are incubated at
only one temperature level (commonly 22 + 2 °C) and are
inoculated with only one quantity of cells (between 10* and
10® cells mI™") sampled generally from a single environment.
When tested under these conditions, the probability for DEG
to be biodegraded varies from 0.22 (10* cells mI ") to 0.96
(10® cells mI™"), whereas the probability for glyphosate to be
biodegraded increases from 0 to 0.26. However, with tests
allowing higher initial cell concentrations, both DEG and
glyphosate could be considered biodegradable in some envi-
ronments. Therefore, what would not have been measured
with standard tests clearly appeared with ProbaBio; the envi-
ronmental profiles of these two chemicals are not constant.
Moreover, the estimated surfaces are not always at the top,
as was the case for BNA. Indeed, the environmental profiles
change in time and space, and the risks of persistence may
appear, according to the very low probabilities of the positive
biodegradation tests, which can be observed when either the
temperature and/or the cell density decrease. However, such
low levels of temperature and cell density are realistic envi-
ronmental conditions for widespread chemicals. It must be
emphasized that what is possible to observe from compiling
several scientific studies may be highlighted in less than
1 month of testing with ProbaBio. Moreover, this technically
simple concept is not static and can be significantly improved.
In this regard, it must be pointed out that extrapolating beyond
the tested values is model dependent and may thus be ques-
tionable in terms of the accuracy of the predictions made.
Indeed, the choice of a logistic function to model biodegrada-
tion, with values ranging from 0 to 1 as the bounds corre-
sponding to low and high values, respectively, of both the
temperature and the cell density, is liable to restrict the shape
of'the fitted model considerably. In particular, potential abrupt
changes in microbial community structure and activity (e.g.,
depending to low and very low temperatures) cannot be
accounted for with the present approach. Still, one should
keep in mind that our approach is just a first attempt to model
biodegradation, in the sense that it is essentially an exploratory
research work, which is intended to be improved, namely, for
use in the context of a more systematic (screening) applica-
tion. Indeed and as said before, the number of biodegradation
tests which was used in the present study is too high for cur-
rent laboratory and/or industrial purposes. Thus, reducing the
number of these tests (e.g., # = 40) may advantageously allow
to optimize the standard experimental design for further appli-
cations. This can be attained for instance by increasing the
number of levels and, subsequently, the range of the values
which are tested (e.g., increasing the levels of incubation tem-
perature to achieve greater accuracy). Other variables can also
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be integrated into the model according to the chemical behav-
ior and mode or conditions of use (e.g., focus on specific
geographical area). The biological degradation processes in
environmental conditions are multifactorial and are subse-
quently very complex phenomena because other influencing
variables are additionally present in natural compartments.
Furthermore, the concentrations of some chemical molecules
may be low, and they are often mixed with organic material or
other chemicals or metabolized by co-metabolism. These ad-
ditional variables are not yet included in ProbaBio. Finally,
ProbaBio still retains many of the technical limitations com-
mon to ready biodegradability standardized procedures (e.g.,
testing of poorly soluble chemicals, biotransformation of mi-
crobial communities during inoculum pre-treatment process-
es; Goodhead et al. 2014). Consequently, ProbaBio has not
been designed to replace OECD guidelines but provide a com-
plementary approach for chemical biodegradability assess-
ment using different sources of microbial inocula and temper-
ature regimes. Probes integrated in a high-throughput system
to quantify and qualify ultimate biodegradation have also to be
designed and tested in ProbaBio conditions. With a system
allowing an estimation of the half-life, a combination of our
concept with existing quantitative structure-activity relation-
ship (QSAR)/quantitative structure-biodegradation relation-
ship (QSBR) would improve, through the generation of data,
the prediction of environmental fate. Testing this concept with
more chemicals could help better define the limits and con-
ceivable solutions to increase the reliability of this tool.

Conclusions

Predicting the behavior and the environmental fate of newly
synthesized chemicals remains a priority for the community of
environmental stakeholders. Thus, the management of the
ever-increasing flow of chemicals requires appropriate con-
cepts to assess the chemicals’ risk during the screening stages.
Regarding the behavior and the evaluation of intrinsic persis-
tence, there are many tools available for laboratories to estab-
lish the potential for biodegradation. However, predicting the
probability of biodegradation by assuming given environmen-
tal conditions is not a simple task. Ready Biodegradation Tests
are not adapted to addressing the quantity and complexity of
environmental variables. To our knowledge, this is the first
time a strategy in biodegradation assessment bridges the gap
between experimental ease of use and probabilistic approach
of biological persistence. The ProbaBio approach presented in
this study is a new concept that allows stakeholders to perform
biodegradation tests under environmentally more realistic
conditions. As a concept, ProbaBio combines the exposure
scenario and probabilities of biodegradation using a miniatur-
ized high-throughput system and logistic regression analysis.
As a result, ProbaBio profiles microbial degradation, in the

@ Springer

sense that it both indicates the potential risk of environmental
persistence and allows the quantification of this risk, as shown
for the tested molecule glyphosate after only 1 month of test-
ing. Furthermore, including this strategy in the decision tree of
environmental persistence assessment for new molecules
could help industrial, scientific, and environmental agencies
to better understand and hence manage the risk of environ-
mental persistence.
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